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Multidrug-resistant (MDR), extensively drug-resistant (XDR) and pan-drug-resistant
(PDR) Gram-negative bacteria constitute a huge public health problem. According to
the European Centre for Disease Prevention and Control (ECDC), MDR is defined as
‘acquired nonsusceptibility to at least one agent in three or more antimicrobial categories’
and extensively drug-resistant is defined as ‘nonsusceptibility to at least one agent in
all but two or fewer antimicrobial categories (i.e., bacterial isolates remain susceptible
to only one or two categories)’. PDR is defined as ‘nonsusceptibility to all agents in all
antimicrobial categories’ [1]. Among them, MDR Gram-negative bacteria and especially
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii are the main
bacteria leading to increased rates of antimicrobial resistance [2]. Infections caused by
these MDR bacteria adversely affect the outcome of patients’ hospitalization and increase
mortality rates [3]. In addition, they can increase healthcare costs significantly [4]. The
increased consumption of antimicrobials and the poor implementation of infection control
measures in the hospital setting are the two main causative factors for their emergence. The
deep knowledge of the virulent factors that these bacteria produce could provide useful
information regarding their spread. Whole-genome sequencing (WGS) has contributed to
this aim over recent years [5].

The main problem concerning infections caused by these bacteria is that treatment
options are extremely limited, as only a limited number of novel antimicrobials have been
launched over the last few years [6]. The molecular epidemiology of infections caused
by Gram-negative bacteria is significant as it can determine which of these few new an-
timicrobial agents could be effective for their treatment [7]. This Special Issue entitled
‘Molecular Characterization of Gram-Negative Bacteria: Antimicrobial Resistance, Viru-
lence and Epidemiology’ sought manuscript submissions that could expand our knowledge
of antimicrobial resistance in Gram-negative bacteria. Submissions on the mechanisms
of antimicrobial resistance, the presence and function of virulent factors, as well as the
molecular epidemiology of Gram-negative bacterial infections were especially encouraged.
Ultimately, 12 manuscripts were submitted for consideration for the Special Issue, and they
were all accepted for publication. The contributions are briefly analysed below.

In the first contribution, Braspenning et al. examine the frequency and incidence
of colistin heteroresistance among a huge number of MDR K. pneumoniae strains. The
authors have performed WGS and examined the in vitro susceptibility to colistin. Colistin-
heteroresistant isolates are shown to have increased sequence type (ST) diversity, while
colistin-resistant K. pneumoniae isolates are associated with particular STs, such as ST101,
ST147 and ST258/ST512.

In the second contribution, Papa et al. attempt to elucidate the differences in virulence
features in normoxia and anoxia between MDR and PDR P. aeruginosa clinical strains
and sensitive strains to antimicrobials, isolated in cystic fibrosis patients. The authors
have performed pyocyanin, pyoverdine, protease, zymography and motility assays, as
well as biofilm quantification, and they reveal that these features are highly diversified in
anaerobiosis, which depicts the condition of cystic fibrosis chronic infection.
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In the third contribution, Meletis et al. report the isolation of blaNDM-1 in three different
bacterial species (K. pneumoniae, Proteus mirabilis and Morganella morganii) isolated from a
single patient. The authors have used WGS and bioinformatic tools to detect antimicrobial
resistance genes and plasmids. They disclose that blaNDM-1, along with its neighbouring
genes, belongs to the same cluster, implying the in vivo transfer of the blaNDM-1-containing
cluster through three different species.

In the fourth contribution, Khalid et al. present the in vitro synergistic effectiveness of
19 different combinations of antimicrobials in 31 New Delhi metalloβ-lactamase (NDM) pro-
ducing MDR isolates of Enterobacterales. The authors have used the 2D (two-dimensional)
checkerboard method. They have revealed that three combinations of antimicrobials,
namely doripenem with cefoxitin, doripenem with streptomycin, and imipenem with cefox-
itin, are effective against these MDR isolates, suggesting further in vivo and pharmaceutical
studies need to be conducted.

In the fifth contribution, Zarras et al. study 24 carbapenem-resistant K. pneumoniae
strains, isolated from a single healthcare institution. The authors have applied WGS
and various pieces of bioinformatics software to identify antimicrobial resistance genes,
plasmids and STs. In addition, they have compared multiple genome alignments and
identify core genome single-nucleotide polymorphism sites (SNPs). The authors disclose
that the isolates are assigned to seven different phylogenetic branches, with the phylogeny
changing every seven SNPs.

In the sixth contribution, Zhang et al. determine the prevalence and molecular charac-
teristics of blaCTX-M-55-positive Escherichia coli isolated from duck–fish polyculture farms in
Guangzhou, China. The authors have used WGS, southern hybridization and pulse field gel
electrophoresis (PFGE) to detect the possible horizontal transfer and clonal dissemination
of blaCTX-M-55. The authors have revealed that the F18:A-:B1 plasmid might have major
significance in the transmission of blaCTX-M-55 in E. coli.

In the seventh contribution, Gupta et al. report the cloning and analysis of phID
(involved in the biosynthesis of non-volatile metabolite phloroglucinol) from soil-borne
Gram-negative bacteria Pseudomonas spp. In addition, the authors have analysed the
structural details of the PHLD protein, providing novel strategies for the combinatorial
biosynthesis of natural but pharmaceutically important metabolites with enhanced antibac-
terial and biocontrol effects.

In the eighth contribution, Osman et al. present the molecular analysis of 86 K.
pneumoniae strains, with most of them being MDR, isolated from different hospitals of
Khartoum, Sudan. The authors have performed WGS to detect virulence and resistome
profiles. Ybt9 is the most common virulence gene detected, while the authors report the
detection of various antimicrobial resistance genes. In addition, transmissions between
patients are found to be rare.

In the ninth contribution, Hao et al. present the differences in the molecular character-
istics and the proteomes of sensitive, MDR and XDR K. pneumoniae strains. The authors’
enrichment analysis has revealed that a majority of differentially expressed proteins are in-
volved in various metabolic pathways which are beneficial to the evolution of antimicrobial
resistance in K. pneumoniae.

In the tenth contribution, Karruli et al. present a literature review to assess the antimi-
crobial activity of cefiderocol and sulbactam-durlobactam against carbapenem-resistant
A. baumannii (CRAB). The authors have concluded that cefiderocol is non-inferior to col-
istin/other treatments for CRAB infections and displays a better safety profile. Combination
treatment is not correlated with improved outcomes compared to monotherapy. Sulbactam-
durlobactam could also be another valuable option against CRAB infections.

In the eleventh contribution, Karampatakis et al. review the dynamic evolution of
the molecular epidemiology of carbapenem-resistant K. pneumoniae (CRKP), its virulence
factors and the latest updates for the treatment of CRKP infections. In addition, they report
the latest guidelines for treating these infections, as proposed by international organisations.
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In the twelfth contribution, Li et al. describe the genetic and structural compositions
of the five secretion systems that exist in A. baumannii. The authors have underlined the
importance of these systems in the fitness and pathogenesis of A. baumannii, and their
contribution to the emergence of antimicrobial resistance.

In conclusion, the manuscripts published in this Special Issue reveal recent data which
contribute to the better understanding of the virulence of MDR Gram-negative bacteria,
and they provide important updates on the evolution of their molecular epidemiology at a
global level.
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Factors, Molecular Epidemiology and Latest Updates in
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Abstract: Klebsiella pneumoniae is a Gram-negative opportunistic pathogen responsible for a variety
of community and hospital infections. Infections caused by carbapenem-resistant K. pneumoniae
(CRKP) constitute a major threat for public health and are strongly associated with high rates of
mortality, especially in immunocompromised and critically ill patients. Adhesive fimbriae, capsule,
lipopolysaccharide (LPS), and siderophores or iron carriers constitute the main virulence factors
which contribute to the pathogenicity of K. pneumoniae. Colistin and tigecycline constitute some
of the last resorts for the treatment of CRKP infections. Carbapenemase production, especially K.
pneumoniae carbapenemase (KPC) and metallo-β-lactamase (MBL), constitutes the basic molecular
mechanism of CRKP emergence. Knowledge of the mechanism of CRKP appearance is crucial, as
it can determine the selection of the most suitable antimicrobial agent among those most recently
launched. Plazomicin, eravacycline, cefiderocol, temocillin, ceftolozane–tazobactam, imipenem–
cilastatin/relebactam, meropenem–vaborbactam, ceftazidime–avibactam and aztreonam–avibactam
constitute potent alternatives for treating CRKP infections. The aim of the current review is to
highlight the virulence factors and molecular pathogenesis of CRKP and provide recent updates on
the molecular epidemiology and antimicrobial treatment options.

Keywords: carbapenem-resistant Klebsiella pneumoniae; molecular epidemiology; antimicrobial agents;
virulence factors

1. Introduction

Klebsiella pneumoniae is a non-motile Gram-negative opportunistic pathogen respon-
sible for approximately 10% of nosocomial bacterial infections. Infections caused by
carbapenem-resistant K. pneumoniae (CRKP) isolates are a major threat for public health.
Such infections can increase the mortality rates of critically ill and debilitated patients
hospitalised in intensive care units (ICUs) and can have a negative impact on the financial
costs of their hospitalisation all over the world [1–4]. Remarkably, the mortality rate among
patients with pneumonia caused by K. pneumoniae is about 50% [5]. Another major topic
for public health is the effect of CRKP infections in disability-adjusted-life-years (DALYs)
per 100,000 population, with a median of 11.5 in the European Union, and Greece being
among the countries with the highest numbers [6]. The rate of carbapenem resistance for K.
pneumoniae isolates reached 66.3% in 2020 in Greece [7]. A recent meta-analysis shows that
the prevalence of CRKP colonisation ranges worldwide from 0.13 to 22% with a pooled
prevalence of 5.43%, while the incidence of CRKP colonisation ranges from 2% to 73% with
a pooled incidence of 22.3% [8]. CRKP isolates are usually classified as multidrug-resistant
(MDR), extensively drug-resistant (XDR) and pandrug-resistant (PDR), which cause even
more difficulty in treating infections. According to the European Center for Disease Preven-
tion and Control (ECDC), MDR is defined as ‘acquired non-susceptibility to at least one
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agent in ≥ three antimicrobial categories, XDR is defined as ‘non-susceptibility to at least
one agent in all but≤ two antimicrobial categories (i.e., bacterial isolates remain susceptible
to only one or two categories)’ and PDR is defined as ‘non-susceptibility to all agents in all
antimicrobial categories’ [9]. The molecular epidemiology of CRKP isolates is significant as
it can determine potential treatment options [10].

The aim of the current review is to highlight the virulence factors and molecular
pathogenesis of CRKP and provide recent updates on the molecular epidemiology and
antimicrobial treatment options.

2. Genomic Pool

Despite the unclear reasons for the high frequency of infections caused by K. pneumo-
niae compared to other Gram-negative opportunistic bacterial pathogens, there are some
suggestions comprising genetic element exchanges with human microbiome populations
through DNA molecules, mobile genetic element exchanges bearing genes associated
with virulence enhancers and antimicrobial resistance, inherent antimicrobial resistance,
starvation tolerance and surpassing other bacterial competitors, which may explain the
occurrence of this feature [11–15].

According to genomic investigations, the pan-genome of K. pneumoniae involves a size
of about five to six Mbp bearing five to six kilogenes to be encoded. From this number
of encodable genes, about seventeen hundred genes are recognized as core genes. The
core genome is conserved among bacterial species of K. pneumoniae. Typically, the core
genes are present in ≥95% of the members pertaining to a given species. However, the rest
genomic pool includes accessory genes. In other words, the accessory genome is known as
dispensable, flexible, adaptive or supplementary genome, which varies among Klebsiella
spp. The accessory genes are typically present in <95% of the members pertaining to a
given species [16–18].

Indeed, progression and development in microbial taxonomic approaches provides
easier diagnostic and detective methodologies in association with epidemiological studies,
public health surveillance and outbreak investigations. Due to this knowledge, effective
approaches such as core genome multilocus sequence typing (cgMLST) can be recruited for
new advanced techniques, including dual barcoding approach [19–21].

The K. pneumoniae species complex based on genomic phylogenetic structure is catego-
rized into seven major phylogroups comprising Kp1 (K. pneumoniae subspecies pneumoniae or
K. pneumoniae sensu stricto), Kp2 (K. quasipneumoniae subsp. quasipneumoniae), Kp3 (K. vari-
icola subsp. variicola), Kp4 (K. quasipneumoniae subsp. similipneumoniae), Kp5 (K. variicola
subsp. tropica), Kp6 (K. quasivariicola) and Kp7 (K. africana) [17,19]. In this regard, seven
housekeeping genes including gapA, inf B, mdh, pgi, phoE, rpoB and tonB are sequenced.
Moreover, the K-typing or capsule typing can be achieved through wzi gene sequencing or
serotyping methods [11].

So, through the MLST typing of the above seven housekeeping genes, several phylo-
genetic lineages, e.g., clonal groups (CGs) and/or sequence types, exist [22].

As mentioned above, the antimicrobial-resistant and hypervirulent strains of K. pneu-
moniae have raised great concern worldwide. On the other hand, Klebsiella spp. are known
as significant bacterial agents isolated from patients with ventilator-associated pneumonia
(VAP) in ICUs. According to reported results from previous studies, 83% of hospital-
acquired pneumonias are associated with VAP [5,23].

Although ß-lactam antimicrobials are known as the first choice for treatment of infec-
tions caused by K. pneumoniae, the number of ß-lactamase and especially carbapenemase-
producing strains considerably increases. Due to this knowledge, the dissemination of
ST258 CRKP is a global concern, as ST258 strains are not completely sensitive towards a
wide range of antimicrobials comprising aminoglycosides, fluoroquinolones, etc. [24–30].

In accordance with the latest studies, the clonal complex (CC) of CC258 is known as
the main CRKP comprising ST11, ST258, ST340, ST437 and ST512. Moreover, there are
a wide range of MDR clonal groups (CGs), e.g., CG101, CG490, CG147, CG307, CG152,
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CG14/15, CG231, CG43, CG17/20, CG37 and CG29, which are distributed around the
world [31–34].

According to recorded reports, about 7.5% of STs (or >115 STs) pertaining to CPKP
strains have been recognized in different global geographical regions. In addition, CG258
is thepredominant global CPKP strain with 43 ST members. Among them, ST258, ST11,
ST340, ST437 and ST512 are the most predominant members of CG258 worldwide. ST11
ranks first in America (Latin) and Asia, while ST258 are the predominant CRKP strains in
America (Latin and North) and some European countries. The ST340 has been reported in
Greece and Brazil, and ST512 has been identified in Israel, Italy and Colombia [35].

The latest studies depict ≥1452 STs associated with K. pneumoniae, in which 1119 STs
are recognized as known strains while the remaining 333 are detected as novel STs. In
addition to CG258, CG15 and ST307 carry a huge range of antimicrobial resistance genes
that are globally disseminated and are associated with healthcare infectious diseases and
nosocomial outbreaks [22].

3. Virulence Factors and Molecular Pathogenesis

In accordance with the latest categorization, K. pneumoniae strains are classified into
two major pathotypes, including classical K. pneumoniae and hypervirulent K. pneumoniae
(HVKP). Although the classical type is frequent pathogenic agent relating to hospital
acquired pneumoniae (HAP), it has limited virulence capability. Furthermore, the classical
pathotype easily tends to exchange mobile genetic elements such as plasmids to create
MDR strains, while HVKP is recognized as a causative agent of fulminant and invasive
diseases and infections in communities. In addition, the HVKP pathotype is capable of
bearing plasmids of hypervirulence or carbapenem resistance [36–39]. Hence, the capability
of virulence gene acquisition of CRKP is known as a major means of hypervirulent CRKP
strains production [40,41]. According to the latest reports, the main portion of HVKP
strains is composed of antibiotic-sensitive populations excluding ampicillin; however, in
recent years the number of convergent K. pneumoniae strains is promoting. The convergent
K. pneumoniae strains are recognized as MDR HVKP strains bearing aerobactin synthesis
locus (iuc) and producing ESBL or carbapenemase enzymes. The convergent K. pneumoniae
strains may originate either from those hypervirulent strains which obtained an MDR
plasmid or from MDR strains which acquired a virulence plasmid [42].

It is necessary to mention that the identified CPKP strains may bear different genes
such as blaIMP, blaKPC and blaNDM, while the blaKPC-bearing CPKP strains involve the
major portion of the isolated cases from clinical samples worldwide [43,44]. As an effective
example, blaKPC transmission may occur through a wide range of processes including clonal
spread, plasmids and mobile small genetic elements such as transposon (e.g., Tn4401) [35].
Indeed, the Tn4401 is a Tn3-based transposon with a length of 10 Kb which is ended via
two genes of Tn3 transpoase (tnpA) and Tn3 resolvase (tnpR), and two insertion se-quences
of ISKpn6 and ISKpn7 [35,45]. The blaKPC is known as a plasmid-borne gene which can
be carried by > 40 plasmids. These plasmids originate from different incompatibility (Inc)
groups such as A/C, ColE, FIA, I2, IncFII, L/M, N, P, R, U, W and X. The blaKPC carrier
plasmids bear a significant number of antimicrobial resistance genes [35,43]. Moreover,
K-typing is normally recruited for HVKP categorization. Although the K1 and K2 types
are mostly (~70%) belonging to HVKP and may cause invasive infections, some strains of
K1 and K2 types do not pertain to HVKP types [5,46–48]. K1, K2, K16, K28, K57 and K63
capsule types are recognized among HVKP strains. The typical phenotypic characteristic
of K1 and K2 types is the hypermucoviscous exhibition which can be recognized through a
viscous string with a length of more than 5 mm on medium agar [5,49].

Indeed, the integrative conjugal elements and giant plasmids are the effective ge-
netic elements which support the high virulence characteristics in HVKP strains [50–52].
K. pneumoniae encompasses four important and effective virulence factors, e.g., adhe-
sive fimbriae (including type 1 type 3 fimbriae), capsule, lipopolysaccharide (LPS) and
siderophores [5,23,53–55].
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Adhesive fimbriae: K. pneumoniae is armed with two important types of fimbriae in-
cluding type 1 (encoded by fimBEAICDFGH operon) and type 3 (mrkABCDF/mrkABCDEF)
fimbriae, which are involved in pathogenesis of the bacteria through attachment to the
biotic (human host urothelium) and abiotic (urinary catheter) surfaces to start the process
of colonisation, biofilm formation and bacterial invasion (Figure 1) [14,18,56].
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parallel with the presence of capsule.

Capsule: The polysaccharide capsule in K. pneumoniae is known as a pivotal virulence
factor which acts as the outermost layer in a bacterial cell and interacts with the host
(Figure 1). All types of this acidic polysaccharide capsule are the product of Wzx/Wzy-
dependent polymerization pathway encoding by the cps gene cluster. The virulence factor
of the capsule covers the K. pneumoniae bacterial cells against the host immune system
responses such as phagocytosis, complement proteins, opsonophagocytosis, oxidative
killing and antimicrobial peptides. In another word, the encapsulated bacterial cells of
K. pneumoniae are capable of evading the host’s immune system through their capsule
antigens mimicking the host glycans to survive [27,49,54,55,58,59]. As aforementioned,
the K-antigen belonging to K. pneumoniae capsule is an effective criterion for classifica-
tion and serotyping of the pathogenic strain of K. pneumoniae. Indeed, sequencing of six
genes comprising galF, orf2 (cpsACP), wzi, wza, wzb and wzc located at the 5′ end of the
cps gene cluster has shown that these genes are highly conserved, while the mid zone of
the cps loci encompasses a variable region of nucleotide sequences producing proteins
which participate in assembly and polymerization of capsule blocks. Due to this fact, the
K-typing method is considered an effective categorization technique. Up to now, >80
serotypes are recognized among pathogenic strains of K. pneumoniae according to K-antigen
capsule [49,55,58,60,61]. However, up to 70% of K. pneumoniae isolated bacterial cells are
able to produce a novel capsule or not capable to express any capsule. Hence, this portion
of K. pneumoniae strains are not typeable through serological methods. Instead, through the
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contribution of molecular techniques and sequencing technologies, we are able today to
investigate the capsule synthesis loci or K-loci belonging to more than 2500 whole genomes
of K. pneumoniae. The recorded results from previous investigations show 134 distinct K-loci
encoding minimally 134 different K-types which can be effective in epidemiological studies
in association with K. pneumoniae [62]. Capsule is involved in bacterial biofilm formation;
the results reported from previous studies depict that unencapsulated strains of K. pneu-
moniae are highly sensitive to host immune responses. Furthermore, the unencapsulated
strains of K. pneumoniae show reduction in their pathogenicity in mice models [23,54].

The gene clusters encoding capsule are located on chromosome or plasmids. In this
regard, the wzy-K1, wzx, wzc, wza, wzb, wzi, gnd, wca, cpsA, cpsB, cpsG and galF encode
exopolysaccharide portion of capsule and are located on chromosome (wza, wzb, wzc, gnd,
wca, cpsA, cpsB, cpsG and galF constitute the cps chromosomal operon gene), while the rmpA,
rmpB and rmpA2 genes involved in capsule biosynthesis are locatedon both chromosome
and plasmid. Moreover, the genes of kvrA, kvrB, rcsA, rcsB, c-rmpA and c-rmpA2 contribute
to capsule biosynthesis and are situated on chromosome. Finally, the genes of p-rmpA and
p-rmpA2, which participate in capsule biosynthesis, are plasmid-borne. C-rmpA, c-rmpA2, p-
rmpA and p-rmpA2 and wzy-K1 positively regulate the process of hypercapsulation through
affecting the transcripts producing via cps chromosomal operon gene. KvrA, kvrB and
rcsB genes regulate the capsule production through controlling effect on rmpA promoter.
Indeed, rmpA and rmpA2 regulate the mucoidal property in K. pneumoniae [54].

Lipopolysaccharide (LPS): LPS is a Gram-negative bacterial endotoxin which is com-
posed of lipid A, O-antigen and an oligosaccharide core. Each constructive part of LPS
is respectively encoded by lpx, wbb and waa gene clusters. LPS is an effective protective
structure against serum complement proteins in parallel with the presence of capsule (Fig-
ure 1). LPS is also a bacterial protector in opposition to the human host humoral immune
system. Furthermore, LPS is known as an important inducer biomolecule for toll-like
receptor 4 (TLR4), which may activate the expression and secretion of different cytokines
and interleukins [23,54,63–67].

Siderophores or iron carriers: The pivotal role of iron related to virulence and patho-
genesis of pathogenic microorganisms has been detected. In this regard, there are effective
interactions between the iron metabolism and immune cells which affect the pathogene-
sis of microbial agents (Figure 1) [68–70]. Iron molecules are recognized as competitive
resources for pathogenic bacteria, e.g., K. pneumoniae survival within their host during a
successful infection. Therefore, acquiring and recruiting host iron metals by the pathogenic
bacteria is an effective strategy to survive and establish infection within the host in the
presence of immune cells, e.g., macrophages (MΦs and neutrophils) and molecules. Indeed,
as a first line defensive mechanism in a healthy human host immune system, the iron
molecules are normally not free within the plasma. To protect the host from the virulence
of pathogenic bacterial cells of K. pneumoniae, the iron metals are linked to iron transporters
of transferrins and iron-binding immunoglycoproteins of lactoferrins [23,68,70–73].

Iron as an essential element is necessary for both human and microbial pathogens.
Iron contributes to different biological features including DNA biosynthesis or replication,
transcription, production of energy within mitochondria, central metabolism and enzymatic
reactions [73,74]. Hence, the human host body has iron-chelating proteins to bind the
iron metals while the pathogens encompass siderophores or iron carriers which bind to
iron metal with high affinity. Interestingly, bacterial iron binding proteins are effective
competitors to human host iron-chelating proteins. Some bacterial pathogens such as K.
pneumoniae possess stealth iron carriers. Up to now, several iron scavengers known as
siderophores have been recognized among Gram-negative microbial pathogens including
enterobactin, aerobactin, yersinobactin, salmochelin, etc., with different levels of affinity
for iron molecules. However, K. pneumoniae is able to recruit these four iron carriers.
According to previous reported results, enterobactin as a highly conserved iron scavenger
is the most common siderophore secreted by ~90% of isolated Enterobacterales members.
Among the aforementioned iron carriers, enterobactin (encoded by entABCDEF gene
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cluster upon the chromosome and transported via fepABCDG) has the strongest affinity
for iron molecules [54,73,75–78].

4. Mechanisms of Antimicrobial Resistance

K. pneumoniae isolates present resistance to antimicrobial agents through one or more
of the following mechanisms:

(a) production of specified enzymes (e.g., β-lactamases or aminoglycoside modifying
enzymes) [79,80].

(b) decreased cell permeability through loss of Omps [81].
(c) overexpression of efflux pumps, which are transmembrane proteins, with the an-

timicrobial agent being usually excreted out of the bacterial cell through an energy-
consuming process. For example, an efflux pump called KpnGH contributes to
antimicrobial resistance in K. pneumoniae [82].

(d) modification of the target of the antimicrobial agent [83].

4.1. B-Lactams—Ambler Classification of β-Lactamases

B-lactam antimicrobials contain a β-lactam ring in their chemical structure. In this
group, the following antimicrobials are classified: (a) penicillin and its derivatives (semisyn-
thetic penicillins), (b) cephalosporins and cephamycins, (c) monobactams and (d) carbapen-
ems (imipenem, meropenem, ertapenem and doripenem). B-lactamases are enzymes that
hydrolyse the β-lactam ring, inhibiting the action of these antimicrobials [84].

There are two classification schemes of β-lactamases. Initially, according to the initial
functional classification system proposed by Bush, β-lactamases are classified in three
major groups, based on their substrate and inhibitor profiles. These functional attributes
have been associated with molecular structure in a dendrogram for those enzymes with
known amino acid sequences [85].

However, the revised molecular classification proposed by Ambler is the most widely
used. Based on this classification, only amino acid sequence determination could provide
information upon which a molecular phylogeny could be based. According to preliminary
data, β-lactamases have a polyphyletic origin. Thus, they are classified in four different
classes, designated A, B, C and D [86,87].

Class Aβ-lactamases are serine-based enzymes. This class includes simpleβ-lactamases,
such as sylfhydryl variable (SHV), temoneira (TEM), cefotaxime hydrolysing capabilities
(CTX-M), Pseudomonas extended-resistant (PER), Guiana extended-spectrum (GES), Viet-
namese extended-spectrum β-lactamase (VEB), integron-borne cephalosporinase (IBC),
Serratia fonticola (SFO), Brazil extended-spectrum (BES), Belgium extended-spectrum (BEL)
and Tlahuicas Indians (TLA). All these β-lactamases are inhibited both in vivo and in vitro
by β-lactamase inhibitors (clavulanate, tazobactam, sulbactam). SHV and TEM can act, due
to point mutations, as extended spectrum β-lactamases (ESBLs), while CTX-M is considered
the newest ESBL. All the rest could act as ESBLs with milder hydrolytic capacity. ESBLs
can potentially be inhibited by clavulanate, but they have an in vivo therapeutic effect only
for urinary tract infections (UTIs). Inhibitor-resistant TEMs (IRTs) and inhibitor-resistant
SHVs (IRSs), as well as carbapenemases called K. pneumoniae carbapenemases (KPCs), are
classified in this group [88,89]. KPCs are distinguished in 12 subtypes [90].

Class B β-lactamases include carbapenemases which are called metallo-β-lactamases
(MBLs). Their action is based on zinc ions (Zn+2). MBLs hydrolyse all β-lactams except
aztreonam, which belongs to monobactams. The most well-known MBLs detected so far are
Imipenemase (IMP), Verona integron-encoded MBL (VIM), German imipenemase (GIM),
Sao Paulo MBL (SPM), Seoul imipenemase (SIM), Australia imipenemase (AIM), Dutch
imipenemase (DIM), New-Delhi MBL (NDM), and the recently detected Tripoli MBL (TMB)
and Florence imipenemase (FIM) [91–99]. MBLs are classified further in three subgroups:
B1, B2 and B3 [87].

Class C β-lactamases include serine-based enzymes, called cephalosporinases or
AmpC β-lactamases. They are distinguished as stable and inducible, and they can be

10



Antibiotics 2023, 12, 234

either chromosomally or plasmid-located (AmpC-like). The production of inducible AmpC
depends on whether the inducer is weak or strong. They are not inhibited by β-lactamase
inhibitors, and they are sensitive to cefepime and carbapenems. K. pneumoniae strains
mainly transfer AmpC-like enzymes, which are considered to have been transmitted from a
bacterial chromosome through plasmid conjugation. AmpC β-lactamases are distinguished
in various classes [100].

Class D β-lactamases include serine-based enzymes which are called oxacillinases
(OXA). These enzymes are characterized by high heterogeneity regarding their structure
and their biochemical characteristics. Therefore, they display a large variety concerning
their hydrolytic potential depending on the subtype they belong. They are not inhibited by
β-lactamase inhibitors. Some of them act as carbapenemases with a milder hydrolytic ca-
pacity compared to carbapenemases belonging to other classes. However, they can provide
a high grade of resistance when they co-exist with other resistance mechanisms [101].

4.2. Decreased Cell Permeability through Loss of Omps

The contribution of OMP deficiency is considered a secondary mechanism conferring
mainly a low level of resistance itself. OmpA, OmpK35, OmpK36 and OmpK37 are the most
important OMPs in K. pneumoniae strains, with a global concern [102].

OmpA alterations confer resistance to antimicrobial agents, but not to carbapen-
ems [103]. The mutations of OmpK35 in combination with these of OmpK36 usually act as a
supplementary mechanism of resistance in the emergence of CRKP isolates [104,105]. The
downregulation of OmpK37 has a minor contribution to the appearance of CRKP [106].

4.3. Transport of Antimicrobial Resistance Genes

The antimicrobial resistance genes are encompassed in mobile elements such as plas-
mids, transposons and integrons. These elements are crucially important, as they are
involved in the vertical transmission of these genes from K. pneumoniae to its descendants,
as well as in the horizontal transmission of the genes from a certain K. pneumoniae strain
to another.

Most plasmids are usually circular double-stranded DNA molecules, but linear plas-
mids are also detected. The conjugative plasmids are crucial in the transport of antimicrobial
resistance genes from a specific K. pneumoniae strain to another and they encode all the
appropriate factors for this transfer [107]. There is a strong correlation between specific
antimicrobial resistance genes and their integration in certain plasmids. Several of them
can transfer many copies of these resistance genes, providing even higher grade of resis-
tance [108]. Transposons are small DNA fragments. They are transported from one DNA
site to another but do not have the ability of self-replication. The transfer can be conducted
either through transposon duplicate and transport of the copy or through cut and transfer
of the whole transposon [109].

Integrons are larger genetic elements which can encompass antimicrobial resistance
cassettes and are classified in five classes [110]. They can also be incorporated in other
mobile genetic elements such as transposons and conjugative plasmids [111].

5. Trends in Molecular Epidemiology

The first MBL detected in a CRKP isolate was IMP-1 in 1996 in Singapore [112]. Since
then, CRKP isolates producing IMP have been isolated globally, but mainly in south and
southeastern Asia [79,113,114]. VIM MBLs are the most prevalent on a global level. In
2004, an outbreak caused by VIM-1 producing CRKP strains took place in France, after the
hospitalisation of a patient in Greece [115]. Since then, several VIM subtypes have been
identified, such as VIM-12, VIM-19, VIM-4, VIM-27, VIM-26 and VIM-39, especially in
endemic countries for CRKP. These VIM variants are genetically related between them, and
they can emerge one from another due to minor genetic events, such as point mutations.
The blaVIM genes are commonly integrated in a class 1 integron [116]. The ST147 according
to the Institut Pasteur scheme has been the most frequently detected among VIM-producing
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K. pneumoniae isolates [117,118]. NDM MBL is a very virulent carbapenemase, as it has
a huge capacity to penetrate within the community [119]. A possible explanation could
be the presence of a community pool contributing to autochthonous acquisition [120]. It
was initially detected in a CRKP isolate in Sweden from the clinical specimen of a patient
previously hospitalised in New Delhi, India [121]. Since then, it has disseminated globally
and constitutes a threat of major concern [122]. Since its first emergence, ST11 has been the
predominant type among NDM producers [123]. All other MBLs are isolated mainly in
specific areas and show minor epidemiological concern [91,94–99].

KPC is the most prevalent of all carbapenemases. KPC-1 was initially isolated in
the United States of America in 1996 and has expanded rapidly to the east coast. It is
considered endemic in many parts of New York [90]. However, the major spread of KPC-
producing CRKP began in 2007 after an outbreak of CRKP isolates producing KPC-2 in
Crete, Greece. These isolates displayed clonal expansion and they were found to be clonally
related with the clone of New York which was previously described [124,125]. Since then,
this clone has predominated and was named ‘hyperepidemic Greek clone’ [126]. According
to the Center for Disease Control and Prevention (CDC), around 70% of KPC-2 producing
CRKP isolates are assigned to ST258 [127]. ST258 has been associated with multidrug
resistance to antimicrobials [128]. However, ST258 KPC-2 producing CRKP isolates are
considered low-virulent and are opportunistic pathogens, as only a low proportion of
patients colonised with these isolates develop an infection. These CRKP isolates create
extended reservoirs with the virulence and mortality rates being relatively low [129].
Patients with co-morbidities and chronic diseases are more vulnerable in suffering from an
infection [130]. Recently, KPC-2 CRKP belonging to ST39 have emerged [131].

CRKP isolates harbouring concurrently VIM-1 and KPC-2 are usually assigned in
ST147, meaning that they are commonly related with VIM-1 [132]. However, CRKP isolates
producing concurrently VIM-1 and KPC-2 have recently been assigned to ST39, implying
some kind of relatedness with KPC-producers [133].

Regarding class D carbapenemases, the most prevalent carbapenemase is OXA-48,
initially detected in Turkey in 2001. OXA-48 hydrolyses carbapenems in a mild way,
conferring a low level of resistance and its action is accompanied with additional resistance
mechanisms. Since 2007, OXA-48 producing CRKP isolates have been detected in many
countries in Europe and north Africa. However, these isolates are not considered highly
virulent. ST11 is the most prevalent among OXA-48 producers [79,134,135]. OXA-162,
initially detected in Turkey is a variant of OXA-48, as well as OXA-181 which is the second
most prevalent OXA detected worldwide [79,136]. One of the latest OXA subtypes detected
is an OXA-48 variant, designated OXA-370, isolated in Brazil in 2014 [137].

The contribution of Omp loss to CRKP emergence is trivial. Omp loss is usually a
secondary mechanism which provides low levels of resistance to antimicrobial agents and
can act along with carbapenemase action. The most significant Omps in K. pneumoniae
isolates are OmpA, OmpK35, OmpK36 and OmpK37 [102]. Changes in OmpA are generally
associated with antimicrobial resistance, but not with CRKP appearance [103]. The role of
OmpK35 in carbapenem resistance has been highlighted since 2003, and the contribution
of OmpK36 around 2005 [81,138]. Since then, there has been global concern concerning
the role of point mutations in genes encoding OmpK35 and OmpK36 as a complementary
mechanism in the emergence of CRKP [104,105]. However, in 2012 an outbreak which took
place in Greece led to the emergence of clonally related CRKP isolates with resistance to
ertapenem exclusively due to down-regulation of OmpK35 and mutated OmpK36 [139]. The
reduced expression of OmpK37 has not been associated with the emergence of CRKP [106].

6. Trends in Antimicrobial Treatment
6.1. Colistin

Colistin is an antimicrobial which was discovered in 1949 and belongs to polymyxins
(polymyxin E) (Table 1). Its use was abandoned at the beginning of the 1980s due to the
high nephrotoxicity observed during its administration [140]. However, due to the spread
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of antimicrobial resistance and the appearance of CRKP and MDR K. pneumoniae (MDRKP),
it has revived and is used as first-line treatment for infections caused by these isolates [141].

Colistin has been used widely for the treatment of VAP, bacteremias, abdominal in-
fections and UTIs caused by CRKP and MDRKP [10]. However, the implementation of
colistin monotherapy against these infections has been associated with a negative out-
come, the emergence of antimicrobial resistance with the emergence of colistin-resistant
CRKP [142,143]. Therefore, colistin is usually administered in combined therapeutic pro-
tocols along with tigecycline or aminoglycosides, in triple combined schemes along with
tigecycline and carbapenems, fosfomycin or aminoglycosides, and in quadruple treatment
schemes [1]. In CRKP isolates with a relatively low grade of resistance to carbapenems,
therapeutic schemes combining colistin with carbapenems seem to be more effective, while
in CRKP isolates with a high grade of carbapenem-resistance, therapeutic regimens in-
cluding colistin and high dosages of tigecycline, fosfomycin and aminoglycosides present
more satisfying results [144]. The advance of knowledge around the dosage of intravenous
colistin administration and the progress in the pharmacokinetics of colistin have led to more
satisfying therapeutic effects and reduced nephrotoxicity [10,145] As far as the treatment
of infections caused by colistin-resistant CRKP isolates is concerned, the combination of
colistin with carbapenems of rifampicin has been proven a possible option during the
previous years [146,147].

However, it is worth mentioning that despite the fact that colistin is widely used
in real-world practice, it is not considered a first-line agent for the treatment of CRKP
infections [148,149].

6.2. Tigecycline

Tigecycline is a derivative of minocycline and belongs to glycylcyclines. It has a
broad spectrum of action and has been used for the treatment of CRKP infections achiev-
ing high concentrations in various biological fluids such as lung, skin, soft tissues and
bones [150]. When combined with colistin, it presents bactericidal action against CRKP
isolates (Table 1) [142,150,151].

6.3. Fosfomycin

Fosfomycin is an old antimicrobial agent which has been re-introduced for the treat-
ment of uncomplicated CRKP UTIs (Table 1) [152]. When combined with colistin, its
bacterial killing efficacy is greater against CRKP [153].

Over the last five years, several antimicrobials with various activity against MDR
Gram-negative bacteria have been launched and approved by the U.S. Food and Drug
Administration (FDA) and the European Medical Agency (EMA). These drugs are pla-
zomicin, eravacycline, cefiderocol and temocillin, a β-lactam which has only been approved
in Belgium and the United Kingdom. Moreover, ceftolozane–tazobactam, meropenem–
vaborbactam, imipenem–cilastatin/relebactam and ceftazidime–avibactam (CAZ-AVI) are
antimicrobials that combine β-lactams with β-lactamase inhibitors and are potent alterna-
tives [154].
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6.4. Plazomicin

Plazomicin is a synthetic aminoglycoside which was approved in 2018 for the treat-
ment of complicated UTIs (cUTIs) and pyelonephritis [154]. Plazomicin is effective against
CRKP and has been correlated with excellent activity against KPC-producing isolates
(92.9%), and OXA-48 isolates (87.0%). However, its action against MBL-producing isolates
is limited (40.5%) (Table 1) [156].

6.5. Eravacycline

Eravacycline is a fluorocycline which is two- to fourfold times more active than
tigecycline (Table 1) [157]. Eravacycline is active against carbapenem-resistant Gram-
negative bacteria (Johnston et al., 2020) and moreover, against a major proportion of NDM-
and VIM-producing CRKP (61.3% and 66.7%, respectively) [158]. However, appearance of
eravacycline resistance among CRKP due to over-expression of efflux pumps has already
occurred [159].

6.6. Cefiderocol

Cefiderocol is a catechol-substituted siderophore (Table 1). It has been approved by
the FDA for the treatment of cUTIs in 2019 and for the treatment of ventilator-associated
pneumonia (VAP) in 2020 [160]. Cefiderocol inhibits the overwhelming majority of MDR
Gram-negative bacteria and is active against CRKP isolates, independently of the existing
resistance mechanism [161]. Resistance to cefiderocol has already emerged, especially in
MBL-producing CRKP isolates [162]. In addition, co-resistance to cefiderocol and other
antimicrobials in KPC-producing CRKP has already been described [163].

6.7. Temocillin

Temocillin is 6-α-methoxy derivative of ticarcillin. Some initial pharmacokinetic
properties have displayed some action against KPC-producing CRKP causing UTIs (Ta-
ble 1) [164]. However, the susceptibility of temocillin against KPC-producing CRKP causing
UTIs varies among studies. A study in Poland shows 0% susceptibility, while another one
in Greece displays only 8.6% [165,166]. However, a study performed in the UK displays
an increased susceptibility of 50.8% [167]. In addition, it is not active against MBL- and
OXA-48 producing CRKP isolates [166].

6.8. Ceftolozane–Tazobactam

Ceftolozane–tazobactam is a combination of β-lactam with b-lactamase inhibitor
which was approved by the FDA in 2014 for the treatment of cUTIs and intra-abdominal
infections (IAI) (Table 1). Furthermore, the approval was extended for VAP in 2019 [154].
However, ceftolozane–tazobactam is mainly active against K. pneumoniae isolates producing
ESBL, but not against CRKP strains [168].

6.9. Imipenem–Cilastatin/Relebactam

Imipenem–cilastatin/relebactam was approved in 2019 by the FDA for the treatment
of cUTIs and IAIs (Table 1). In 2020, it obtained approval for VAP [154]. Relebactam
inhibits class A and C β-lactamases. Therefore, it is active against KPC-producing CRKP
isolates. However, the addition of relebactam does not restore the activity of imipenem
against MBL-producing CRKP [169]. In addition, it does not inhibit adequately OXA-48
producing CRKP [170]. However, resistance to this agent has recently emerged due to
genetic rearrangement [171].

6.10. Meropenem–Vaborbactam

Vaborbactam is a cyclic boronate derivative (Table 1). When combined with meropenem,
it increases the activity of meropenem against KPC-producing CRKP. It has been approved
for the treatment of cUTIs, IAIs and VAP [172]. However, it is ineffective against MBL-
producing CRKP, while its action against OXA-48 producers is limited [173]. However,

16



Antibiotics 2023, 12, 234

resistance to meropenem–vaborbactam has lately appeared because of mutated OmpK35
and OmpK36 [174].

6.11. Ceftazidime–Avibactam

Avibactam (formerly NXL104, AVE1330A) was patented in 2011 and is a non-β-lactam
β-lactamase inhibitor which is active in vitro against Ambler class A and C β-lactamases
and displays some activity against some OXA-type β-lactamases, classified in Ambler
class D. Avibactam binds covalently to β-lactamases through the creation of a carbamate
bond between avibactam’s position 7 carbonyl carbon and the same active-site serine that
participates in acyl bonding with β-lactam substrates (Table 1) [175].

An initial study conducted in China during 2011–2012 has highlighted the in vitro
activity of CAZ-AVI against CRKP and other carbapenem-resistant Gram-negative bac-
teria producing ESBL, AmpC and KPC. These isolates were clinically the cause for IAIs,
UTIs, VAPs and bloodstream infections (BSIs) [176]. Some other studies reach the same
conclusions [177,178]. It has also been proven to be active against hypervirulent CRKP
isolates [179]. CAZ-AVI is normally not active against MBL-producing CRKP. However,
it has been combined with aztreonam in the treatment of some cases of NDM-producing
CRKP [180,181]. This combination has been applied recently in a patient with complications
of SARS-CoV-2 nosocomial infection [182]. Apart from KPC-producing CRKP, CAZ-AVI
has been proved effective and safe in vivo against OXA-48 producers [183].

Several clinical randomised control trials (RCTs) have attempted to investigate the
efficacy and safety of CAZ-AVI in treating complicated IAIs and UTIs [184,185]. CAZ-AVI
was approved by the FDA in the beginning of 2015 for the treatment of cIAIs (combined with
metronidazole) and cUTIs at a dose regimen of 2.5 g every eight hours intravenously [186].
The dosing regimens have been later reviewed again in critically ill patients [187]. In
addition, CAZ-AVI has been used in many cases as off-label indication or salvage therapy,
with promising clinical and microbiological cure rates [188,189].

In addition, the testing of CAZ-AVI against MDR Gram-negative bacteria causing
VAP has showed satisfying results [190]. It has been classified as an emerging drug for the
treatment of HAP [191]. Since then, a specific RCT has highlighted the efficacy of CAZ-AVI
in the treatment of VAP. Based on the results of this study called pivotal phase III REPROVE
trial, the FDA approved the use of CAZ-AVI for treatment of patients with HAP/VAP [192].

In addition, some initial attempts of successful treatment of CRKP BSI have been
reported [193]. The in vitro activity of CAZ-AVI against CRKP causing BSIs in cancer
patients was later revealed [194]. It has also been effective in vivo against CRKP causing
BSIs in hematologic patients [195]. Several studies have highlighted CAZ-AVI with higher
clinical cure rates and survival than other drugs in treating CRKP BSIs [196].

However, resistance to CAZ-AVI among KPC-producing CRKP has appeared. Some
previous studies underline the inability of avibactam to inhibit several KPC-2 variants [197].
Resistance to KPC-3 variant has been also detected early [198–200]. In addition, resistance
has also emerged due to selective pressure during treatment with CAZ-AVI for a KPC-2
CRKP infection [131].

Resistance to CAZ-AVI seems to have a lesser impact on vaborbactam, implying the use
of meropenem–vaborbactam previously described as a potent treatment alternative [201].
Notably, meropenem–vaborbactam has been used successfully in combination with aztre-
onam for the treatment of ceftazidime-resistant CRKP isolates causing BSIs [202]. Moreover,
CAZ-AVI resistance could emerge when administered simultaneously with meropenem–
vaborbactam for treating CRKP infections [203]. The appearance of ceftazidime-resistant
KPC-producing CRKP is very alarming, as it can cause severe outbreaks in SARS-CoV-2
ICUs [204].

6.12. Aztreonam–Avibactam

Aztreonam–avibactam is a combination antimicrobial agent with activity against MBL-
producing CRKP. However, it has not been yet approved by FDA [205]. According to recent
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studies, it is considered an option for the treatment of BSIs caused by colistin-resistant and
CAZ-AVI-resistant CRKP isolates [206].

6.13. Guidelines for the Treatment of CRKP Infections

According to the latest guidelines of the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) for patients with severe CRKP infections, meropenem-
vaborbactam or ceftazidime–avibactam are recommended, if active in vitro. For patients
with CRKP infections due to MBL-producing strains, cefiderocol is conditionally recom-
mended. For non-severe CRKP infections, the use of old antimicrobials is advisable de-
pending on the source of infection, while for cUTIs, aminoglycosides including plazomicin
are recommended. If necessary, tigecycline could be used in high doses for the treatment of
CRKP pneumonia, but not for BSIs and HAP/VAP [148].

The Infectious Diseases Society of America (IDSA) proposes ciprofloxacin, levofloxacin,
trimethoprim–sulfamethoxazole, nitrofurantoin, or a single dose of an aminoglycoside for
the treatment of uncomplicated cystitis caused by CRKP, and ciprofloxacin, levofloxacin
or trimethoprim–sulfamethoxazole for cUTIs. For patients with severe CRKP infection
outside the urinary tract system, ceftazidime–avibactam, meropenem–vaborbactam, and
imipenem–cilastatin–relebactam are recommended, while for patients with a diagnosed
MBL-producing CRKP infection, ceftazidime–avibactam plus aztreonam, or cefiderocol
as monotherapy are proposed. Tigecycline and eravacycline are not recommended as
monotherapy for the treatment of CRKP UTIs and BSIs, while according to IDSA, colistin
should be avoided for the treatment of CRKP infections due to increased mortality and
high nephrotoxicity compared to other antimicrobial options [149].

7. Conclusions

CRKP infections constitute a significant threat for public health. The knowledge of the
exact mechanism of CRKP emergence is crucial for the selection of the most appropriate
antimicrobial among those most recently launched. Plazomicin, eravacycline, cefidero-
col, temocillin, ceftolozane–tazobactam, imipenem–cilastatin/relebactam, meropenem-
vaborbactam, ceftazidime–avibactam and aztreonam–avibactam constitute potent alterna-
tives for treating CRKP infections. The evolution of the molecular epidemiology of CRKP
strains is dynamic and data and information around it should be continuously updated to
diminish the spread of these isolates.
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Abstract: Heteroresistance (HR) to colistin is especially concerning in settings where multi-drug-
resistant (MDR) K. pneumoniae are prevalent and empiric use of colistin might lead to treatment
failures. This study aimed to assess the frequency of occurrence of colistin HR (CHR) among
(MDR) K. pneumoniae (n = 676) isolated from patients hospitalized in 13 intensive care units (ICUs)
in six European countries in a clinical trial assessing the impact of decolonization strategies. All
isolates were whole-genome-sequenced and studied for in vitro colistin susceptibility. The majority
were colistin-susceptible (CS) (n = 597, MIC ≤ 2 µg/mL), and 79 were fully colistin-resistant (CR)
(MIC > 2 µg/mL). A total of 288 CS isolates were randomly selected for population analysis profiling
(PAP) to assess CHR prevalence. CHR was detected in 108/288 CS K. pneumoniae. No significant
association was found between the occurrence of CHR and country, MIC-value, K-antigen type, and
O-antigen type. Overall, 92% (617/671) of the K. pneumoniae were MDR with high prevalence among
CS (91%, 539/592) and CR (98.7%, 78/79) isolates. In contrast, the proportion of carbapenemase-
producing K. pneumoniae (CP-Kpn) was higher among CR (72.2%, 57/79) than CS isolates (29.3%,
174/594). The proportions of MDR and CP-Kpn were similar among CHR (MDR: 85%, 91/107; CP-
Kpn: 29.9%, 32/107) and selected CS isolates (MDR: 84.7%, 244/288; CP-Kpn: 28.1%, 80/285). WGS
analysis of PAP isolates showed diverse insertion elements in mgrB or even among technical replicates
underscoring the stochasticity of the CHR phenotype. CHR isolates showed high sequence type (ST)
diversity (Simpson’s diversity index, SDI: 0.97, in 52 of the 85 STs tested). CR (SDI: 0.85) isolates were
highly associated with specific STs (ST101, ST147, ST258/ST512, p ≤ 0.003). The widespread nature of
CHR among MDR K. pneumoniae in our study urge the development of rapid HR detection methods
to inform on the need for combination regimens.

Keywords: colistin resistance; mechanisms; mgrB; population analysis profiling; whole-genome
sequencing

1. Introduction

Klebsiella pneumoniae frequently cause community-acquired and nosocomial infections
such as pneumonia, urinary tract infection, liver abscesses and bloodstream infections [1].
In recent years, antimicrobial resistance in K. pneumoniae has become problematic [2,3]. In
particular, resistance to carbapenems is frequently associated with resistance to multiple
classes of other antibiotics which leads to limited possibilities for clinical management as
alternative treatment options are limited and lead to higher rates of treatment failures [4]. In
such cases, last-resort antibiotics such as colistin [5,6] may be used in association with other
antibiotics. However, the high worldwide prevalence of carbapenem-resistant, multi-drug
resistant (MDR) K. pneumoniae has fueled and increased the use of colistin over the last years,
accelerating the emergence of isolates resistant to this compound [3]. Besides full colistin
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resistance (CR), colistin heteroresistance (CHR) has also been increasingly reported over
the last years [7,8]. Heteroresistance (HR) is defined as a phenotype in which a bacterial
isolate contains subpopulations of cells that show a substantial reduction in antibiotic
susceptibility compared with the main population (minimum inhibitory concentration
(MIC) increase of at least eight-fold), allowing for these cells to grow in the presence of
the antibiotic [9]. Detection of these subpopulations can be challenging and raise concern
as their frequency may rise during antibiotic exposure and possibly lead to treatment
failure [9–11]. However, the relevance of CHR in causing reduced clinical effectiveness
and negatively affecting the treatment outcome remains controversial [7]. Recent studies
have highlighted the high prevalence of CHR, but these were often limited by small sample
size (mostly relying on local data) and limited investigation of the characteristics of the
CHR K. pneumoniae strains. In this study, we took advantage of the unique availability of a
large collection of clinical isolates from various intensive care units (ICUs) across Europe to
gain more insight into the frequency of occurrence of CHR among colistin-sensitive (CS)
K. pneumoniae and to investigate its possible association with epidemiological and clinical
characteristics such as country of origin, the different therapeutic intervention strategies to
which the patients were exposed during their stay in the ICU, and sequence type (ST). We
also investigated CHR K. pneumoniae strains for their possible association with capsular
polysaccharide antigen types (K-antigen type), lipopolysaccharide antigen types (O-antigen
type), and colistin MIC value.

2. Materials and Methods
2.1. Sample and Isolate Collection

Klebsiella pneumoniae (n = 676) collected during a clinical trial as part of the R-
GNOSIS project (Resistance in Gram-Negative Organisms: Studying Intervention Strate-
gies) (NCT02208154) were utilized. Isolates were collected from patients hospitalized in
ICUs from 13 sites in six European countries: Belgium (n = 239), Spain (n = 201), Portugal
(n = 61), Italy (n = 143), Slovenia (n = 9), and United Kingdom (n = 23) between 1 December
2013 and 31 May 2017. The reason for the lower number of isolates in Slovenia and United
Kingdom were two-fold. Firstly, only a single ICU in each country participated in the
trial in contrast to other included countries. Secondly, the baseline colonization rates with
Enterobacteriaceae resistant to third-generation cephalosporins in Slovenia and the United
Kingdom were rather low [12]. ICU patients with an expected duration of invasive me-
chanical ventilation of minimally 24 h were included while those who were not intubated
nor mechanically ventilated and those that stayed in the unit for less than 24 h were not
included in the study. In the primary R-GNOSIS clinical trial, participants were assigned
to three different groups of intervention, namely chlorhexidine mouthwash (CHX), selec-
tive oropharyngeal decontamination (SOD), and selective digestive tract decontamination
(SDD), aimed at reducing the risk of bloodstream infections due to MDR-Gram-negative
bacteria among ventilated patients in ICUs with moderate to high prevalence of antibi-
otic resistance [12]. Both SDD and SOD topical decontamination treatments consist of an
oropharyngeal paste and enteral suspension containing antimicrobials that includes colistin
(as well as tobramycin and nystatin) (Supplementary Table S1). After a baseline period
(6–14 months), each intervention was implemented for periods of six months in a random
order for each ICU and was separated by a one-month wash-out/in period. Samples
and subsequently culture-isolated microorganisms were categorized into three categories:
surveillance, point prevalence survey (PPS), or clinical. Surveillance samples were from
patients directly undergoing interventions (i.e., who had received the decontamination
treatment) and were taken twice weekly. PPS samples were collected monthly from all
patients present in the ward at that time, including those not undergoing the interventions.
Clinical samples were those obtained when needed for the clinical management of the
patients [12]. Isolates originated from various body sites: respiratory (more specifically
aspirate, throat swab, sputum, bronchoalveolar lavage or non-directed bronchoalveolar
lavage), blood, groin, or rectum.
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2.2. MIC Determination

All 676 first patient isolates were subjected to colistin susceptibility testing using either
an E-test (bioMérieux, Marcy l’Etoile, France) or automatic testing method (BD PhoenixTM

(BD Diagnostics, Le Pont de Claix, France), SensititreTM (Thermo Fisher Scientific, Waltham,
MA, USA), Vitek® (bioMérieux, Marcy l’Etoile, France), MicroScan (Beckman Coulter, San
Diego, CA, USA)) [12]. Of the 676 isolates, 79 (11.7%) were determined to be fully CR. It
must be noted, however, that these methods are not recommended for colistin susceptibility
testing and it has been shown that they may underestimate CR rates [13], with the exception
of SensititreTM which has been found to perform well when compared to the reference
method [14]. Therefore, to confirm the susceptibility of the selected isolates (see population
analysis profiling assay), the colistin MIC was also determined by broth microdilution using
the MICRONAUT MIC-Strip Colistin (MERLIN Diagnostika GmbH, Berlin, Germany). In
the case of one skipped well, the result was determined disregarding this well (i.e., the
skipped well was not seen as the lowest concentration showing no growth). In the case
of multiple skipped wells, the test was repeated. An isolate was classified as susceptible
(MIC ≤ 2 mg/L) or resistant (MIC > 2 mg/L) based on the epidemiological cut-off (ECOFF)
values provided by EUCAST [15]. Two CS strains, Escherichia coli ATCC 25922 (MIC:
0.25–2 mg/L) and P. aeruginosa ATCC 27853 (MIC: 0.5–4 mg/L), and two CR strains, K.
pneumoniae 08400 (MIC: 64 mg/L) and E. coli NCTC 13846 mcr-1 positive (MIC: 4 mg/L),
were used as controls [16].

2.3. Population Analysis Profiling (PAP) Assay

For HR screening, we randomly selected 288 isolates of the 597 CS (MIC ≤ 2 mg/L)
isolates for population analysis profiling (PAP) based on the two following criteria: (1) Num-
ber of isolates selected per country had to reflect the proportion of isolates contributed
by each country and also (2) to match with the distribution of isolates found during the
baseline and the three intervention strategies (Supplementary Table S1).

For the PAP assay, 0.5 MacFarland (McF) bacterial suspensions were prepared using
the BD PhoenixSpec™ nephelometer (BD Diagnostics, Le Pont de Claix, France) starting
from an overnight culture on Columbia blood agar (Oxoid Ltd., Basingstoke, UK) with
5% defibrinated horse blood (International Medical Products, Oudergem, Belgium). A
100 µL aliquot of this suspension was spirally plated using the Eddy Jet (IUL instruments
S.A., Barcelona, Spain) on a series of cation adjusted Mueller Hinton Agar (CAMHA) (BD
Diagnostics, Le Pont de Claix, France) plates containing colistin (Sigma-Aldrich, St. Louis,
MO, USA) in increasing concentrations (0 mg/L, colistin free; 1 mg/L; 2 mg/L; 4 mg/L,
8 mg/L; 16 mg/L). The number of colonies were counted after 24 h of aerobic incubation
of the plates at 37 ◦C, and a graph of the log10 CFU/mL was plotted against the increasing
colistin concentrations. One CS strain, E. coli ATCC 25922 (MIC: 0.25–2 mg/L), one CR
strain, K. pneumoniae 08400 (MIC: 64 mg/L), and two CHR strains, K. pneumoniae ATCC
13883 (MIC: 1 mg/L) and K. pneumoniae IT0244CP (MIC: 0.5 mg/L), were used as quality
controls [16].

Since there is no consensus on the definition of CHR, we used two previously defined
schemes (Figure 1). Classification 1 (C1) was based on the classification as used by Band
et al. [17] while Classification 2 (C2) was based on Andersson et al. [9] with the additional
requirement that growth at a frequency of minimally 1 × 10−7 must be observed at least at
4 mg/L even if the eight-fold MIC of the isolate was below 4 mg/L. More specifically, this
means that for a MIC of ≤0.5 mg/L, growth at a frequency of 1 × 10−7 must be observed
on plates containing 1, 2 and 4 mg/L of colistin, for a MIC of 1 mg/L the former must be
observed additionally on the plates containing 8 mg/L of colistin and for a MIC of 2 mg/L
also on plates containing 16 mg/L. This additional requirement was put in place to account
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for the possibility of false positives occurring due to the inoculum effect. The frequency
was determined for each concentration of colistin using the following calculation:

Frequency =
CFU/mL colistin plate

CFU/mL colistin f ree plate
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Figure 1. Classification schemes for colistin heteroresistance (CHR). Figure describes the growth
requirements, more specifically the frequency of growth required, for an isolate to be determined
CHR. In the case there is no frequency requirement at a specific concentration of colistin but only the
requirement that there is visible growth on the plate, this is indicated as “Growth”. For Classification
2, the requirements to be fulfilled depend on the MIC for colistin of the isolates. NR = no requirement,
NA = not applicable, MIC = minimum inhibitory concentration. 1 Plates containing 16 mg/L of
colistin were only included for isolates with a MIC of 2 mg/L. 2 Frequency of ≥1 × 10−6 only required
for either 4 mg/L or 8 mg/L, not for both though it is allowed. Created with BioRender.com.

2.4. Whole-Genome Sequencing

Whole-genome sequencing (WGS) was employed to determine the ST, O-antigen
type, and K-antigen type of the 676 K. pneumoniae isolates as well as to look for mutations
in known (hetero)resistance genes for colistin. Strains were cultured on CAMHA and
incubated for 16–20 h at 35–37 ◦C. After incubation, one colony of the CAMHA plate was
inoculated in a polypropylene tube containing 4 mL of cation adjusted Mueller Hinton
Broth (CAMHB) (BD Diagnostics, Le Pont de Claix, France) and incubated again for 16–20 h
at 35–37 ◦C. A negative growth control was prepared containing only 4 mL of CAMHB.
DNA extraction was performed using the MasterPureTM Complete DNA and RNA Pu-
rification Kit (Epicentre Biotechnologies, Madison, WI, USA) following manufacturer’s
instructions. DNA was further purified using the DNA Clean & ConcentratorTM-10 kit
(Zymo Research, Irvine, CA, USA) following instructions as provided by the manufacturer.
Library preparation was performed using the Nextera® XT DNA Sample Preparation Kit
and the Nextera® XT Index Kit v2 Set A (Illumina, San Diego, CA, USA) in conjunction
with the Zephyr® G3 NGS liquid handler (PerkinElmer, Waltham, MA, USA), containing
heating and shaking modules controlled by the Inheco Multi TEC Controller (INHECO
GmbH, Martinsried, Germany). Sequencing was performed with the MiSeq sequencer
(Illumina, San Diego, CA, USA). Data were analyzed using BacPipe v6.0 [18] and CLC
Genomics Workbench software (Qiagen, Hilden, Germany).
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2.5. Statistical Analysis

To determine whether there was an association between CHR/CR and country, MIC-
value, intervention strategy, ST, O-antigen, or K-antigen type and between country, ST, and
MIC-value, a Pearson Chi-square test or Fisher Exact test were used. When conditions for
a Chi-square test or Fisher Exact test were not met (i.e., no cells with expected values < 1,
and no more than 20% of cells with values < 5), a Monte Carlo simulation was used. Since
this is not an exact method, in contrast to the regular Fisher Exact test, the p-value was
given with the 99% confidence interval (99% CI). p-values less than 0.05 were considered
statistically significant. In the case of a statistically significant association, a pairwise z-
test with Bonferroni correction was used to assess which groups had an association. All
analyses were performed using the IBM® SPSS® Statistics software version 28.0.1.1 (IBM
Corp., Armonk, NY, USA).

3. Results
3.1. Population Analysis Profiling (PAP)

The 288 selected isolates were tested by PAP assay in 11 distinct runs. Results of
the PAP assay for the control strains in the 11 full runs are shown in Figure 2. One of
the two HR control strains, IT0244CP, grew on all colistin-containing plates in all 11 runs,
though the frequency varied from run to run. The frequency threshold of 1 × 10−6 was
only reached twice (C1); still, IT0244CP always fulfilled C2. The second CHR control strain
K. pneumoniae ATCC 13883 also showed some variability in the frequency of the resistant
subpopulation but fulfilled C1 in all 11 runs.
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Figure 2. Population analysis profiling (PAP) assay results of the control strains. Graph represents
the log10 colony forming units (CFU)/mL per concentration of colistin used in the agarplates of the
PAP assay. (A) Individual results for each strain for each run, graph illustrates the intra-run variation
for the different control strains. (B) Average result for each control strain, graph illustrates the overall
result of the control strains.

Overall, out of the 288 isolates tested, 25 were classified as being CHR based on the
more stringent criteria of C1 whilst 108 isolates were classified as being CHR based on
the less stringent C2 criteria. All isolates that fulfilled C1 also fulfilled C2 (Table 1 and
Supplementary Table S2).
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Table 1. Table contains a detailed breakdown of the PAP assay results (n = 288) including the reasons
why isolates did not fulfil the definition of colistin heteroresistance (CHR) and the number of isolates
per observed result. Of note, for some isolates that did not fulfil the definition of CHR but did show
growth > 2 mg/L, there were multiple reasons why they were not classified as CHR. Sub-reasons
are listed in order of importance. Each isolate was only included once, and if it fulfilled multiple
sub-reasons, it was only included in the sub-reason considered most important. MIC = minimum
inhibitory concentration, C1 = Classification 1, C2 = Classification 2.

Observed Results No. of Isolates

Fulfilling C1 Growth on the plates containing 4 and/or 8 mg/L of colistin with a
frequency of at least 1 × 10−6 25

Fulfilling only C2

Growth on at least all the plates containing colistin at a concentration
up to and including eight-fold the MIC of the isolate at a frequency of
minimally 1 × 10−7, minimum concentration at which there should be
growth was 4 mg/L

83

Not fulfilling either classification
but growth > 2 mg/L

Growth on 4 and/or 8 mg/L plate but frequency < 1 × 10−7 45

For MIC 0.0625–0.5 mg/L: growth with frequency ≥ 1 × 10−7 on
8 mg/L plate but <1 × 10−7 on 4 mg/L plate

8

For MIC 1–2 mg/L: growth with frequency ≥ 1 × 10−7 on 4 and/or
8 mg/L plate but <1 × 10−7 on plates ≥ eight-fold the MIC

30

Growth with frequency ≥ 1 × 10−7 on plates ≥ eight-fold the MIC but
frequency of 1 × 10−7 not reached on all plates < eight-fold the MIC

19

No growth at 4 and 8 mg/L 71

No growth at 1, 2, 4 and 8 mg/L 7

3.2. High Prevalence of Multi-Drug-Resistant and Carbapenemase-Producing Isolates

Overall, 617 out of 671 (92%) of the K. pneumoniae isolates, for which the information
was available, were classified as MDR based on Magiorakos et al. [19]. MDR prevalence
was high among both CS (91%, 539/592) and CR (98.7%, 78/79) isolates. In contrast, the
proportion of carbapenemase-producing K. pneumoniae (CP-Kpn) was higher among CR
isolates (72.2%, 57/79) than among CS isolates (29.3%, 174/594). On the other hand, similar
proportions of MDR and of CP-Kpn were observed among CHR (MDR: 85%, 91/107;
CP-Kpn: 29.9%, 32/107) and selected CS isolates (MDR: 84.7%, 244/288; CP-Kpn: 28.1%,
80/285) (Supplementary Tables S3 and S4).

3.3. Analysis of Association between Colistin-Resistant K. pneumoniae, ST, O-Antigen Type and
K-Antigen Type

To investigate the distribution of CR within various STs, we studied those STs that
were represented at least 10 times in our collection. The 79 CR K. pneumoniae isolates in our
study were distributed among 14 different STs with three STs (ST101, ST147, ST258/512)
accounting for 62% (n = 49) of the total CR isolates. CR was significantly associated with
specific STs (p at least 0.003); for instance, ST101 (CR: 12.7%, 10/79, CS: 2.7%, 16/597),
ST147 (CR: 30.4%, 24/79, CS: 6.9%, 41/597) and ST258/ST512 (CR: 19%, 15/79, CS: 4.9%,
29/597) (p for all <0.05) showed higher proportions among CR strains than among CS
strains. Conversely, ST15 (CR: 3.8%, 3/79, CS: 11.4%, 68/597), ST307 (CR: 3.8%, 3/79, CS:
13.6%, 81/597) and ST405 (CR: 5.1%, 4/79, CS: 10.1%, 60/597) (p for all <0.05) had higher
proportions of CS isolates compared to CR. We could not document exclusive association
either with CS or with CR of any ST that was present in the collection at least 10 times
(Figure 3A).
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Figure 3. Distribution of isolates across sequence types (STs). Graphs show the number of isolates
per ST as well as the number of colistin-resistant (CR)/colistin-heteroresistant (CHR) and colistin-
susceptible (CS)/non-CHR isolates. Only STs with a statistically significant association with CR
and/or CHR are shown. Of note, Classification 1 (C1) + Classification 2 (C2) represents the total
amount of isolates fulfilling C2 whilst C2 alone represents isolates only fulfilling C2. (A) CR per ST,
(B) CHR per ST, (C) CR per ST per country, Slovenia (n = 9) and United Kingdom (n = 23), were not
taken into further consideration due to the low number of isolates, (D) CHR per ST per country.
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CS isolates (n = 597) were distributed over 87 STs (Simpson’s diversity index, SDI: 0.94)
while the 288 CS isolates tested on the PAP assay belonged to 85 STs (SDI: 0.97). Of these,
CHR was found among 52 different STs and showed a remarkably higher genetic diversity
(SDI: 0.97) compared to ST distribution among CR isolates (SDI: 0.85). Ten STs (ST11, ST15,
ST45, ST101, ST147, ST258/512, ST307, ST405, ST409 and ST437) were common to both CR
and CHR isolates.

Besides an association between CR and STs, country and STs also showed a strong
association (p at least <0.001). K. pneumoniae belonging to ST15 were spread across all six
countries; however, the proportion of ST15 was higher in Belgium (17.2%, 41/239) and
Portugal (19.7%, 12/61) than in Italy (2.1%, 3/143) and Spain (4%, 8/201) (p < 0.05). ST307
was present in five of the six countries. In this case, the proportion of ST307 isolates in
Italy (29.4%, 42/143) was significantly different compared to Belgium (7.9%, 19/239) and
Spain (7.5%, 15/201) (p < 0.05) but not when compared to Portugal (11.5%, 7/61) (p > 0.05).
ST147 was not found in Italy and most of the isolates were from Spain (26.9%, 54/201)
for which the proportion also significantly differed from both Belgium (1.7%, 4/239) and
Portugal (9.8%, 6/61) (p < 0.05). In contrast to the previous STs which were found in
almost all countries, ST101 and ST258/ST512 were only found in two and three countries,
respectively. ST101 showed a statistically significant difference between the two countries
with a higher proportion in Italy (14.7%, 21/143) compared to Spain (2.5%, 5/201) (p < 0.05).
ST258/ST512 showed a statistically significant difference between Belgium (10.5%, 25/239)
and Spain (2.5%, 5/201) (p < 0.05), but not between Italy (9.1%, 13/143) and the other two
countries (p > 0.05). Among ST101, all CR isolates were isolated in Italy, for ST147 all but
one were isolated in Spain (one CR isolate from Portugal), and for ST258/ST512 all but two
from Belgium (two CR isolates from Italy) (Figure 3C).

For the K-antigen and O-antigen types, a tight association is known to exist with
specific STs and therefore the significant differences found in the proportion of CR and
CS within a ST were likewise reflected in similar differences in the proportion of K and O
antigen types (p for both ≤ 0.001).

3.4. A Higher Proportion of CR among Specific STs Was Not Reflected in CHR Proportions

For CHR and ST, an association was found (p at least 0.021). In contrast, CHR isolates
did not show any clear association with K-antigen and O-antigen types (p ≥ 0.169). ST307
and ST405 were found to have a higher proportion of non-CHR isolates (ST307: CHR:
3.7%, 4/108, non-CHR: 12.8%, 23/180, p < 0.05 and ST405: CHR: 0.9%, 1/108, non-CHR:
5.6%, 10/180, p < 0.05) (Figure 3B). Selected isolates from both STs were spread across
different countries (Figure 3D). There was no association between STs found to have a
higher proportion of CR isolates and CHR. Of the 39 isolates tested for CHR with STs
ST101, ST147, and ST258/ST512, only 2 were determined to be CHR based on C1 and
14 exclusively based on C2.

3.5. Analysis of Association between Colistin (Hetero)Resistant K. pneumoniae, Country,
Intervention Strategy, and MIC-Value

The highest proportion of CR K. pneumoniae was found in Spain (44.3%, 35/79, p < 0.05)
(Figure 4A). There was also a difference in the distribution of CR across the baseline,
CHX, SDD, and SOD (p = 0.001) with a higher proportion of CR isolates in patients in
all three intervention strategy groups compared to the baseline period (p < 0.05) but no
significant difference in distribution of CR was identified between the three intervention
groups (Supplementary Figure S1). This could mainly be explained by the increase in the
proportion of CR ST147 isolates in Spain during the intervention periods (for all three
groups) compared to the baseline (8.8–15.6% versus 3.8%). In contrast, no significant
association was found between increase in CHR with any country (p > 0.723) (Figure 4B)
or between CHR and any intervention strategy (p > 0.668). CHR isolates were present in
the highest proportions in ST15 followed by ST101 (Figure 3B). Of note, CHR isolates that
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matched the stricter definition (i.e., C1) were found in higher proportion in ST15 followed
by ST307, but they were not found at all among the ST101 and ST147 isolates (Figure 3B).
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Figure 4. Distribution of isolates across countries. Graphs show the number of isolates per country as
well as the number of colistin-resistant (CR)/colistin-heteroresistant (CHR) and colistin-susceptible
(CS)/non-CHR isolates. Of note, Classification 1 (C1) + Classification 2 (C2) represents the total
amount of isolates fulfilling C2 whilst C2 alone represents isolates only fulfilling C2. (A) CR per
country, (B) CHR per country.

We could not find any association between the colistin MIC value of the 288 selected
isolates and countries (p at least 0.599) (Figure 5B), nor was an association present between
ST and MIC values (p at least 0.08) (Figure 5C). Remarkably, however, there was a trend
towards higher colistin MIC values for isolates classified as CHR based on C1 compared to
CHR isolates fulfilling only C2 (Figure 5A).
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Figure 5. Distribution of isolates across minimum inhibitory concentration (MIC) values. Graphs
show the number of isolates per MIC as well as the number of colistin-heteroresistant (CHR) and
non-CHR isolates. Of note, Classification 1 (C1) + Classification 2 (C2) represents the total amount of
isolates fulfilling C2 whilst C2 alone represents isolates only fulfilling C2. (A) CHR per MIC value,
(B) CHR per MIC value per country, (C) CHR per MIC value per sequence type (ST). Only STs with a
statistically significant association with CR and/or CHR are shown.

3.6. Colistin Resistance Mechanisms in Resistant Subpopulations

Isolates AN1505CP2 and IT0244CP were previously already determined to be CHR [16].
In this study, these findings were confirmed with both isolates fulfilling C1, and colonies
from each plate were sequenced (data not published). Mutations found in colistin resistance-
associated genes (mgrB, phoP, phoQ, pmrA, pmrB, pmrD, arnA, kpnEF, kpnF, crrB and acrB)
are summarized in Table 2. The resistant subpopulations of AN1505CP2 and IT0244CP
both showed disruptions of the mgrB gene by various insertion sequences (IS1R, IS1X2,
ISKpn34, IS903B).
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Table 2. Summary of mutations found in CR and CHR isolates. The table contains information on
the mutations found in the resistant subpopulation of two confirmed CHR isolates (AN1505CP2
and IT0244CP) at different concentrations of the PAP assay plates on three separate assays. Addi-
tionally, the table contains information on three CR isolates with the same ST as IT0244CP (ST409).
For AN1505CP2, there were no CR isolates with the same ST (ST323). CR = colistin-resistant,
CHR = colistin-heteroresistant, PAP = population analysis profiling, MIC = minimum inhibitory
concentration, ST = sequence type, IS = insertion sequence.

Isolate ID MIC
(mg/L) ST PAP Assay Plate

Conc. (mg/L) Mutations in mgrB Other Mutations

IT0307CP
(CR) 128 ST409 IS1R of IS1 family interruption at nt 107

IT0636C
(CR) 128 ST409 ISKpn34 of IS3 family interruption at nt 46

IT0915C
(CR) 64 ST409 IS903B of IS5 family interruption at nt 34

IT0244CP
(CHR

1st PAP)
0.5 ST409

2 ISKpn34 of IS3 family interruption at promoter

8 IS903B of IS5 family interruption at nt 117

16 IS1S of IS1 family interruption at promoter

IT0244CP
(CHR

3rd PAP)
0.5 ST409 2 IS1X2 of IS1 family interruption at nt 123

AN1505CP2
(CHR

1st PAP)
1 ST323

4 Deleted

8 IS903B of IS5 family interruption at nt 70

AN1505CP2
(CHR

2nd PAP)
1 ST323 8 pmrB: T157P

AN1505CP2
(CHR

3rd PAP)
1 ST323

8 Q30X

16 Deleted

For IT0244CP, the disruption of mgrB was found across different concentrations of
colistin in the same PAP assay (but these were linked with different insertion sequences
and interruption at different nucleotide positions) (Table 2). In contrast, the resistant
subpopulation of AN1505CP2 did show differences in the type of mutations found in mgrB
between different concentrations of colistin in the same PAP assay run. To assess whether
the mechanism of resistance was ST-specific or stochastic, we looked into CR isolates with
the same ST as IT0244CP (ST409). For AN1505CP2 (ST323), in our collection, we could not
find any CR isolates that belong to the same ST (Table 2). For ST409, both the CR and CHR
isolates showed disruptions of mgrB by insertion sequences. However, we did not find
reproducibility in the mutations selected even for the same (CHR) isolate between technical
replicates of the PAP assay, highlighting the stochasticity of the selection process.

4. Discussion

In general, research around HR has been proven to be challenging, especially due to a
lack of standardization of identification methods as well as of precise classification criteria.
In the past, it has therefore also been difficult to acquire reliable estimates on the prevalence
of HR as the sample sizes of the performed studies have been generally small and, due to a
lack of standardization, both in definitions of HR but also in assays, it has been difficult to
compile and compare different studies [1,9]. There are various ways through which HR can
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be screened, including methods that are used routinely for example for MIC determination,
but they have been deemed to be not performant enough [9,20,21].

A strength of this study was its large sample size compared to previous studies on
CHR using the PAP assay [22–25]. Within this study, two different classification schemes
for CHR were used. C1 was considered to be more stringent due to the higher frequency
requirement, and the number of isolates fulfilling this more stringent classification CHR
was thus limited (n = 25). The majority of isolates categorized as CHR fulfilled the second
less stringent classification (n = 108) which was considered to be less stringent due to a
lower frequency requirement though this classification included an additional requirement
with regard to the concentration at which growth should occur. It has to be acknowledged
that there were also numerous isolates that could not be classified as CHR by any of these
two classifications but did show growth on PAP assay plates > 2 mg/L colistin. Most often,
this was growth at frequency < 1 × 10−7 (often only one colony). We cannot rule out that
these colonies were spontaneous mutants and were thus not caused by the isolate being
CHR or were due to an inoculum effect. They were therefore not classified as CHR.

This study was also unique in the investigated associations, which, to our knowledge,
have not been studied previously in K. pneumoniae. A study on CHR in A. baumannii
reported the absence of association between CHR and MIC value and clonal complexes [24];
however, these results are not necessarily applicable to CHR in K. pneumoniae. In this
study, we could not find any association between CHR and country, intervention strategy,
K-antigen type, or O-antigen type or colistin MIC value. For the ST, an association was
found, however, only when C2 was used. In contrast, an association was found between
CR and country, ST, O-antigen type, and K-antigen type. It is interesting to note that, based
on an annual report from the European Centre for Disease Prevention and Control (ECDC)
on antimicrobial consumption, Spain, which was found to have a higher number of CR
isolates, also had a relatively higher consumption of polymyxins in hospitals compared
to other European countries at least in the last period of the trial in which these isolates
were collected (2016–2017) [26]. Also during 2017, colistin consumption in Spain remained
relatively much higher compared to other countries included here [26]. Unfortunately, no
data were available for a larger part of the duration of the trial (2013–2016).

For the ST, O-antigen, and K-antigen type, we often saw a relationship between
the different molecular indicators and the STs which were found to have a statistically
significant difference in the amount of CS and CR isolates, e.g., a specific K-antigen type
was only present in combination with a specific ST and they were both found to have a
higher proportion of CR isolates. For CHR, interestingly, no such pattern was found. CHR
STs found to have an association with CR in this study are especially interesting since more
than 90% of them are known to be associated with multidrug resistance [27–29]. In this
study, MDR rates were high in CS, CHR, and CR isolates (>75%) and around one-third
of the isolates determined to be CHR were CP-Kpn. CHR in MDR CP-Kpn is especially
important to report as in most sites with a historically high proportion of CP-Kpn, colistin
is empirically prescribed, and knowledge on the predilection towards development of CHR
might facilitate the use of tailored antibiotic combinations instead.

In contrast to CS and CHR, the proportion of CR CP-Kpn isolates was relatively
high (±30% vs. ±70%). Since CP-Kpn are more likely to be exposed to colistin, it is to
be expected that CR rates will increase over time in this subset of isolates which is also
reflected in this study with the far majority of CP-Kpn being CR. Interestingly, rates of
CHR among CP-Kpn were similar to those of CS among CP-Kpn, and CHR rates also did
not differ significantly between the baseline, CHX, SOD, and SDD. This also suggests that
colistin exposure through SOD and SDD had no association with selection of isolates with
a CHR phenotype.

For CR, we did find an association with CHX, SOD, and SDD. The association found
between CR and CHX, SOD and SDD could, however, be linked to the relatively higher
proportion of ST147 isolates, which was similarly found to be associated with CR compared
to the baseline. Additionally, most ST147 isolates were originating from Spain. It was
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beyond the scope of this study to investigate the exact influence of each parameter on the
increased proportion of CR isolates.

Finally, a closer look at the mechanism of colistin resistance for the resistant subpopu-
lation of two CHR isolates showed that mutations in colistin resistance-conferring genes
assessed in this study could not always be identified for each isolate. A recent study on
CHR in wild-type K. pneumoniae isolates also reported that for 28% of mutants sequenced,
no genetic modification was found in the panel of genes assessed [30]. Disruption of mgrB
by insertion sequences was the most commonly found genetic modification in the resistant
subpopulations. Additionally, a nonsense mutation and complete deletion of mgrB was
found once and twice, respectively. A mutation outside of mgrB was only found once.
The same study in wild-type K. pneumoniae isolates also reported a high number of mgrB
genetic modifications (54%) [30]. A complete deletion was only found in 4% of the mutants
while disruption by insertion sequences and other amino acid alterations were found in
28% and 22% of mutants, respectively [30]. Luo et al. also reported in their study that there
was a high rate of mgrB insertional mutations and no mutations in pmrAB or phoPQ and
stated that this was consistent with previous findings which showed that those genes had
a significantly lower mutation rate compared to mgrB. However, they also stated that the
high amount of mgrB disruptions may be related to the high prevalence of ST11 since this
ST showed a significantly higher rate of mgrB disruptions compared to other STs in their
study [31].

Though this study helps in expanding the knowledge on CHR in a clinical setting,
there are also some limitations. Firstly, only limited sequencing data were available for CHR
isolates. Future studies are needed to further assess the diversity of mechanisms of CHR
and whether these mechanisms are ST-specific. Secondly, we cannot exclude confounding
factors such as the usage of more colistin in some local settings, outbreaks with specific
STs, and the prevalence of CP-Kpn which may vary between sites. Thirdly, we only studied
the CS population for CHR. However, CHR can also exist as a (sub)proportion of CR
isolates. Additionally, we only focused on CHR as a phenomenon in which there is a minor
subpopulation with a MIC above the breakpoint in a major population with a MIC below
the breakpoint. However, HR may also occur in entirely susceptible populations [32].

Given the large number of isolates screened, this study is a step forward in elucidating
the prevalence and burden of CHR in common ST lineages of K. pneumoniae. Our data
prompt for the development of more robust and simple diagnostics to enable implemen-
tation of HR detection on a larger scale, and for more structured studies to quantify the
actual impact of CHR on treatment failures in patients receiving colistin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics13030281/s1, Table S1: Summary of interventions
including amount of isolates within each intervention per sample category. Table provides an
overview of the contents of the different intervention strategies as well as the number of isolates
sorted per sample category for both the complete collection (n = 676) and the selected subset (n = 288)
of isolates. Surv = surveillance, PPS = point prevalence survey, Clin = clinical, CS = colistin sulphate,
TBS = tobramycin sulphate, NYS = nystatin. 1 2% mouthwash replaced by 1% oral gel after reports
of oral mucosal adverse events. 2 Normally, regiment includes four days of IV cephalosporin, not
included because of settings of moderate/high resistance. 3 Either sampling during 1 month wash-
out/in period between intervention strategies or interruption of the intervention. Table S2: Overview
of selected isolates. Table offers an overview of the selected isolates (n = 288) and their characteristics.
BEL = Belgium, ESP = Spain, UK = United Kingdom, SVN = Slovenia, ITA = Italy, PRT = Portugal,
Cat. = category, Surv = surveillance, PPS = point prevalence survey, Clin = clinical, CHX = chlorhexi-
dine digluconate, SOD = selective oropharyngeal decontamination, SDD = selective digestive tract
decontamination, ST = sequence type, K-antigen type = capsular polysaccharide antigen type, O-
antigen type = lipopolysaccharide antigen type, Col MIC = colistin minimum inhibitory concentra-
tion, CHR = colistin-heteroresistant, MDR = multidrug-resistant, CP = carbapenemase producing,
Undef. = undefined, ND = no data. Table S3: Number of MDR and CP-Kpn isolates. Tables gives
summary of the number of MDR and CP-Kpn CS and CR isolates. For CS, MDR, and CP-Kpn,
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classification was not possible for five and three isolates, respectively. CS = colistin-susceptible,
CR = colistin-resistant, MDR = multidrug-resistant, CP-Kpn = carbapenemase-producing K. pneu-
moniae. Table S4: Number of MDR and CP-Kpn isolates. Tables gives summary of the number of
MDR and CP-Kpn selected CS and CHR isolates. For CS, MDR, and CP-Kpn, classification was not
possible for four and three isolates, respectively, of which one isolate was also CHR following C2. For
CHR, C1 + C2 represents the total amount of isolates fulfilling C2 whilst C2 alone represents isolates
only fulfilling C2. CS = colistin-susceptible, CHR = colistin-heteroresistant, C1 = Classification 1,
C2 = Classification 2, MDR = multidrug-resistant, CP-Kpn = carbapenemase-producing K. pneumo-
niae. Figure S1: Distribution of isolates across baseline and intervention strategies. Graphs show the
number of isolates per strategy as well as the number of CR/CHR and CS/non-CHR isolates. Of
note, C1 + C2 represents the total amount of isolates fulfilling C2 whilst C2 alone represents isolates
only fulfilling C2. (A) CR per intervention strategy, (B) CHR per intervention strategy.
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Abstract: The airways of cystic fibrosis (CF) patients are colonized by many pathogens and the most
common is Pseudomonas aeruginosa, an environmental pathogen that is able to infect immunocompro-
mised patients thanks to its ability to develop resistance to conventional antibiotics. Over 12% of all
patients colonized by P. aeruginosa harbour multi-drug resistant species. During airway infection in
CF, P. aeruginosa adopts various mechanisms to survive in a hostile ecological niche characterized by
low oxygen concentration, nutrient limitation and high osmotic pressure. To this end, P. aeruginosa
uses a variety of virulence factors including pigment production, biofilm formation, motility and
the secretion of toxins and proteases. This study represents the first report that systematically ana-
lyzes the differences in virulence features, in normoxia and anoxia, of clinical P. aeruginosa isolated
from CF patients, characterized by multi- or pan-drug antibiotic resistance compared to antibiotic
sensitive strains. The virulence features, such as biofilm formation, protease secretion and motility,
are highly diversified in anaerobiosis, which reflects the condition of chronic CF infection. These
findings may contribute to the understanding of the real-world lifestyle of pathogens isolated during
disease progression in each particular patient and to assist in the design of therapeutic protocols for
personalized medicine.

Keywords: oxygen concentration; antimicrobial resistance; biofilm; pyocyanin; pyoverdine; motility;
proteases

1. Introduction

Cystic fibrosis (CF) is a life-threatening autosomal recessive multiorgan disorder,
caused by mutations in the gene encoding the CF transmembrane conductance regulator
(CFTR) that mediates chloride transport through the mucus-producing cells [1]. Functional
failure of CFTR results in the production of thick and sticky mucus whose retention leads to
serious bacterial infections [2]. The most affected organ is the lung whose recurrent chronic
infections and local airway inflammation are the main cause of morbidity and mortality in
CF patients, who have a life expectancy of 38 years [3,4].

The airways of CF patients are colonized by many pathogens, where the most common
is the opportunistic Gram-negative bacterium Pseudomonas aeruginosa; in particular, it is the
most predominant bacterium in children affected by CF and its prevalence increases with
the age of these patients [5]. In general, P. aeruginosa is an environmental pathogen able to
infect immunocompromised patients, thus accounting for 10% of nosocomial infections [6].
These infections are caused by P. aeruginosa developing resistance to conventional antibiotics
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and represent a major healthcare concern: notably the 12.3% of all patients colonized by
P. aeruginosa who harbour multi-drug resistant (MDR) species (Cystic Fibrosis Foundation
Patient Registry, Annual Data Report 2021). P. aeruginosa is highly pathogenic compared
to other Gram-negative bacteria, due to the production of several virulence factors [6,7].
These factors, combined with its adaptability, enable P. aeruginosa to invade eukaryotic
cells and, hence, to colonize CF airways over other pathogens [8]. Therefore, it is not
surprising that P. aeruginosa survives in the hostile CF lung environment. Although such
environments are characterized by viscous and stagnant mucus, providing niches with low
levels of oxygen and fluctuating pH, and by the presence of other competitive bacteria and
antibiotic molecules, P. aeruginosa is able to evade the host immune system [7,8]. To this
end, P. aeruginosa uses a variety of virulence factors including biofilm formation, motility
and the secretion of toxins and proteases [7,9]. These virulence factors allow P. aeruginosa
persistence in hostile niches of the host where bacterial communities form a mature biofilm
surrounded by a robust protective matrix: P. aeruginosa growing as biofilm is difficult to
eradicate [10]. Many lines of experimental evidence suggest that P. aeruginosa growing as
biofilm in the lung of CF patients, is subjected to hypoxic or even anaerobic conditions as
the chronic infection progresses [11–14]. This suggests that oxygen concentration may play
a key role in the biofilm formation, and in the stability of MDR-P. aeruginosa species and
their persistence in CF airway mucus.

By contrast, pyocyanin is an organic blue-green pigment produced by P. aeruginosa in
an oxygen-dependent biosynthetic pathway [15]. It is characterized by a redox-activity-
generating reactive oxygen species (ROS), in particular a superoxide, and by inducing
cellular oxidative stress. Furthermore, it is able to alter the host immune response with
different mechanisms and promote the evasion of the immune response, establishing
chronicity of infections [16].

In the present study, we investigated the modulation of P. aeruginosa virulence factors
in clinical strains isolated from CF patients characterized by multi- (MDR) and pan-drug
(PDR) antibiotic resistance profiles compared to antibiotic-sensitive strains (WT), all grown
in planktonic and biofilm form under normoxic and anoxic conditions. These findings
may contribute to the further understanding of the complex landscape of P. aeruginosa
phenotype modulation, with particular attention to virulence factors in clinical isolates
from CF patients, in relation to their antibiotic resistance profile and to anoxia.

2. Results
2.1. Pyocyanin Production in P. aeruginosa during CF Infection

Pyocyanin production was analyzed at 24 h and 48 h in normoxia (Figure S1, Supple-
mentary Materials), since its biosynthesis is strongly associated with the presence of oxygen.
As expected, its production was strongly strain-dependent but generally it is higher at 24 h
rather than 48 h. Moreover, the higher pyocyanin producers were WT (wild type, sensitive
strains) and MDR strains (except for PDR4), as reported in Figure 1. The linear decrease
in pyocyanin production in the three groups is particularly pronounced at 48 h (Figure 1).
The evidenced differences between pyocyanin production for WT and MDR strains at 24
and 48 h were statistically significative (p value < 0.01). Differences in PDR strains were
not significative.

2.2. Pyoverdine Production in P. aeruginosa during CF Infection

In conditions of poor oxygenation, a lower production of pyoverdine was previously
observed [17]. Based on these considerations, the pyoverdine production was assessed
only in aerobic conditions at 24, 48 and 72 h. As reported in Figure S2 in Supplementary
Materials, pyoverdine production was observed mainly after 48 h and 72 h of growth
(exceptions are represented by some WT and MDR strains). PDR strains appeared to be
weak pyoverdine producers both at 48 h and 72 h. At 72 h there was a notable increase in
production by the MDR class, which brings the observed values considerably outside the
scale in which the values fall for the remaining part of the bacterial collection. As can be
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seen in Figure 2, pyoverdine is produced at a very low level from PDR strains, suggesting
that it is not a key factor for them. Statistical analyses performed to compare pyoverdine
production at different times within the same bacterial class revealed that the data obtained
were significative (p value < 0.0001 for all conditions, except for MDRs at 24 h compared
with 72 h with p value < 0.05).
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2.3. Biofilm Formation in P. aeruginosa during CF Infection

Biofilm formation of bacterial strains derived from CF patients characterized by dif-
ferent antimicrobial profiles was assessed in anoxic and normoxic conditions after 18 h
of incubation at 37 ◦C. All bacterial strains were able to produce biofilm with different
capabilities (Figure S3, Supplementary Materials). Biofilm content is independent from
the antimicrobial profile of bacterial strains, while significative differences were observed
for two tested conditions (anoxia and normoxia). Figure 3 reports the trend of the biofilm
amount produced by WT, MDR and PDR. WT-grouped strains were isolated in the early
stages of infections and sensitive to antibiotics, while the MDRs and PDRs included iso-
lates in later stages of disease. In normoxic conditions, no large variations were apparent
between the three groups, while substantial differences can be observed in anaerobic condi-
tions, where WTs produced a small quantity of biofilm compared with PDRs, and especially
compared with MDRs. Differences in biofilm content for each bacterial class in normoxia
and anoxia were statistically significative only for WTs (p value < 0.05). These data could be
indicative for the ability of P. aeruginosa clinical strains to adapt to the environment during
the progression of infection. In fact, MDR and PDR strains seemed to better adapt to the
hostile niches of a fibrotic lung, characterized by reduced oxygen diffusion.
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2.4. Proteolytic Content in P. aeruginosa during CF Infection

The extracellular proteases secreted by P. aeruginosa clinical strains were quantitatively
and qualitatively evaluated. Quantitative analysis was performed by azocasein assay. Using
azocasein as a substrate it was possible to spectrophotometrically measure the absorbance
of the azocompound released by the proteolytic action of the proteases. The concentration
of this azocompound is proportional to the concentration of the proteases. As reported
in Figure S4 in Supplementary Materials, the analysis was performed by analyzing the
proteolytic content released into the supernatant after 24 h and 48 h of incubation at 37 ◦C,
in the presence or absence of oxygen. The obtained data from the analysis of bacterial
cultures in the presence of oxygen (normoxia) showed a comparable proteolytic activity
either at 24 h and 48 h of incubation at 37 ◦C, for almost all the analyzed clinical strains,
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with the exception of the strains WT8, PDR6 and PDR8A. In normoxia, we found a content
of proteases in the supernatant of WT strains comparable to that of MDR strains, while
PDR strains proved to be weak producers of proteases. These data confirm the lower
expression of virulence factors in clinical strains with higher antimicrobial resistance. In
anoxic conditions, by contrast, the proteolytic content of WT strains showed a notable
increase after 24 h of growth. No differences were evidenced for MDR and PDR strains
(Figure 4). The differences between proteolytic content in WTs in normoxia and Figure 4
anoxia were statistically significative only at 24 h (p value < 0.05). Within the MRD group,
the differences evidenced in normoxia and anoxia were statistically significative both at
24 and 48 h (p value < 0.0001 at 24 h and p value < 0.05 at 48 h, respectively). Conversely,
for the PDR group the obtained data were not significative. Overall, these data suggest a
higher virulence in anoxic conditions in the first 24 h of infection.
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Figure 4. Protease production of WT, MDR and PDR strains at 24 h and 48 h in normoxia and anoxia.
WT: wild type, sensitive strains; MDR: multi-drug resistant strains; PDR: pan-drug resistant strains.

The extracellular proteases secreted by clinical P. aeruginosa strains were qualitatively
analyzed by using gelatin-zymography. This assay was performed on the culture super-
natants of three selected P. aeruginosa clinical strains for each bacterial group (high, low and
medium protease production for each group): WT2, WT4 and WT5 for WT strains; MDR1,
MDR5 and MDR7 for MDR strains; PDR2, PDR5 and PDR7 for PDR strains. Therefore,
zymography analysis was performed on the culture supernatants of all these strains at
24 h and 48 h in normoxia or anoxia, and after protein separation on SDS-PAGE gels
containing a synthetic substrate (gelatin). After run, SDS-PAGE gels were incubated in
a proper activation buffer and stained, thus allowing the detection of the different clear
bands corresponding to the proteases/gelatinases active in the bacterial cultures of all the
tested clinical strains (Figure 5). Regardless of growth conditions, a gelatin-degrading
proteolytic band of approximately 46 kDa was clearly detectable in all clinical strains
(Figure 5). However, this gelatinolytic band was considerable in all WT tested strains, in
normoxia at 24 h and even more so at 48 h, as well as in anoxia at both time points. The
same 46 kDa proteolytic band was also observed in the MDR1, MDR5 and PDR5 strains
(Figure 5). Interestingly, the same gelatinolytic band at 46 kDa was just visible in the PRD2
strain in normoxia at 24 h and 48 h, but more visible and active in anoxia (Figure 5). By
contrast, 46 kDa gelatinase was more active in MDR7 in normoxia than in anoxia at both
time points; whereas in PDR7 it was only active at 48 h both in normoxia and anoxia. At
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24 h, this PRD strain, in fact, showed slightly active or inactive protease in normoxia and
anoxia, respectively (Figure 5).
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and 48 h in normoxia and anoxia. Protein samples from unconcentrated culture supernatants were
separated by using 10% SDS-PAGE gel with 0.2% gelatin. All gels were incubated in a development
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On the other hand, the gelatinolytic activities of clinical strains differed for molecular
weight > 60 kDa, and it is evident that there is no similarity in their electrophoretic patterns
due to the presence or absence of 110 kDa and 77 kDa bands (Figure 5). In conclusion,
these data indicate that clinical isolates differentially secrete proteases dependent on their
growth phase and condition.

2.5. Motility in P. aeruginosa during CF Infection

In the present study we analyzed swimming and swarming motility at 24 h, 48 h and
72 h, in both normoxia and anoxia.

Swimming motility is mediated by a polar flagellum that allows P. aeruginosa to move
in a liquid medium. In normoxia, all strains except WT8, MDR7, MDR8 and PDR3 showed
a swimming motility with different capabilities (Figure 6, left panels). In anoxic conditions,
a reduction of swimming motility was apparent for almost all bacterial strains regardless
their antimicrobial profiles (Figure 6, right panels).
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Figure 6. Motility assay: swimming assay of P. aeruginosa bacterial strains in normoxia (left panel)
and anoxia (right panel) measured at 24 h, 48 h and 72 h of bacterial growth. WT: wild type, sensitive
strains; MDR: multi-drug resistant strains; PDR: pan-drug resistant strains.

By optical comparison of the plates grown in the presence or absence of oxygen,
phenotypical variations in the colonies were observed. In particular, as expected, in anoxia
a reduction of pigments was observed (particularly in strains PA14, WT2, WT3, WT6, WT7,
MDR7, MDR8, MDR9, PDR4, PDR5, PDR6).

Swarming motility is defined by the rapid and coordinated translocation of a bacterial
population across a semisolid surface. All WT strains, except WT8, showed a swarming
motility in the presence of oxygen (Figure 7, left panel). Conversely MDR strains showed a
reduced swarming motility except MDR1, MDR2 and MDR9 strains; in PRD strains only
PDR5, PDR6 and partially PDR8A showed swarming activity (Figure 7, left panel). This
kind of motility was completely inhibited in anoxic conditions, where only WT3 showed a
very slight swarming motility. Diameters of swimming and swarming halos were reported
in Tables S1 and S2 in the Supplementary Materials section.
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Figure 7. Swarming motility of P. aeruginosa bacterial strains in normoxia (left panel) and anoxia
(right panel) measured at 24 h, 48 h and 72 h of bacterial growth. WT: wild type, sensitive strains;
MDR: multi-drug resistant strains; PDR: pan-drug resistant strains.

3. Discussion

During chronic infection of CF airways, P. aeruginosa adapts its phenotype within the
specific ecological niches of the altered lung parenchyma. Thanks to its high plasticity, it
displays several mechanisms that enable it to persist in an ecological niche characterized by
low oxygen concentration, nutrient limitation, high osmotic pressure and oxidative stress,
and in competition with other microorganisms.

These modifications can occur early or late during the progression of the coloniza-
tion [18]. For example, flagella and pili allow bacterial cells to reach and establish them-
selves in the pulmonary niche in the early phase of infection, but their expression is
afterwards downregulated in order to activate a more complex machinery able to guarantee
its survival in the inhospitable environment of CF lung [19].

Changes in other virulence factors such as an increase in antimicrobial resistance
and/or modifications in the biofilm lifestyle, protease secretion, pyocyanin and pyoverdine
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production, are also involved in the transition to chronic pathophenotype. This mechanism
of adaptation is also reflected on surface protein pattern, where substantial differences
appeared in chronic antibiotic resistance of P. aeruginosa isolates compared to early antibiotic
sensitive P. aeruginosa strains [20].

CF progression leads also to a considerably reduced oxygen concentration in the
lungs; as a consequence, some bacteria switch to anaerobic metabolism while infection
shifts towards chronicity, especially during late-stage disease [12]. Furthermore, a hypoxic
microenvironment increases bacterial multidrug resistance by elevating the expression of
multidrug efflux pumps, as recently reported [21]. In particular, antibiotic efflux pumps
are modulated by two-component systems, such as the RstA/RstB system. Regulator RstA
positively regulates the enzymes involved in the anaerobic nitrate respiratory chain. On
the other hand, overexpression of efflux pumps leads to enhanced consumption of oxygen,
causing microenvironmental hypoxia, which in turn promotes anaerobic nitrate respiration
in P. aeruginosa [21].

A previous study evaluated how the transition from a condition of normoxia to anoxia
can influence the coexistence of S. aureus and P. aeruginosa in the lungs of CF patients,
and concluded that this switch drives the two pathogens to colonize different regions of
lung [22].

In this study, we systematically analyzed the differences in virulence features of clinical
P. aeruginosa strains characterized by multi- and pan-drug antibiotic resistance profiles
compared to antibiotic sensitive strains. These virulence features, such as biofilm, protease
secretion and motility, are highly diversified in anaerobiosis, which reflects the condition of
CF chronic infection.

Firstly, we characterized pigment production along the clinical bacterial strains. Py-
ocyanin is a secondary metabolite secreted by P. aeruginosa in aerobic conditions, which can
undergo a redox cycle resulting in the generation of reactive oxygen species (ROS) harmful
to the host cell [23]. For this reason, it was only assessed in the presence of oxygen. As
expected, pyocyanin production decreased in PDR and MDR strains compared to WT ones
at 24 h and mainly at 48 h of growth (Figure 2). This latter finding is strongly supported by
previous reports in the literature, where pyocyanin synthesis appears to be fundamental in
the early stages of infection until the establishment of chronic infections [24]. Once bacteria
have adapted to the host, in fact, they reduce the expression of virulence factors to escape
the attention of the immune system.

No significative differences were observed in pyoverdine production among WT,
MDR and PDR groups, except for four MDR strains whose production at 72 h of growth
was at least one order of magnitude higher than that observed in the other analyzed
strains (Figure 3). Pyoverdine is a fluorescent siderophore produced by Pseudomonas
species, with the function of intracellular iron acquisition [25]. Furthermore, it induces an
iron accumulation that is toxic for eukaryotic cells. In fact, the elevated reactivity of the
soluble Fe2+ ion for hydrogen peroxide and for oxygen, in general, leads to the production
of highly reactive oxygen species (ROS), which culminates in the damage of essential
cellular components causing oxidative stress and cellular death [26]. Pyoverdine is usually
implicated in acute illness, but also in the production of mature biofilms, so its role in the
progression of the disease is still unclear [27].

Regarding biofilm formation, WT, MDR and PDR strains did not show significative
differences when they were grown in the presence of oxygen; conversely in anoxia, while
WT strains reduced their ability to form biofilm, MDR and PDR strains showed a significa-
tive increase in the amount of biofilm (Figure 3). This observation could be explained with
the adaptation of multi-resistant strains to persist and colonize the CF lung in the absence
of oxygen, due to the thick mucus, which occurs after the onset of bacterial infection. Con-
versely, this mechanism of adaptation seems to be adopted less in WT strains isolated from
early infections, possibly because bacterial cells still colonize microenvironments where
anoxia is not extended.
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Protease expression and activity are known to depend on bacterial growth phases
and/or conditions, thus contributing to specific environmental adaptations of bacteria that
lead to differences in antimicrobial profiles [28,29]. As expected, the secretion of proteases
was higher in the WT group derived from early infection. In this condition, bacteria still
express virulence factors to counteract the host defenses. This is mainly evidenced in anoxia,
a typical condition of a chronic infection where bacteria are usually multi-resistant rather
than antibiotic-sensitive strains. However, protease quantitative data, although unexpected,
were in line with those obtained from gelatin-zymography. The main proteolytic band at
46 KDa, visible in all tested clinical strains, was more active in the WT group in normoxia,
as well as in anoxia. In addition to the similarities in the proteolytic patterns among the
three groups of bacteria, the qualitative analysis of clinical isolates also revealed differences
within the same group or depending on the growth phase and condition (Figure 5).

With regard to bacterial motility, however, it is well known that bacteria lose the ability
to express the flagellum when infection progresses from acute to chronic form. This trend
was mainly highlighted when bacteria were grown in anoxia (especially for the MDR and
PDR strains). However, there are exceptions, represented for example, by the PDR5 and
PDR8A strains, that are still able to move. Swarming motility, on the other hand, was
completely absent in anoxia for almost all bacterial strains.

In conclusion, our data suggest that it is fundamental to analyze the virulence factors
produced by clinical P. aeruginosa during CF progression rather than in conventional
laboratory conditions characterized by an optimal oxygen tension. By contrast, we think it
is mandatory to analyze them in a condition as close as possible to the real condition of
a CF lung: a highly hostile environment characterized by largely anoxic regions, where
bacteria adapt their virulence arsenal to persist and escape the immune system response.

4. Materials and Methods
4.1. Ethics Approval and Informed Consent

This study was approved by the Ethical Committee of Pediatric Hospital and Institute
of Research Bambino Gesù (OPBG) in Rome, Italy (No. 1437_OPBG_2017 of July 2017).
The study was conducted in respect of the Declaration of Helsinki as statement of ethical
principles for medical research involving human subjects. All participants, or the legal
guardians of those included in the study, signed an informed consent form.

4.2. Bacterial Strains and Growth Conditions

Clinical strains of P. aeruginosa were isolated from airways of CF patients in follow-up
to OPBG. Bacterial strains were classified as follows: (i) nine antibiotic-sensitive strains
conventionally classified as wild type (WT) were isolated from CF patients with recent
infections (<12 months); (ii) nine multi-drug resistant non-mucoid strains (MDR) were
isolated from CF patients with chronic colonization (4–15 years); (iii) seven pan-drug resis-
tant non-mucoid strains (PDR) were isolated from CF patients with chronic colonization
(4–15 years). These strains were previously classified for their antimicrobial profiles in
Montemari et al. [20]. Reference strain P. aeruginosa PA14 was used. According to The
European Committee on Antimicrobial Susceptibility Testing (http://www.eucast.org, ac-
cessed on 20 October 2023), WT strains are defined as sensitive to all antimicrobials, while
MDR strains are resistant to at least one agent in three or more antimicrobial categories
and PDR strains are resistant to all antibiotics in all classes. Antimicrobial profiles for all
tested strains are summarized in Table 1. Bacteria were grown in Brain Heart Infusion broth
(BHI, Oxoid, Basingstoke, UK). Planktonic condition was performed at 37 ◦C under orbital
shaking (180 rpm), while biofilm formation was performed at 37 ◦C in static conditions.
For anaerobiosis Ruskinn Concept 400 Workstation was used (LabTech, Heathfield, UK).
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Table 1. Antimicrobial profiles of clinical and PA14 strains [20].

Strain Fluoroquinilones Penicillins Monobactams Cephalosporins Aminoglycosides Carbapenems

CIP LEV TZP ATM CAZ FEP CZA C/T AK TOB IM MRP
5 µg 5 µg 30–6 µg 30 µg 10 µg 30 µg 10–4 µg 30–10 µg 30 µg 10 µg 10 µg 10 µg

PA14 S S S S S S - - S S S S
WT1 I R I I I I - - S S I S
WT2 I I I I I I - - S S I S
WT3 I I I - I I S S S S I S
WT4 I I I - I I S S S S I S
WT5 I I S - I I - - S I - S
WT6 I I I - I I S S S S I S
WT7 I I I I I I - - S S I S
WT8 I I I - I I S S S S I S
WT9 I I I - I I S S S S I S

MDR1 R R R R R R R R R R R R
MDR2 I R R R R R R R R R R R
MDR3 I R R R R R S R R R R I
MDR4 I R R R R R S S R R R I
MDR5 R R R R R R S S R R R R
MDR6 R R S S S S - - R R R R
MDR7 R R R R R R S S R R R R
MD8 R R R R R R S R S S R I

MDR9 R R I R S R S S R R I R

PDR2 R R R I R R R R R R R R
PDR3 R R R R R R - - R R R R
PDR4 R R R R R R R R R R R R
PDR5 R R R R R R R R R R R R
PDR6 R R R R R R R R R R R R
PDR7 R R R R R R R R R R R R

PDR8A R R R R R R R R R R R R

Antimicrobial susceptibility was performed according to the guidelines of EUCAST Clinical Breakpoint Tables
v. 13.0 (valid from 1 January 2023). CIP: ciprofloxacin; LEV: levofloxacin; TZP: Piperacillin-tazobactam; ATM:
aztreonam; CAZ: ceftazidime; FEP: cefepime; CZA: Ceftazidime/avibactam; C/T: ceftolozane/tazobactam;
AK: amikacin; TOB: tobramycin; IM: imipenem; MRP: meropenem; S: sensitive, R: resistance; I: intermediate,
-: not tested.

4.3. Biofilm Formation

The biofilm quantification was assessed by microtiter plate (MTP) biofilm assay [30].
An overnight bacterial culture was 1:100 diluted into BHI fresh medium and aliquoted
in the wells of a sterile 96-well polystyrene flat base plate. The plates were overnight
incubated at 37 ◦C under static conditions in aerobic and anaerobic conditions. After
incubation, the supernatant containing planktonic cells were gently removed and the
plates were washed with double-distilled water. Then the microtiter plates were patted
dry in an inverted position. The staining was performed with 0.1% crystal violet for
15 min at room temperature. The excess of crystal violet was removed by washing the
wells with double-distilled water. The microtiter plates were thoroughly dried. The
remaining biofilm was dissolved with 20% (v/v) glacial acetic acid and 80% (v/v) ethanol,
and spectrophotometrically measured at 590 nm. Each experiment was performed in
6-replicates, and each data point was composed of four independent experiments.

4.4. Pyocyanin Assay

Pyocyanin production was determined as previously described [31]. Briefly, bacterial
cells were inoculated in BHI broth and aerobically incubated for different times at 37 ◦C.
The cell-free supernatant, recovered after centrifugation at 10,000 rpm for 15 min, was used
for pyocyanin extraction. The supernatant was mixed in a 1:1 ratio with chloroform. The
mixture was inverted and then decanted at room temperature up to the separation between
the two phases. Pyocyanin (lower phase) was transferred into a new tube and the same
volume of 0.2 M HCl was added. The mixture was inverted and decanted to allow the
separation of the two phases. The upper pink layer, containing pyocyanin, was recovered
and quantified at 520 nm. Pyocyanin content was normalized for the optical density of the
corresponding bacterial culture.
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4.5. Pyoverdine Assay

For pyoverdine quantification, bacteria were grown in King’s B Medium supplemented
with 0.5% (w/v) of Casamino Acid (CAA) at 37 ◦C in aerobic and anaerobic conditions [31].
Pyoverdine was quantified by reading 100 µL of each P. aeruginosa cell-free supernatant
into a black 96-well plate (Greiner, Stonehouse, UK) at excitation and emission wavelengths
of 400/460 nm, as previously reported [32], on an Infinite 200 PRO (Molecular Devices,
San Jose, CA, USA) fluorescence microplate reader. The background level of fluorescence
was measured using the same medium. Each measurement was normalized for the optical
density detected in each bacterial culture.

4.6. Protease Assay

The extracellular proteolytic activity of P. aeruginosa was determined by azocasein
assay [33]. Cell-free culture supernatant (150 µL) was added to a solution containing 500 µL
of 0.3% w/v azocasein (Sigma, St. Louis, MO, USA) in 50 mM Tris–HCl, 0.5 mM CaCl2
pH 7.5 and incubated at 37 ◦C for 30 min. To stop the reaction, 650 µL of l0% ice-cold
trichloroacetic acid was added. The obtained mixture was incubated at 4 ◦C for 10 min.
Then, the insoluble azocasein was removed by centrifugation at 10,000 rpm for 10 min and
the supernatant was measured at OD 400 nm.

4.7. Zymography Assay

Assay was performed on culture supernatants of P. aeruginosa clinical strains. Un-
concentrated culture supernatants (20 µL) were combined with Laemmli sample buffer
without reducing agent or boiling the protein samples [33]; these were then separated
on a 10% SDS-PAGE gel containing 0.2% gelatin (Sigma–Aldrich, Milan, Italy) with a 4%
polyacrylamide in stacking gel. Molecular masses of protease bands were estimated by
using pre-stained molecular mass markers (mPAGE Color Protein Standard, Millipore,
Milan, Italy). After electrophoretic run, gels were incubated, at room temperature, with
2.5% Triton X-100 for 1 h, thus removing SDS and renaturing the proteins. After two
washes in distilled water, gels were incubated overnight at 37 ◦C in a development buffer,
as previously described [33]. Gels were stained for 45 min with 0.5% Coomassie blue R-250
in glacial acetic/methanol/distilled water (1:3:6), and destained in distilled water. The
zymogram images, containing clear bands on a blue background, were acquired by using
ChemiDoc XRS+ System (Biorad, Segrate, Italy). Zymogram experiments were repeated at
least twice.

4.8. Motility Assays
4.8.1. Swarming Assay

The swarming assay was performed as previously published by Yang and cowork-
ers [34], with some modifications [31]. Plates after the inoculation, were incubated at 37 ◦C
for 24 h, 48 h and 72 h in normoxia and anoxia. After the incubation period, plates were
photographed, and halos were measured. Swarming assays were repeated three times.

4.8.2. Swimming Assay

The swimming assay was conducted in accordance with previous research [34], with
some modifications [31]. Plates after the inoculation, were incubated at 37 ◦C for 24 h, 48 h
and 72 h in normoxia and anoxia. After the incubation period, plates were photographed,
and halos were measured. Swarming assays were repeated three times.

5. Conclusions

The novelty of this work is the systematic analysis of the virulence factors displayed
by clinical strains in growth conditions that reflect the complexity of the hostile lung
environment in which they grow and cause tissue damage. Our data show the variability
of virulence factors expressed by P. aeruginosa during CF progression. They seem to be
unpredictable so far, probably because of the number of interacting variables that modulate
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bacterial phenotype in such extreme microenvironments. Further studies would be useful
to understand the real-world lifestyle of the pathogens isolated during disease progression
in each individual patient. The identification of the most significant bacterial biomarkers,
and their analysis/integration (possibly also with biomarkers of the patient), as the input
for Artificial Intelligence algorithms could allow the design of therapeutic protocols of
personalized medicine. This kind of approach is increasingly demanded by clinicians,
mainly for chronic and multifactorial diseases, such as tumors and chronic infections,
where therapy failure is a frustrating experience.

Supplementary Materials: The following supporting information can be downloaded at: https:
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PDR strains at 24 h, 48 h and 72 h in normoxia; Figure S3. Biofilm forma-on of P. aeruginosa clinical
and reference strains; Figure S4: Protease produc-on of different clinical strains and PA14 reference
strain at 24 h and 48 h in normoxia and anoxia. Table S1: Diameters of swimming moGlity of WT,
MDR and PRD strains art 24, 48 and 72 h in normoxia and anoxia, respecGvely. Table S2: Diameters
of swarming moGlity of WT, MDR and PRD strains art 24, 48 and 72 h in normoxia and anoxia,
respecGvely
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Abstract: Infections caused by carbapenem-resistant Acinetobacter baumannii (CRAB) remain a clinical
challenge due to limited treatment options. Recently, cefiderocol, a novel siderophore cephalosporin,
and sulbactam-durlobactam, a bactericidal β-lactam–β-lactamase inhibitor combination, have been
approved by the Food and Drug Administration for the treatment of A. baumannii infections. In
this review, we discuss the mechanisms of action of and resistance to cefiderocol and sulbactam-
durlobactam, the antimicrobial susceptibility of A. baumannii isolates to these drugs, as well as
the clinical effectiveness of cefiderocol and sulbactam/durlobactam-based regimens against CRAB.
Overall, cefiderocol and sulbactam-durlobactam show an excellent antimicrobial activity against
CRAB. The review of clinical studies evaluating the efficacy of cefiderocol therapy against CRAB
indicates it is non-inferior to colistin/other treatments for CRAB infections, with a better safety
profile. Combination treatment is not associated with improved outcomes compared to monotherapy.
Higher mortality rates are often associated with prior patient comorbidities and the severity of the
underlying infection. Regarding sulbactam-durlobactam, current data from the pivotal clinical trial
and case reports suggest this antibiotic combination could be a valuable option in critically ill patients
affected by CRAB infections, in particular where no other antibiotic appears to be effective.

Keywords: carbapenem-resistant Acinetobacter baumannii; cefiderocol; sulbactam-durlobactam;
antimicrobial susceptibility; mechanisms of resistance; antimicrobial therapy

1. Introduction

Bacteria belonging to the genus Acinetobacter are non-fermentative Gram-negative coc-
cobacilli that emerged as an increasingly frequent cause of healthcare-associated infections
and hospital outbreaks [1–3]. Acinetobacter baumannii is the most clinically relevant species
and is responsible for various healthcare-associated infections, including pneumonia, blood-
stream infections, urinary tract infections, and wound infections. Also, A. baumannii causes
community-acquired infections, although to a lesser extent [2,4].

A. baumannii strains responsible for epidemic spread are resistant to carbapenems and
show intermediate resistance to tigecycline, but usually retain susceptibility to colistin and
are classified as multi-drug-resistant (MDR) or extensively drug-resistant (XDR) [1,2,4].
Therefore, A. baumannii infections show limited treatment options and high mortality,
especially in critically ill patients [2,4], and this has led the World Health Organization
to classify carbapenem-resistant A. baumannii (CRAB) as a “critical” pathogen among the
antibiotic-resistant bacteria of global priority for the development of new antibiotics [5].
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Recently, cefiderocol (FDC; S-649266), a novel siderophore cephalosporin, which
possesses a broad activity against CRAB in vitro and in vivo [6–8], has been approved
by the Food and Drug Administration for the treatment of serious infections caused by
carbapenem-resistant Gram-negative bacteria (CR-GNB) [9]. Also, sulbactam-durlobactam
(SUL/DUR), a bactericidal β-lactam–β-lactamase inhibitor combination [10], has been
demonstrated to be active against CRAB in vitro [11–13] and in vivo [14,15]. SUL/DUR,
XACDURO, was approved in the USA for the treatment of hospital-acquired bacterial pneu-
monia and ventilator-associated bacterial pneumonia (HABP/VABP) caused by susceptible
isolates of A. baumannii [16].

The aim of this review is to discuss: (i) chemical structures and pharmacological data
of FDC and SUL/DUR; (ii) in vitro and in vivo activity of FDC and SUL/DUR against
CRAB and mechanisms of resistance; (iii) utilization and efficacy of FDC and SUL/DUR in
therapeutic regimens against CRAB.

2. Cefiderocol Is a Novel Siderophore Cephalosporin
2.1. Chemical Structure and Pharmacological Data

FDC is a novel catechol-substituted siderophore cephalosporin that is structurally
different from other recently developed siderophore-conjugated molecules, showing a high
stability against various serine-type and metallo-type carbapenemases and ESBLs [6]. FDC
consists of a 4-membered β-lactam ring bound to a 6-membered dihydrothiazine ring,
which is covalently bound in the 3-position to a catechol 2-chloro3,4-dihydroxybenzoic
acid moiety. The quaternized N-methyl-pyrrolidine is identical to the pyrrolidinium
group found in cefepime and confers zwitterionic properties that enable it to rapidly
penetrate the outer cell membrane of Gram-negative bacteria (Figure 1A) [6]. Furthermore,
FDC presents in the 7-position an aminothiadiazole ring bound to oxime and dimethyl
groups, which improves the stability to β-lactamases and the overall antimicrobial activity
(Figure 1A) [6]. The catechol moiety is important for the siderophore function and “Trojan
horse” strategy of FDC; indeed, the molecule is able to chelate ferric iron and cross the outer
membrane of Gram-negative organisms using the ferric iron transport system (Figure 1).
The transport of FDC from the outer membrane to the periplasmic space is mediated
by passive diffusion via porin channels or active transport linked to TonB-dependent
siderophore receptors PiuA and PirA [6] (Figure 1A). Thus, a positive correlation has
been demonstrated between FDC susceptibility and the expression of PiuA and PirA
TonB-dependent receptors (TBDRs) in A. baumannii [17,18]. Also, the high affinity of PiuA
and PirA transporters for siderophores allows the transport of FDC in the periplasmic
space even at low concentrations (Figure 1B) [19,20]. The high affinity binding of FDC to
penicillin-binding proteins (PBPs), primarily PBP3, in the periplasmic space (Figure 1B)
results in the inhibition of peptidoglycan synthesis and cell death [6,17,21,22].

2.2. In Vitro and In Vivo Activity against CRAB

FDC susceptibility testing may be performed with disk diffusion or broth microdilu-
tion (BMD).

Disk diffusion is performed with an FDC 30 µg disk according to the EUCAST standard
recommendations for non-fastidious organisms [23].

As the FDC requires low levels of iron to have optimal activity, BMD MICs need to be
determined in iron-depleted Mueller–Hinton broth (MHB). As the iron concentration in
the MHB affects reproducibility, broth preparation requires particular care (https://www.
eucast.org/eucastguidancedocuments/, accessed on 10 November 2023). Indeed, chelators
used to remove iron will also remove zinc, calcium, and magnesium, which have to be
added back [24].

The EUCAST issued specific recommendations for reading the BMD MICs of FDC
(EUCAST guidance document on FDC BMD, December 2020). According to this document,
the MIC corresponds to the first well where the reduction of growth is represented by a
button of <1 mm or by the presence of light haze/faint turbidity.
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Figure 1. Cefiderocol: structure (A), mechanism of action and resistance (B). (A) Chemical structure
of FDC: the C-7 side chain, N-methyl-pyrrolidine group, and the catechol moiety in C-3 chain are
highlighted in red, green, and blue, respectively. (B) The active transport through PiuA and PirA
iron transport systems, the passive diffusion via porin channels, the efflux through ABC and MSF
efflux systems, and their modulation by BaeSR two component regulator are shown. The degradation
of FDC by NDM 1-5-9, ADC-25, and PER-1 beta-lactamases is displayed. The binding of FDC to
penicillin-binding protein 3 (PBP3) target molecule is also shown. Figure created with Biorender.

The inhibition zone diameters and MICs of FDC may be interpreted according to
the EUCAST non-species-specific pharmacokinetic/pharmacodynamic (PK/PD) break-
points (zone diameter ≥17 mm, corresponding to MIC below the PK-PD susceptible
breakpoint ≤ 2 mg/L, MIC > 2 mg/L as resistant; EUCAST Clinical Breakpoint Tables
v. 13.1, accessed 10 November 2023) or to CLSI breakpoints (zone diameter ≥15 mm or
MIC ≤ 4 mg/L as susceptible, MIC ≥ 16 mg/L as resistant) [25].

The EUCAST has evaluated several commercial tests, all of which had problems
of accuracy, reproducibility, bias, and/or skipped wells, and noted that it is difficult to
interpret the FDC susceptibility of isolates in the area of technical uncertainty (ATU). For this
reason, a warning has been issued (www.eucast.org/ast-of-bacteria/warnings, accessed on
10 November 2023) and it is recommended that laboratories start testing FDC with disk
diffusion, which, when correctly performed and calibrated, is predictive of susceptibility
and resistance outside the ATU. Within the ATU, the EUCAST recommended ignorance of
the ATU and interpretation using the zone diameter breakpoints in the breakpoint table.
Despite the investigation of several products by the EUCAST, the existing issues have not
been resolved, and it was decided that the warning should still remain.

Some recent evaluations of FDC susceptibility tests for Acinetobacter baumannii iso-
lates will be presented herein. Liu et al. [26] observed that disk diffusion was difficult to
assess, but the limited isolates that actually exhibited resistance by BMD (CLSI breakpoint)
were categorized as susceptible by disk diffusion. Jeannot et al. [27] evaluated two com-
mercial BMD methods and discs from three manufacturers, compared with the reference
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BMD. They showed that none of the tested methods met the accuracy requirements. Both
BMD methods exhibited acceptable categorical agreement rates. MIC gradient testing was
strongly discouraged, and disc diffusion could be used to screen for susceptibility, setting a
critical diameter of 22 mm. Finally, a quick test, the rapid FDC Acinetobacter baumannii NP
test for the detection of FDC susceptibility/resistance in A. baumannii, was recently pro-
posed [28], and evaluated in comparison with the BMD reference method. The test showed
very high sensitivity and specificity, obtained within 4:30–4:45 h of incubation, and had
only a single very major error, using an isolate with the MIC of 8 mg/L. Shortridge et al. [7]
reported that the susceptibility of meropenem-resistant Acinetobacter spp. (306 isolates) to
FDC was 97.7% using CLSI criteria. Despite the susceptibility testing used, FDC showed
excellent in vitro activity against Acinetobacter spp., ABC, and CARB [6,7,26–28].

In keeping with the in vitro activity of FDC, Matsumoto et al. [8] demonstrated the
efficacy of FDC against CRAB in an immunocompetent rat respiratory tract infection
model, recreating human plasma pharmacokinetics. Also, Gill et al. showed effective
in vivo bactericidal activity of cefiderocol in combination with ceftazidime/avibactam or
ampicillin/sulbactam using human simulated regimens against all the cefiderocol non-
susceptible A. baumannii isolates tested [29].

2.3. Mechanisms of Resistance

FDC resistance has been associated with the reduced expression of the siderophore
receptor pirA and piuA genes in several A. baumannii strains [17,18]. Also, Malik et al.
showed that two mutations in the midst of a beta strand of PirA diminished the functionality
of this receptor protein in two FDC-resistant A. baumannii strains [17]. Moreover, efflux-
pump systems may underlie resistance to FDC. Liu et al. showed that mutations of the
BaeS (D89V) and BaeR (S104N) two-component system regulator increased FDC MIC, and
this effect was mediated by the up-regulation of MFS and the MacAB-TolC efflux pumps
(Figure 1B) [30].

Mounting evidence indicates that resistance to FDC in A. baumannii is mediated by the
production of PER- and NDM- β-lactamases [31,32]. Specifically, Poirel et al. demonstrated
that: (i) A. baumannii isolates positive for PER-1-7 or NDM-1-5-9 β-lactamases showed
increased MIC for FDC; (ii) the transformation of E. coli and A. baumannii CIP70.10 with
recombinant plasmids producing PER-1 or NDM-1,5,9 β-lactamases increased FDC MIC;
(iiI) β-lactamase crude enzymatic extracts from PER-1-producing recombinant E. coli strains
and to a lesser extent from NDM-1-producing recombinant E. coli strains showed a signif-
icant hydrolysis rate of FDC [31]. Also, Liu et al. demonstrated that inactivation of the
blaPER-1 gene through allelic replacement restored the susceptibility to FDC in A. baumannii
XH740, and that the phenomenon was reverted by the introduction of PER-1 into the
knockout strain [32]. In addition, Asrat et al. demonstrated that the over-expression of
blaADC subtypes β-lactamases correlated with elevated FDC resistance, and that site-specific
insertional inactivation of blaADC–25 or blaADC-33 increased FDC susceptibility in A.
baumannii strains (Figure 1B) [18]. Finally, Ile236Asn and His370Tyr mutations were found
in PBP3 from one FDC-resistant A. baumannii isolate [17].

FDC has also been reported to exhibit heteroresistance [33–35]. The population analy-
sis profiling (PAP) of CRAB isolates showed the change to the non-susceptible phenotype
after exposure to FDC in 1 of 10 isolates and the occurrence of heteroresistance in 8 of
10 isolates [33]. The occurrence of heteroresistance after FDC exposure and the relation-
ship between heteroresistance and clinical outcomes were recently evaluated in CRAB
isolates from the CREDIBLE-CR study [34]. By using the PAP, only 7/38 CRAB isolates
were susceptible, 18/38 were heteroresistant, and 13/38 were resistant. Heteroresistance,
however, was not related with worse clinical or microbiological outcomes compared to
non-heteroresistant isolates [34].

In contrast with FDC, which is generally active against CRAB, none of the newer
b-lactam/b-lactamase inhibitor combinations, including ceftazidime–avibactam, imipenem–
relebactam, meropenem–vaborbactam, and ceftolozane–tazobactam, retain activity [7]. For
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this reason, FDC has not generally been reported to exhibit cross-resistance with these
antimicrobial classes against CRAB.

2.4. Therapy against CRAB
2.4.1. Studies Evaluating the Clinical Efficacy of FDC
Randomized, Phase III Studies

The efficacy of FDC has been evaluated in two pivotal, randomized, multi-center,
phase 3 clinical studies:

• APEKS-NP—enrolling patients with nosocomial pneumonia;
• CREDIBLE-CR—focusing on severe infections caused by CR Gram-negatives.

The APEKS-NP [36] was a double-blind, randomized, active-controlled, non-inferiority
study, enrolling adult patients with documented nosocomial pneumonia due to Gram-
negative bacteria. Exclusion criteria were CR pathogens, Gram-positive or anaerobic
pathogens, viral, atypical, chemical, or community-onset pneumonia. A total of 292 patients
were included in the study after modifying the randomization group (comprising a total
of 300 patients) for exclusion criteria, of whom 148 patients received treatment with FDC
and 145 with meropenem, both at a dose of 2 g every 8 h intravenously. All patients
received concomitant treatment with linezolid. Infections due to A. baumannii were present
in 47 patients (16%), equally divided among the two study groups.

Although CR pathogens were excluded from the study, 56 patients (19%) were even-
tually found to have a CR infection after randomization, mostly due to A. baumannii and
Acinetobacter spp.; these patients were still included in the study analyses.

A clinical cure was achieved in 65% of patients in the FDC group compared to 67% of
those in the meropenem group.

This trial also analyzed endpoints based on individual pathogens: FDC was non-
inferior to meropenem in infections due to A. baumannii, with clinical cure rates of 52% and
58%, respectively. The microbiological eradication of A. baumannii was achieved in 39% of
cases treated with FDC compared to 33% of those treated with meropenem. Also, similar
mortality rates were seen in the two arms of treatment for A. baumannii, with mortality at
14 days being 19% in the FDC group and 22% in the meropenem one [36].

These findings appear substantially different from those obtained in the other study
with FDC, the CREDIBLE-CR trial [37]. This was a multicenter, randomized, open-label
clinical study of FDC versus the “best available therapy” (BAT). Inclusion criteria were
the identification of a carbapenem-resistant Gram-negative organism in a clinical sample
or prior antimicrobial treatment failure. In complicated urinary tract infections (cUTI),
FDC was used solely as monotherapy, whereas for other infection syndromes, another
anti-Gram-negative antibiotic along with FDC was allowed. For the BAT arm, up to three
antibiotics combined were allowed, with only 29% of the BAT group patients receiving
monotherapy. Most treatment regimens were based on colistin, which was administered to
66% of patients overall. FDC was given at a dose of 2 g every 8 h and was mostly used as
monotherapy (83% of patients).

A total of 152 patients were randomized in CREDIBLE, of whom 101 received FDC
and 49 BAT. A. baumannii was the causative pathogen in 54 of 118 carbapenem-resistant
microbiological intention-to-treat (ITT) subjects (46%). Indeed, Acinetobacter was the most
prevalent CR pathogen at baseline in the FDC group (65% in FDC vs. 53% in the BAT group).
Considering all infection syndromes, clinical cure rates at the test of cure (TOC) for patients
who received FDC treatment compared to those who received BAT were 53% versus 50%,
respectively, with clinical failure rates equal to 34% versus 37%, respectively. Clinical cure
rates at TOC were higher for cUTI compared to other infection syndromes. Clinical cure
and microbiological eradication rates along with the counterpart negative outcome based
on different types of infections are described in detail in Table 1.
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Table 1. Clinical and microbiological outcomes at the test of cure based on types of infections in the
CREDIBLE study [36].

Types of
Infections

Outcomes

Clinical Cure at TOC Clinical Failure at TOC Microbiological
Eradication at TOC

Microbiological
Persistence at TOC

FDC BAT FDC BAT FDC BAT FDC BAT

Nosocomial
pneumonia 20 (50) 10 (53) 16 (40) 6 (32) 9 (23) 4 (21) 8 (20) 7 (37)

Bloodstream
infections 10 (43) 6 (43) 9 (39) 7 (50) 7 (30) 4 (29) 3 (13) 2 (14)

Complicated
urinary tract

infections
12 (71) 3 (60) 2 (12) 1 (20) 9 (53) 1 (20) 5 (29) 1 (20)

Overall 42 (53) 19 (50) 27 (34) 14 (37) 25 (31) 9 (24) 16 (20) 10 (26)

Data are N (%). Abbreviations: BAT, best available treatment; TOC, test of cure.

Interestingly, all-cause mortality in the subgroup of patients with A. baumannii infec-
tions at the end of treatment with FDC was 49%, compared to only 18% with BAT. Most of
the deaths occurred either early, within the first 3 days, or late, from day 29 until the last
follow-up. In the period between these two time points, deaths were similar between the
two groups, suggesting that factors related to the underlying condition at randomization
for the first 3 days and other complications developed after day 29 could have influenced
the outcome.

It should be underscored that patients with infections due to Acinetobacter spp. who
received treatment with FDC were overall more complex, showing a higher prevalence of
baseline moderate/severe renal dysfunction, ICU admission at randomization, ongoing
shock, or shock within 31 days before randomization, compared to those with the same
pathogen treated with BAT [37]. Moreover, as the authors stated in their data discussion,
the 28-day mortality rate in the FDC group of the CREDIBLE study was similar to that of
other studies comparing the efficacy of colistin monotherapy vs. combination therapy for
A. baumannii infections [38–41].

Clinical Studies Comparing the Efficacy of FDC with That of Colistin

Clinical trials provide the first key insights into the effectiveness of new drugs and
represent the gold standard in evaluating the efficacy and safety of novel antimicrobials.
However, clinical trials may be limited by the selected population studied; with all the
exclusion criteria, they may leave out most of the patient subgroups encountered in daily
clinical practice.

While formal clinical trials achieve mostly internal validity, other clinical/real-world
studies are the ones that reach external/generalized validity [42]. Various studies, not
fulfilling criteria for randomized controlled trials, have assessed the efficacy and safety
of FDC compared to other treatments. Six single-center and one multi-center [43–49]
retrospective and prospective observational studies evaluated the efficacy of FDC compared
to a colistin-based regimen or other antibiotics, with a range of 73–124 patients included,
and mostly ventilator-associated pneumonia (VAP) or bloodstream infections (BSI) due
to carbapenem-resistant Acinetobacter baumannii (CRAB). FDC and colistin were used
both as monotherapy and in combination regimens in six studies [43–47,49], whereas
Pascale et al. [48] used FDC monotherapy.

Mortality

The FDC treatment was non-inferior compared to colistin in terms of mortality, which
ranged from 10% to 55% (Table 2). Only in the Mazzitelli et al. study, FDC had a mortality
which was higher compared to colistin (51% vs. 37%) [46]. As in the CREDIBLE-CR
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study, mortality or clinical failure was higher in more comorbid patients or those with
sepsis/septic shock, along with higher SOFA scores [43–48,50–52]. Indeed, mortality
associated with A. baumannii infections was shown to be higher in patients whose infections
were complicated by septic shock [53–56].

Table 2. Clinical studies comparing the efficacy of FDC to other treatments in CRAB infections.

Author Study
Design

Site of
Infection

and Pathogens
No. of

Patients Treatment
Clinical Outcome

and
Adverse Event

(AKI)

Microbiological
Outcome Mortality

Falcone et al.
[43]

Single-center
observational
retrospective

study

CRAB:
BSI 63.7% VAP

28.5%
Other sites 8.1%

124

FDC
47 (37.9%):
15 (31.9%)

monotherapy
32 (69.1%)

combination

Clinical cure-NA

Microbiological
failure

FDC 17.4%
Colistin 6.8%

All infections
30-day mortality

FDC 34%
Colistin 55.8%

BSI
14-day mortality:

FDC 7.4%
Colistin 42.3%

30-day mortality:
FDC 25.9%

Colistin 57.7%
VAP no difference

[Septic shock, SOFA score associated with
mortality]

colistin-
based

regimens
77 (62.1%):
12 (15.6%)

monotherapy
55 (84.4%)

combination

Adverse event
FDC 2.1%

Colistin 21.1%

Russo et al.
[44]

Single-center,
retrospective,
observational

study

VAP and
bacteremia due

to CRAB in
COVID-19 in

ICU

73

FDC
19 (26%)
100% in

combination

NA
Microbiological
clearance higher

in survivors

FDC regimen and FDC+ fosfomycin
associated with survival compared to

colistin

colistin-
based

regimen
54 (74%)

12 (22.2%)
monotherapy

32 (77.8%)
combination

Dalfino et al.
[45]

Single-center
prospective

observational
study

VAP due to
CRAB in

COVID-19 and
non-COVID-19

90

FDC
40 patients
19 (47.5%)

monotherapy
21 (52.5%) +
fosfomycin

Clinical failure
FDC 25%

Colistin 48%
Microbiological

failure
FDC 30%

Colistin 60%

14-day mortality FDC 10%
Colistin 38%colistin

50 patients
all

combination
Inhaled

colistin in
both groups

AKI
FDC 45%

Colistin 47%

Mazzitelli
et al.
[46]

Single-center,
retrospective,
observational

study

CRAB:
BSI

53 (47.7%)
VAP

58 (52.3%)

111

FDC
60 patients

50%
monotherapy

Clinical cure
FDC 73%

Colistin 67%
FDC

Monotherapy 76.7%
Combination 70%

Microbiological
eradication
FDC 43%

Colistin 41%
FDC

Monotherapy 50%
Combination

36.7%

Death
FDC 51%

Colistin 37%
FDC

Monotherapy 33.3%
Combination 53.3%

colistin
51 patients

all
combination

AKI
FDC 10%

Colistin 25.5%

Pascale et al.
[48]

Multi-center
retrospective
observational

CRAB
BSI 58%

LRTI 41%
107

FDC
42 patients

monotherapy
all cases

Clinical cure 14 days
FDC 40%

Colistin 36% Microbiological
cure 14 days

FDC 28%
Colistin 21%

28-day mortality
FDC 55%

Colistin 58%
(High SOFA score risk factor for mortality)colistin

65 patients
82%

combination

AKI
FDC 9.5%

Colistin 9.2%

Rando et al.
[47]

Single-center,
prospective,

observational

CRAB
VAP 121

55 FDC
monotherapy

21.8%
66 other

Clinical cure-NA Microbiological
failure

FDC 53%
Other 31%

28-day mortality
FDC 44%

Other 67%
(mortality higher in septic shock and higher

SOFA score)

AKI
FDC 9.1%
Other 17%

Bavaro et al.
[49]

Single-center,
retrospective,
observational

CRAB-BSI 118

−43 FDC
combination

63%

Clinical cure
FDC 60.5%

Colistin 41.3%
NA

30-day all-cause mortality
FDC 40%

Colistin 59%−75 colistin
combination

96%

Adverse event
FDC 2%

Colistin 16%

Abbreviations: AKI, acute kidney injury; BSI, bloodstream infections; CRAB, carbapenem-resistant Acinetobacter
baumannii; CR GN, carbapenem-resistant Gram-negative; EOT, end of treatment; Cefiderocol, FDC; LRTI, lower
respiratory tract infections; IT, urinary tract infection; VAP, ventilator-associated pneumonia.
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Mortality Based on Type of Infection

Falcone et al., Russo et al., Dalfino et al., Rando et al., and Bavaro et al. showed lower
mortality in the FDC group compared to colistin [43–45,47,49]. This difference was seen also
in patients with BSI [43], with the FDC regimen translating into lower 14-day and 30-day
mortality rates of 7.4% and 25.9% vs. 42.3% and 57.7% with the colistin-based regimen.
Interestingly, there was no difference in 14- and 30-day mortality for the two groups among
patients with VAP. Indeed, in another study [51], FDC was shown to be associated with
a higher rate of clinical success in BSI (75%) compared to respiratory infections (45.8%).
Similarly, Palermo et al. [57] observed a mortality of 61.5% in VAP compared with 46.7% in
BSI due to CRAB.

Other Outcomes

In the Falcone et al. and Rando et al. studies, microbiological failure was higher
with FDC compared to colistin (17.4% vs. 6.8% and 53% vs. 31%, respectively) [43,47].
In contrast, in the other three studies, microbiological failure was similar or higher in
the colistin group [45,46,48], and in the Russo et al. study, microbiological failure was
associated with higher mortality in the colistin group [44]. Clinical cure rates were also
higher in the FDC group compared to colistin [45,46,48,49].

Adverse events were mostly seen in colistin-treated subjects [43,49]. Regarding
treatment-emergent acute kidney injury (AKI), Pascale et al. and Dalfino et al. showed
similar rates in both groups, whereas Rando et al. and Mazzitelli et al. observed this
adverse event mostly in the colistin group [45–49], which is one of the major concerns for
this antibiotic [58,59].

Clinical Studies and Case Series Assessing the Efficacy of FDC in Treating CRAB Infections

Two multi-center and several single-center studies (Table 3) have assessed the real-life
efficacy of FDC in treating CRAB infection [50–52,60–65], generating similar data to the
comparative studies described above. Most of the studies included multiple carbapenem-
resistant Gram-negatives [52,57,60–63,65]. One study, the largest in size, focused only
on Acinetobacter spp. infections [51], including 147 patients, of whom 146 had A. bau-
mannii infections. One study focused on CRAB infections only [50]. Case series in-
cluded 8 to 16 patients (with A. baumannii). Infection syndromes included in these studies
were mostly BSI and respiratory infections. Clinical cure rates ranged from 32.5% to
77.8% [50,51,57,60–66]. Microbiological failure occurred in 0% to 25%. One case series on
burn patients by Smoke et al. reported a microbiological failure rate as high as 88% [64].
However, in this study, the reported resistance to FDC was 60% of the tested isolates.
Mortality ranged widely, from 12.5% to 51% [50–52,57,60–65].

Table 3. Clinical studies and case series evaluating efficacy and safety of FDC in CRAB infections.

Study Study Design
Type of Infection

and
Pathogens

Patients
Clinical Outcome

and
Adverse Events

Microbiological
Outcome Mortality

Clinical studies

Palermo et al.
[57]

Single-center,
retrospective
observational

CR GN
For CRAB:
BSI 48.4%

HAP 41.9%
SSTI 25.8%
cIAIs 19.3%
cUTI 9.7%

Other 12.8%

41 total
patients:
31 CRAB

CRAB:
Clinical cure at EOT 64.5%

Adverse events 4.9%

CRAB:
Microbiological

eradication at EOT
80.6%

CRAB:
30-day mortality

35.5%
VAP 61.5%
BSI 46.7%

Calò et al.
[50]

Multi-center,
retrospec-

tive/prospective,
observational

study

CRAB
All types of

infections (mostly):
BSI 45%

Respiratory 40%

38 patients

Clinical failure
at EOT
32.5%

Monotherapy 27.6%
Combination 45.5%

(non-significant)
Adverse event none

Microbiological
failure at EOT 10%

Monotherapy
13.8%

Combination 0
(non-significant)

30-day mortality
47.5%

Monotherapy:
48.3%

Combination
45.5%
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Table 3. Cont.

Study Study Design
Type of Infection

and
Pathogens

Patients
Clinical Outcome

and
Adverse Events

Microbiological
Outcome Mortality

Giannella et al.
[51]

Multi-center,
retrospective
observational

study

Acinetobacter spp:
Respiratory 65.3%

BSI 26.5%
Other 8.2%

147 patients
146

A. baumannii
1 other

Acinetobacter

Resolution of infection
39.5%

Improved symptoms 12.2%
Failure 38.1%

Clinical success:
BSI 52.2%-75%

Respiratory 45.8%
Monotherapy 61.2%

Combination 49%
Adverse event 4.8%

NA

28-day mortality
Overall 51%

Monotherapy
53.1%

Combination
40.8%

Survival:
septic shock 24.3%

Without Septic
shock 60.7%

Piccica et al.
[52]

Multi-center,
retrospective
observational

CR GN
LRTI 57%
IAI 9.2%
UTI 8.5%
BSI 13.4%

ABSSSI 6.3%
OTHERS 2.1%

142 patients:
70 monotherapy
72 combination

(89 A. baumannii)

Clinical cure-NA
AKI 38%

Microbiological
eradication

All pathogens
48.9%

Monotherapy
45.8%

Combination
52.3%

Survived
All pathogens

36.6%
Monotherapy

32.9%
Combination

40.3%
Mortality higher
in septic shock
(Survival in A.

baumannii 62.9%)

CASE SERIES

Bavaro et al.
[61] Case series

XDR GN
For CRAB:

BSI 70%
BSI+ VAP 10%

VAP 10%
Perihepatic
abscess 10%

13 patients:
CRAB in 10

CRAB:
Clinical cure 70%
No adverse event

CRAB:
Microbiological

eradication 100%

CRAB:
Mortality 30%

Corcione et al.
[62] Case series

CR GN
VAP + BSI 61.2%

BSI 16.7%
VAP 11.1%

Other 11.1%

18 patients:
CRAB in 16:

4 monotherapy
11 combination

All pathogens:
Clinical cure 66.7%
Monotherapy 75%

Combination 64.29%
No serious adverse event

All pathogens:
Microbiological

failure 22.2%
Monotherapy 25%

Combination
21.43%

All pathogens:
30-day mortality

27.8%
Monotherapy 25%

Combination
28.57%

Gavaghan
et al.
[63]

Case series

CR GN
For CRAB:

Pneumonia 10
UTI 1

Pneumonia + BSI 2
Wound + BSI 1

24 patients:
A. baumannii in 14

CRAB:
Clinical success 35.7%

No adverse event
NA

CRAB:
Mortality 42.8%
62% of isolates

susceptible to FDC

Falcone et al.
[60] Case series

CR GN
For CRAB:

6 patients BSI
2 patients VAP

10 patients
A. baumannii in 8:
7 Monotherapy
1 Combination

CRAB:
Clinical success 62.5%

No severe adverse event

CRAB:
Microbiological

failure 25%

CRAB:
Mortality 12.5%

Wicky et al.
[65] Case series

DTR GN
For CRAB:

Mostly VAP

16 patients
CRAB in 9:

1 Monotherapy
8 Combination

CRAB:
Clinical cure 77.8%

Adverse events 66.6%
66.7% (mostly)

encephalopathy

CRAB:
Death 22.2%

Smoke et al.
[64] Case series

CRAB burn
patients

5 BSI
4 BSI/VAP

1 VAP
1 VAT

11 patients:
3 Combination

Clinical cure 36%
(FDC resistance 60% of

tested isolates)

Microbiological
failure 90 days

88% of 8 patients
who completed
initial treatment

Mortality
27.3%

Abbreviations: ABSSSI, acute bacterial skin and skin structure infection; BSI, bloodstream infections; cIAIs,
complicated intra-abdominal infections; CR GN, carbapenem-resistant Gram-negative; CRAB, carbapenem-
resistant Acinetobacter baumannii; CR GN, carbapenem-resistant Gram-negative; cUTI, complicated urinary tract
infections; DTR GN, difficult to treat Gram-negative; EOT, end of treatment; FDC, FDC; LRTI, low respiratory tract
infections; UTI, urinary tract infection; SSTI, skin and soft tissue infections; VAP, ventilator-associated pneumonia;
VAT, ventilator-associated tracheobronchitis; XDR GN, extensively resistant Gram-negative.

Adverse events associated with FDC administration were very infrequent, being de-
scribed in none to less than 5% of treated subjects. However, in the study by Piccica et al. [52],
acute kidney injury occurred in 38% of cases, and in the case series by Wicky et al. [65], 6 of
9 patients experienced an adverse event, mostly encephalopathy.

Regarding the efficacy of combination treatment compared to FDC monotherapy, no
significant difference was found in these studies in terms of mortality [46,50–52,58,62],
microbiological eradication [46,50,52,62], and clinical cure [46,50,51,62].
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In the case series by Gavaghan et al., mortality was 60%, with 62% of the analyzed
isolates that were susceptible to FDC. In this study, the explanation for such a high mortality
rate could actually be related with the observed high resistance rates to FDC [63]. Also, the
study by Smoke et al. on 11 burn patients with infection due to CRAB showed not only
a clinical cure rate of 36% with a high microbiological failure rate, but also a 60% rate of
resistance prior to/after FDC treatment [64]. In a multi-center study by Piccica et al. on
142 CR GN infections treated with FDC, among 28 strains of A. baumannii with available
microbiological data, 10 (35.7%) were resistant to FDC. However, in this study, resistance
was not associated with a higher risk of mortality [52].

Reduced FDC susceptibility was also seen in the CREDIBLE and APEKS-NP clinical
trials [36,37], with an FDC MIC increase of fourfold or more during/after treatment ob-
served in 12 of 106 isolates in the CREDIBLE study and 7 of 159 isolates in the APEKS-NP
study [67]. However, despite increasing more than fourfold, the MIC remained ≤4 µg/mL
for most of the isolates. Mutations were found in only three isolates.

The in vivo emergence of resistance or reduced susceptibility to FDC was addressed
also by other clinical studies. In the Falcone et al. study, 8.5% of isolates developed
resistance to FDC during treatment and 50% (4/8) of patients who showed microbiological
failure developed resistance to FDC during treatment [43]. In another case series by
Falcone et al. [60] on 10 patients, of whom eight had an Acinetobacter baumannii infection,
one patient with available repeated MIC values (of two who experienced microbiological
failure) had a 16-fold increase in MIC from 0.25 µg/mL to 4 µg/mL [60]. The occurrence of
heteroresistance in CRAB isolates has been demonstrated in CRAB isolates [33–35]. The
presence of heteroresistance in Gram-negative isolates susceptible to FDC was found also in
another study, which observed a 59% heteroresistance rate (64 of 108 A. baumannii isolates)
with full resistance detected only in 8% [68]. Heteroresistance implies the presence of minor
subpopulations of cells resistant to a specific antibiotic which remain undetectable by most
antibiotic susceptibility tests and may predominate after exposure to that antibiotic, causing
treatment failure or microbiological persistence. It was suggested as a possible mechanism
underlying the MIC increase of isolates in the CREDIBLE study [68]. However, despite
the high prevalence of heteroresistance to FDC in A. baumannii, its clinical impact is yet to
be understood. In vivo, the emergence of resistance during treatment remains uncommon
and is mostly described in low percentages/sporadic cases of the published studies [69].

Consistent with these data, the Infectious Disease Society of America (IDSA) rec-
ommended that FDC should be used with caution for CRAB infections and as part of a
combination treatment regimen [70].

Other studies on a few peculiar cases in terms of site of infection described the efficacy
of FDC in treating XDR/PDR infections, including one case of spondylodiscitis [71], one
case of osteomyelitis, and one of prosthetic joint infection [72,73]. FDC was shown to reach
optimal cerebrospinal fluid concentrations above MIC levels, achieving a clinical cure in
two patients with central nervous system infections [74].

In conclusion, the growing wealth of data from several, mostly small, retrospective and
single-center studies, provides somehow conflicting real-life data that do not add further
robust evidence, and do not help solving the doubts raised by the CREDIBLE-CR study.

3. Sulbactam-Durlobactam: A Novel Combination of a Beta-Lactamase Inhibitor with
Beta-Lactam Activity and a Non-Beta-Lactam/Beta-Lactamase Inhibitor
3.1. Chemical Structure and Pharmacological Data

Durlobactam (DUR), previously identified as ETX2514, is a non-beta lactam diazabi-
cyclooctanone (DBO) inhibitor of class A, C, and D serine β-lactamase, but not class B
metallo-β –lactamases [75]. In particular, DUR exhibits variable activity against class D
beta-lactamases, with the highest activity being found for OXA-48 with respect to OXA-10,
OXA-23, and OXA-24 [75]. DUR is active in its carbamylated state, i.e., when its active site
serine nucleophile reacts with a β-lactamase, opening the cyclic urea in a reversible manner
(Figure 2A) [10]. Sulbactam (SUL) is a semi-synthetic penicillanic acid which exhibits weak
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intrinsic inhibitory activity against CTX-M-15, SHV-5, TEM-1, and KPC-2 class A serine β
–lactamases, but not class C and D beta-lactamases (Figure 2A) [76]. The combination of
DUR with SUL restores the susceptibility to SUL in A. baumannii strains producing class A,
C, and D β-lactamases [10,75].
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The passive diffusion via porin channels (e.g., the most common OmpA porin) me-
diates the transport of DUR and SUL across the outer membrane. Subsequently, within
the periplasmic space, SUL exerts its intrinsic antibacterial activity through the inhibition
of PBP1a, PBP1b, and PBP3, but not PBP2, whilst DUR inhibits PBP2 in A. baumannii
(Figure 2) [10]. A recent study also demonstrated that, in the presence of DUR, the FDC
MICs decreased in A. baumannii strains producing PER-1 beta-lactamase and provided an
in silico structural modeling of PER-1 binding with both FDC and DUR [32]. Based on the
structural model of PER-1 binding, the authors suggested that the FDC and DUR combi-
nation might be an effective therapeutic approach against A. baumannii strains producing
PER-1 enzymes [32].

3.2. In Vitro and In Vivo Activity against CRAB

Sulbactam/durlobactam (SUL/DUR) was approved in May 2023 by the USA FDA
to treat hospital-acquired and ventilator-associated bacterial pneumonia (HABP/VABP)
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caused by susceptible isolates of the Acinetobacter baumannii-calcoaceticus complex (ABC) in
patients 18 years of age and older [77].

For this reason, the CLSI Subcommittee on Antimicrobial Susceptibility Testing per-
formed a breakpoint revision meeting, and new breakpoints were introduced for SUL/DUR
by an ad hoc working group, and subsequently approved by the subcommittee. The pro-
posed MIC breakpoints for ABC were susceptible (S; ≤4/4 µg/mL, ≥17 mm), intermediate
(I; 8/4 µg/mL, 14–16 mm), and resistant (R; ≥16/4 µg/mL, ≤13 mm). DUR was tested at a
fixed concentration of 4 µg/mL.

These breakpoints aligned with the epidemiological cut-off value, that included
98.3% of isolates tested in a large representative collection of 5,032 clinical isolates of
ABC collected in 33 countries across the Asia/South Pacific region, Europe, Latin America,
the Middle East, and North America between 2016 and 2021 [11]. In this study, SUL alone
had a MIC90 of 64 µg/mL, whereas the SUL/DUR combination had a MIC90 of 2/4 µg/mL.

In most studies, all showing excellent activity of SUL/DUR against representative
collections of ABC, MICs for SUL-DUR were determined by the CLSI standard BMD using
a cation-adjusted Mueller–Hinton broth, with SUL-DUR tested in 2-fold dilutions of SUL in
combination with a fixed concentration of 4 mg/mL of DUR [11,12,78]. In keeping with the
in vitro data, treatment with SUL/DUR resulted in a dose-dependent reduction in XDR A.
baumannii in both the neutropenic mice thigh abscess and pneumonia infection models [14].

3.3. Mechanisms of Resistance

The frequency of spontaneous in vitro resistance to SUL/DUR was low and occurred
at 7.6 × 10−10 to <9.0 × 10−10 at 4 × MIC [79]. Most frequent mutations S390T, V505L,
and T511A identified in stable mutants occurred in the ftsI gene that encoded the target of
SUL PBP3 and was near the active site serine (Ser336) [79]. Mutations in tRNA synthetases,
aspS, and gltX genes were also identified, and were linked to the induction of the stringent
response, which rendered PBP2 dispensable [79]. Mutations A515V and less frequently
T526S were identified also in the PBP3 encoding gene in the proximity to the SUL-binding
site in SUL/DUR-resistant isolates from Greece, Switzerland, and France [12,13]. Additional
mutations occurred in PBP1a, PBP1b, and PBP2 encoding genes in SUL/DUR resistant
isolates from Switzerland and France (Figure 2) [13].

3.4. Therapy against CRAB
3.4.1. Clinical Trials Assessing Efficacy and Safety of SUL-DUR

The efficacy of SUL-DUR in treating A. baumannii infections was assessed in a phase III
clinical trial [80]. This was a multinational, randomized, active-controlled, non-inferiority
trial. A total of 125 patients were included in the efficacy analysis, of whom 63 were treated
with SUL-DUR at the dose of 2 g every 6 h, and 62 with colistin, with a maintenance dose
of 2.5 mg/kg after a loading dose of 5 mg/kg of colistin base activity. Imipenem/cilastatin
was used as a combination agent in both groups. Infections included BSI, hospital-acquired
pneumonia (HAP), and VAP. SUL–DUR was non-inferior to colistin in terms of 28-day
all-cause mortality in the microbiologically (CRAB) modified ITT population.

The 28-day all-cause mortality was 19% (12 patients) in the SUL–DUR group compared
with 32.3% (20 patients) in the colistin group, with an observed treatment difference of
–13.2% (95% C.I. –30 to 3.5). The 14-day all-cause mortality rate in the microbiologically
(CRAB) modified ITT population was 6% (4 of 64) with SUL–DUR versus 19% (12 of 63)
with colistin.

The authors performed a Kaplan–Meier analysis showing patients treated with SUL-
DUR had a higher survival probability compared to those treated with colistin, with the
difference becoming evident after the 6th day of treatment.

As for the microbiological eradication at the test of cure, a more favorable outcome
was observed in the SUL-DUR group compared to colistin (43 of 63 treated with SUL-DUR
[68%] vs. 26 of 62 patients treated with colistin [42%]).
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Nephrotoxicity assessed by RIFLE criteria was significantly lower in the SUL-DUR
group compared to colistin, (12 of 91 (13%) vs. 31 of 85 (38%), respectively). The overall inci-
dence of any adverse event was 88% in the SUL-DUR and 94% in the colistin group, whereas
for serious adverse events, it was 40% in the SUL-DUR and 49% in the colistin group.

3.4.2. Clinical Studies/Case Reports of SUL-DUR Efficacy in Real Life

At present, there is no published real-life experience that has assessed SUL-DUR
efficacy. However, a few case reports have been published (Table 4) [81–83].

Table 4. Case description of real-life SUL-DUR use in CRAB infection.

Case Report Patient
Comorbidities and
History Prior to A.

baumannii Isolation

A. baumannii
Isolations and

Clinical
Characteristics

Prior Treatment
Failure for A.

baumannii Infection
Treatment

Success MIC Outcome

Zaidan et al.
[81]

55-year-old
female

Comorbidities:
Diabetes mellitus

hypertension
gastric bypass for

obesity
History prior to A.
baumannii isolation:

COVID-19
pneumonia with RF,

mechanical
ventilation
→ clinical

improvement,
extubation

During
hospitalization, after

improvement of
COVID-19

pneumonia:
→ refractory

hypoxia, intubation,
vasopressor support
→ respiratory

culture
PDR A. baumannii

Wild-type P.
aeruginosa

Empiric
meropenem+vancomycin

After AST results
meropenem +

ampicillin/SUL

SUL-DUR
2 gr q6h

+
FDC 2 gr q8h

SUL-DUR 4
mg/L

FDC 0.5 mg/L

Improvement
after 72 h

14-day course
treatment

→ tracheostomy-
→ discharged
long-term care

facility
→ discharged

home

Holger et al.
[82]

50-year-old
male

Pulmonary
embolism +
infarction
→ intubation,

thoracotomy, partial
decortication

Bronchoalveolar
lavage A. baumannii

meropenem S
→ thoracotomy, RLL
resection (abscess),

decortication
→ Pleural tissue A.

baumannii I to
colistin

→ 45 days later,
persistence of A.
baumannii which

developed
resistance to FDC,

eravacycline

Empiric
piperacillin/tazobactam

+ vancomycin
After AST results

meropenem
tigecycline

colistin + meropenem
FDC

eravacycline
FDC + tigecycline

SUL-DUR
2 gr q8

+ meropenem
1 gr q6

SUL-DUR
MIC

8 mg/L alone
4 mg/L with
meropenem

13-day treatment
Clinical cure
Discharged

home

Tiseo et al.
[83]

Young
female

Burn injury 45% of
total body surface

area
→ intubated

Central line BSI
CRAB R to FDC, S to

colistin
→ skin lesion CRAB

+ CR P. aeruginosa
→ BAL: CRAB R to
FDC and colistin +

CR P. aeruginosa

Colistin + tigecycline
SUL-DUR

+ colistin (for
P. aeruginosa)

SUL-DUR
MIC

1.5 mg/L

12-day regimen
Clinical

improvement
Microbiological
eradication of

CRAB
Alive at 30 days

Abbreviations: AST, antibiotic susceptibility testing; RF, respiratory failure; BSI, bloodstream infection; BAL,
bronchoalveolar lavage; CR, carbapenem-resistant; CRAB, carbapenem-resistant A. baumannii; S, susceptible; I,
intermediate; RLL, right lower lobe; R, resistant; SUL-DUR, SUL/DUR; FDC, FDC.

Zaidan et al. [81] described a 55-year-old woman with pneumonia due to COVID-19,
complicated by respiratory failure and on mechanical ventilation, with sputum cultures
negative after extubation and clinical improvement. She later developed hypoxia again
requiring mechanical ventilation. Respiratory cultures then became positive for PDR
A. baumannii and pan-susceptible Pseudomonas aeruginosa. Treatment with meropenem
and ampicillin-SUL (after an empirical course with meropenem and vancomycin) did not
improve her clinical conditions (respiratory failure and septic shock requiring vasopressor
support). Therefore, she was switched to FDC plus SUL-DUR. This treatment appeared
to be successful, as her clinical condition improved within 72 h, and after a 14-day course
regimen, her respiratory conditions also improved, allowing a simple tracheostomy. The
patient was subsequently transferred to a long-term care facility and discharged home
several weeks later.

Holger et al. [82] described a 50-year-old male patient hospitalized for pulmonary
embolism with pulmonary infarction. After intubation, thoracotomy, partial decortication,
and right thoracoscopy with the placement of three tubes, a bronchoalveolar aspirate was
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positive for A. baumannii. Being the strain susceptible to meropenem, the empirical treat-
ment with piperacillin/tazobactam was switched to meropenem. The patient underwent a
second thoracotomy, with right lower lobe resection (which showed necrosis, hemorrhage,
and abscess) and complete decortication due to multiloculated pleural effusions. A. bau-
mannii was again isolated in the pleural tissue, but with a worse antimicrobial susceptibility
pattern: intermediate to colistin and with a tigecycline MIC of 2 mg/L. Treatment was
initially switched to tigecycline and subsequently to colistin plus meropenem due to deteri-
orating clinical conditions. In light of the side effects of colistin and defined susceptibility
to FDC, treatment was switched to FDC. Respiratory samples remained positive for A.
baumannii over 45 days, after which the isolate became resistant to FDC. The patient was
then switched to eravacycline. Clinical conditions worsened again, with increasing erava-
cycline MIC, and treatment was switched to FDC + tigecycline. Due to the persistence of
purulent secretions from the chest tube, the MIC of SUL-DUR was assessed, being 8 mg/L
and decreased to 4 mg/L after meropenem addition. After a 2-week treatment course with
SUL-DUR at a dose of 2 g every 6 h plus meropenem, no further output from the chest tube
was seen. SUL-DUR maintained activity after the last debridement and no adverse events
were observed. The patient was subsequently discharged.

Tiseo et al. [83] described treatment with SUL-DUR in a young woman who suffered
a severe burn injury with 45% of body involvement. She developed a central line BSI
due to CRAB isolate, which showed resistance to FDC and susceptibility to colistin. She
was treated with colistin and tigecycline. CRAB and P. aeruginosa were isolated from
skin lesions. She developed a kidney injury and started continuous renal replacement
therapy. Her respiratory function worsened with bilateral multiple consolidations, and a
bronchoalveolar lavage fluid became positive for CRAB resistance to FDC and colistin and
for carbapenem-resistant P. aeruginosa. The MIC for SUL/DUR was 1.5 mg/L. Therefore,
she was switched to SUL-DUR combined with colistin for the carbapenem-resistant P.
aeruginosa. After 12 days of treatment, her respiratory function improved, and CRAB was
eradicated from all sites of isolation. The patient was alive at 30 days.

In conclusion, with the possible selection bias of positively evolving cases, SUL-DUR
appeared as an effective salvage treatment in a very limited number of clinical case reports.

4. Conclusions and Future Directions

Appropriate antibiotic administration is lifesaving in critically ill patients, and its
judicious use is vital to keep the antimicrobial resistance risk as low as possible in our
communities. This is particularly true for novel antibiotics that are being specifically
developed to tackle CR Gram-negatives, including A. baumannii. The data we presented
clearly urge clinicians not to use FDC and SUL/DUR for non-severe infections or when
less potent options are appropriate.

In the frame of strategies to control MDR infection spread, the reduced use of antibi-
otics appears crucial. Combination antimicrobial regimens are very commonly used in an
attempt to control DTR infections and reduce mortality, and this is particularly relevant for
CRAB infections [84]. However, combination therapy inherently increases antibiotic usage,
possibly perpetuating antimicrobial resistance spread. In addition to several clinical stud-
ies showing a combination of antibiotics to colistin does not improve mortality in CRAB
infections [38–41], we have summarized in this article the current evidence suggesting the
combination of other antibiotics to FDC also does not improve clinical outcomes. Data
are still too limited to provide any suggestion as to whether SUL/DUR should be used in
combination with other antimicrobials active against CRAB or as active monotherapy.

The literature review from in vitro and in vivo clinical studies suggests that FDC has
potent antimicrobial activity against CRAB. Resistance to FDC in A. baumannii has been
associated with the reduced expression and/or mutations in siderophore receptor pirA
and piuA, and the production of PER- and NDM- β-lactamases. The literature review of
clinical studies evaluating the efficacy of FDC therapy against CRAB indicated that FDC is
non-inferior to colistin/other treatments for CRAB infections, with a possibly better safety

74



Antibiotics 2023, 12, 1729

profile. Combination treatment was not associated with improved outcomes compared to
monotherapy. Higher mortality rates were often associated with prior patient comorbidities
and the severity of the underlying infection.

SUL-DUR, a novel combination of a beta-lactamase inhibitor and non-beta-lactam beta-
lactamase inhibitor, restores the susceptibility to SUL and shows excellent antimicrobial
activity against CRAB. Although there are limited data regarding clinical studies in the
real-life setting on the efficacy of SUL-DUR, current data from the pivotal clinical trial
and case reports suggest this antibiotic could be a valuable option in critically ill patients
affected by CRAB infections, especially where no other options appear to be effective.

Several open questions remain for the future. Among them are which of the novel
antibiotics we presented should be used for diverse types of patients. The evidence is still
very limited. With both FDC and SUL-DUR being very well-tolerated agents [67,80], the
severity of illness would not be a major determinant. In contrast, the infection syndrome
could play a role in clinical practice decision-making. Considering the reduced efficacy of
FDC in respiratory infections, SUL/DUR could be a better option in this setting. Indeed, the
large majority of patients enrolled in the ATTACK trial [80] had CRAB-related pneumonia.
On the other hand, very little evidence has been generated so far on SUL/DUR in the setting
of bloodstream infections, where indeed FDC could be preferred. Finally, in light of the
broad antimicrobial spectrum, FDC would also be the agent of choice when polymicrobial
Gram-negative infections exist or when suspected or documented infection with other XDR
microorganisms complicates the clinical course.

Surely, larger clinical studies and/or clinical trials showing adequate power to answer
such important clinical questions are strongly awaited.
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Abstract: NDM carbapenemase-encoding genes disseminate commonly among Enterobacterales
through transferable plasmids carrying additional resistance determinants. Apart from the intra-
species dissemination, the inter-species exchange of plasmids seems to play an additional important
role in the spread of blaNDM. We here present the genetics related to the isolation of three species
(Klebsiella pneumoniae, Proteus mirabilis, and Morganella morganii) harboring the blaNDM-1 gene from
a single patient in Greece. Bacterial identification and antimicrobial susceptibility testing were
performed using the Vitek2. Whole genome sequencing and bioinformatic tools were used to
identify resistance genes and plasmids. BlaNDM-1 harboring plasmids were found in all three isolates.
Moreover, the plasmid constructs of the respective incomplete or circular contigs showed that the
blaNDM-1 and its neighboring genes form a cluster that was found in all isolates. Our microbiological
findings, together with the patient’s history, suggest the in vivo transfer of the blaNDM-1-containing
cluster through three different species in a single patient.

Keywords: Klebsiella pneumoniae; carbapenemases; NDM; plasmid; Proteus mirabilis; Morganella
morganii

1. Introduction

The emergence and spread of carbapenem-resistant Gram-negative nosocomial
pathogens, especially those producing one or more of the major carbapenemases, are of
great concern to public health [1]. Carbapenemases are enzymes that are able to hydrolyze
carbapenems and the majority of β-lactams. Klebsiella pneumoniae carbapenemase (KPC),
Verona integron-encoded metallo-β-lactamase (VIM), Imipenemase (IMP), Oxacillinase-48
(OXA-48), and the later New Delhi metallo-β-lactamase (NDM) are clinically the most
important carbapenemases because they often confer high-level resistance to carbapenems
and have successfully spread since they are mainly located on a variety of plasmids [2].

The existence of plasmids harboring resistance genes, initially called R-factors, has
been known for decades, and nowadays, the correlation of resistance plasmids with the
spread of resistance genes to new organisms is widely accepted. More light was shed on
the understanding of antimicrobial resistance dissemination with the later discovery of
smaller and more versatile mobile genetic elements such as transposons and gene cassettes
accompanied by integrons. Using such elements as vehicles, resistance genes are able
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to relocate among different DNA molecules, including the bacterial chromosome and
various plasmids. In such cases, and when the plasmids are conjugative or mobilizable,
resistance genes can be transferred to other bacterial cells of the same, and in some cases, of
different species.

In particular for NDMs, their extensive dissemination among different Enterobac-
terales is mainly due to the presence of the blaNDM gene in transferable plasmids of various
incompatibility groups that propagate within each species, including incompatibility group
A/C-type (IncA/C-type), incompatibility group N (IncN), and incompatibility group F
(IncF) types [3–5]. Moreover, these plasmids commonly carry additional resistance determi-
nants to antimicrobial categories other than the β-lactams, thus contributing to multi-drug
resistance (MDR), leaving very few therapeutic options. Interspecies dissemination is
deemed to play an important role as well, even though it is not frequently documented. At
the clinical level, the presence of NDM is important for yet another reason. New antibi-
otic combinations with novel β-lactamase inhibitors such as ceftazidime/avibactam and
meropenem/vaborbactam have been made available lately. Unfortunately, however, these
are not active for a specific category of carbapenemases called the metallo-β-lactamases.
NDM enzymes, together with VIM and IMP, belong to this category for which no clinically
useful inhibitors are available for the time being. Due to the aforementioned reasons, and
since carbapenems are the safest last line treatment option for Gram-negative bacterial
infections, the detection of NDM in hospital settings is considered of high importance, and
measures are needed to tackle its dissemination.

This study reports the isolation of three blaNDM-1–harboring Enterobacterales (Klebsiella
pneumoniae, Proteus mirabilis, and Morganella morganii) from a single patient in Greece
together with whole genome sequencing analysis that suggest in vivo transfer of the NDM-
1-encoding gene.

2. Results
2.1. Patient History

In April 2021, a 67-year-old male was admitted to AHEPA University Hospital (Thes-
saloniki, Greece) due to fever, cough, and shortness of breath. After testing positive for
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by PCR, the patient was
hospitalized for coronavirus infectious disease 2019 (COVID-19). From his medical record,
the patient had a history of pre-existing and well-managed type-2 diabetes mellitus. During
his hospitalization, fecal surveillance samples taken for infection control purposes iden-
tified a carbapenem-resistant (CR) K. pneumoniae. The patient’s clinical condition soon
deteriorated, and he was transferred to the intensive care unit (ICU) where the patient
was intubated. During the ICU stay, the patient was additionally colonized with an ex-
tensively drug-resistant Acinetobacter baumannii strain. The patient underwent a series of
co-infections during the hospitalization in the ICU. These included a carbapenem-resistant
K. pneumoniae blood infection (isolate D730) on 5 May 2021 and P. mirabilis and A. baumannii
lower respiratory tract infections on May 5 and 10, respectively. Susceptibility testing
was performed upon isolation for each strain. The patient’s treatment included colistin,
tigecycline, ceftazidime/avibactam, and aminoglycosides. The patient was discharged
from the ICU on 14 July 2021, hospitalized in the Internal Medicine Department, and left
the hospital on 19 July 2021.

A few months later, however, on 8 October 2021, he was again admitted to the hospital
presenting with respiratory infection and final stage renal disease. Blood cultures taken
upon admission gave positive results for a carbapenem-resistant P. mirabilis (isolate D1633)
and a carbapenem-resistant M. morganii (isolate D1644). CR P. mirabilis was also recovered
from the patient’s urine culture. In the following days the patient’s clinical condition
deteriorated, necessitating his transfer to the ICU. On the seventh day of his hospitalization,
blood cultures were repeated and showed a simultaneous infection by CR P. mirabilis, CR
M. morganii, and Enterococcus faecium. The patient went into septic shock and eventually
died of cardiac arrest on 15 October 2021.
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2.2. Susceptibility Testing

All three study isolates were multi-drug-resistant, presenting high minimum inhibitory
concentrations (MICs) to β-lactams, including carbapenems (Table 1).

Table 1. Minimum inhibitory concentrations (MICs) of various antimicrobials for the three study
isolates tested with the Vitek2 and the Micronaut-S broth microdilution method (BMD).

MIC (mg/L)/Interpretation

Antimicrobials
K. pneumoniae P. mirabilis M. morganii

Vitek2 BMD Vitek2 BMD Vitek2 BMD

Amikacin _ _ >32 R - - >32 R 8 S 4 S

Amoxicillin/clavulanic acid ≥32 R ≥32 R

Ampicillin ≥32 R ≥32 R

Aztreonam ≥64 R 32 R ≤1 S

Cefepime ≥32 R 16 R ≥64 R

Cefixime ≥4 R ≥4 R

Cefotaxime ≥64 R ≥64 R >2 R

Cefoxitin ≥64 R ≥64 R

Ceftolozan/tazobactam ≥32 R >2 R ≥32 R >2 R >2 R

Ceftazidime ≥64 R >128 R ≥64 R 128 R ≥64 R >128 R

Ceftazidime/avibactam ≥16 R >4 R ≥16 R >4 R >4 R

Ceftriaxone ≥64 R ≥64 R

Cefuroximeaxetil ≥64 R ≥64 R

Cefuroxime ≥64 R ≥64 R

Colistin ≥16 R >8 R ≥16 R >8 R ≥16 R 8 R

Ciprofloxacin ≥4 R >2 R ≥4 R >2 R ≥4 R >2 R

Ertapenem ≥8 R ≥8 R

Fosfomysin ≥256 R >128 R ≥256 R >128 R 128 R 128 R

Gentamicin ≥16 R ≥16 2 S

Chloramphenicol 32 R >16 R ≥64 R >16 R 8 S

Piperacillin _ _ >16 R _ _ >16 R ≥128 R >16 R

Piperacillin/tazobactam ≥128 R >16 R 64 R >4 I ≥128 R >16 R

Ticarcillin/clavulanic acid _ _ _ _ ≥128 R

Ticarcillin _ _ _ _ ≥128 R

Tobramycin ≥16 R ≥16 R 8 R

Levofloxacin ≥8 R >2 R ≥8 R >2 R >2 R

Trimeth/sulfamethoxazole ≥320 R >4/76 R ≥320 R >4/76 R ≥320 R >4/76 R

Cefotaxime ≥64 R >2 R ≥64 R >2 R

Tigecycline _ 1 _ _ _ 2 _ 0.5

Imipenem _ _ >8 R _ _ >8 R ≥16 R >8 R

Meropenem _ _ 128 R _ _ 32 R ≥16 R 32 R

2.3. Genomic Characterization of the Isolates

Whole genome sequencing (WGS) was performed on the three isolates using the same
sequencing Ion Torrent protocols and data analysis pipelines. The main WGS summary
statistics are shown in Table 2. Overall, 0.7–1.7 M reads per isolate were produced. The
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read length was normally distributed across isolates with an average 305–311 bp and the
duplication rate was 13.2%. The assembled genomes contained on average 90 contigs for P.
mirabilis and M. morganii. K. pneumoniae assembly was significantly more fragmented due
to the 35% larger genome size, yet the N50 value was similar to that of P. mirabilis.

Table 2. Summary statistics of the assembled genomes.

Isolate ID Species Genome
Length

% Bacteria
Abundance N50 # Contigs

D730 Klebsiella
pneumoniae 5,772,350 78 169,475 156

D1633 Proteus mirabilis 4,256,486 69 174,791 89
D1644 Morganella morganii 4,108,218 84 231,582 91

2.4. Taxonomic Assignment

The taxonomic classification of the isolates showed that the abundance of the P.
mirabilis, M. morganii, and K. pneumoniae species was on average 77% among other bacteria
(Table 2). Taxonomic assignments to E. coli-like sequences covered 7% of the total bacteria-
derived P. mirabilis and M. morganii sequencing reads and 3% of the K. pneumoniae. Half
of the M. morganii sequencing reads belonged to morganii subspecies, while the remain-
ing did not have any subspecies assignments. P. mirabilis sequencing reads were further
taxonomically assigned to the HI4320 (10% of the reads) and BB2000 (17% of the reads)
strains, while the remaining had no further strain assignment. K. pneumoniae isolate was
taxonomically assigned to pneumoniae subspecies (40% of the reads), while 54% of the K.
pneumoniae reads had further taxonomic assignment. The remaining 6% classified to a wide
range of K. pneumoniae strains and subspecies, including rhinoscleromatis SB3432 (subsp), K.
pneumoniae ozaenae (subsp), K. pneumoniae MGH 39 (str), and K. pneumoniae 500_1420 (str).

2.5. Antimicrobial Resistance Genes

In silico analysis detected 48 antimicrobial resistance (AMR) genes (>98% identity). K.
pneumoniae and P. mirabilis carried 16 common AMR genes that corresponded to almost half
of the total genes (Figure 1). OqxAB genes conferring resistance to fluoroquinolones were
detected in K. pneumoniae. M. morganii included 12 AMR genes. Among these, aac(6’)-Ib-cr,
blaNDM-1, blaOXA-10, qacE, and sul1 were shared among all isolates.
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2.6. Replicon Types of Plasmids

The replicon types of the detected plasmids, according to PlasmidFinder, are shown
in Table 3. The Inc plasmid family is very frequent in Enterobacterales. In this study,
Inc plasmids were detected in all isolates in a single or in multiple subtypes. lncC and
IncFIA(HI1) types were found in K. pneumoniae and P. mirabilis isolates. M. morganii
included an IncN plasmid subtype. blaNDM-1 was identified in IncFIA(HI1) replicons for
the K. pneumoniae and P. mirabilis isolates. The initial gene detection analysis of the IncN
replicon type in M. morganii did not verify the presence of blaNDM-1 in the assembled 6.5 kb
contig. Further analysis of the assembled M. morganii genome using MOB-suite revealed
the presence of blaNDM-1 in a plasmid sequence that is classified to the AA552 plasmid type
and that is identical to the closest cluster type of the IncN replicon. M. morganii includes a
relaxase of the MOBF type in a plasmid contig that is of the same AA552 cluster type. Both
K. pneumoniae and P. mirabilis carried a relaxase of the MOBH family on the IncC replicon.
Overall, relaxases are essential components for conjugative DNA transfer, and both MOBF
and MOBH types are prevalent in transmissible plasmids hosted in γ-Proteobacteria.

Table 3. List of plasmid types per isolate detected by PlasmidFinder. AMR gene: Genes conferring
resistance in the corresponding contig; Conf: Confidence level [range: 0–1] of being a true plasmid;
Cluster: Closest group of plasmids.

Species Plasmid Types Conf/Cluster AMR Genes

M. morganii lncN 0.555/AA552(I) -
Col3 M 0.745/AB434(C) qnrD1

lncC 1.000/AA860(C) -P. mirabilis
IncFIA(HI1) 1.000/AB187(I) blaNDM-1

K. pneumoniae

ColRNAI 1.000/AA941(I) -
lncC 1.000/AA860(C) -

IncFIA(HI1) 0.996/AA964(I) blaNDM-1
IncFIB(K) 0.045/AA275(I) -

2.7. Construction and Comparative Analysis of the Plasmids Harboring blaNDM-1

Plasmids that carry blaNDM-1 were further analyzed in order to build the topological
features of the plasmid constructs and to assess the level of gene co-localization. Overall,
the plasmid constructs of the respective incomplete contigs showed that blaNDM-1 and its
neighboring genes are found in all isolates. Table 4 lists relevant genomic features of the
plasmids harboring the blaNDM-1 gene, including the confidence level of being a plasmid
and respective cluster group, the putative origin of transfer (oriT) sequences, and distance
of the nearest neighbor. During the conjugation process, oriT sequences are recognized
by relaxases and initiate the transfer. oriT sequences of MOBF type (NZ_CP016035) were
found in both K. pneumoniae and P. mirabilis. In M. morganii no oriT sequences are identified;
however, a strong homology with the same MOBF type is detected, as shown in the
corresponding track in Figure 2. Notably, all isolates lacked any membrane-associated
mating pair formation (MPF) complex, implying the presence of mobilizable blaNDM-1-
containing plasmids for K. pneumoniae and P. mirabilis. Overall, all blaNDM-1 plasmids were
identified as incomplete.

Table 4. Genomic features of the blaNDM-1 plasmids; Conf: Confidence level [range: 0–1] of being a
plasmid; Cluster: Closest group of plasmids; OriT: MOB-group to oriT sequences; Type: Plasmid
type, Neighbor: Nearest species, MASH dist: Genome-based pairwise distance.

Isolate Conf Cluster OriT Type Neighbor MASH Dist

K. pneumoniae 0.996 AA964 MOBF IncFIA K. pneumoniae 0.036
P. mirabilis 1.000 AB187 MOBF IncFIA K. pneumoniae 0.016

M. morganii 0.304 AA552 - - K. pneumoniae 0.006
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K. pneumoniae (ST11) was the most abundant isolate in plasmids and AMR genes
(Figure 1, Table 3). The blaNDM-1 was found on a mobilizable 16,354 bp plasmid with a
MOBF oriT type closest to K. pneumoniae (Figure 3). blaNDM-1 colocalized with ble, and both
were enclosed by the trpF and dsbD genes on the 3′ end, and by the Tn3 family transposase
element on the 5′ end.

Antibiotics 2023, 11, x FOR PEER REVIEW 6 of 12 
 

 
Figure 2. Circular map of the blaNDM-1-containing plasmid of M. morganii. Features colored in red 
correspond to AMR genes identified by CARD. Grey colored tracks correspond to additional cod-
ing regions other than AMR genes, of the plasmid (CDS). The green track shows the homology 
level with the MOBF (NZ_CP016035) oriT type. The hypothetical protein on the left side of the 
plasmid belongs to an integration/excision mobile element. 

K. pneumoniae (ST11) was the most abundant isolate in plasmids and AMR genes 
(Figure 1, Table 3). The blaNDM-1 was found on a mobilizable 16,354 bp plasmid with a MOBF 

oriT type closest to K. pneumoniae (Figure 3). blaNDM-1 colocalized with ble, and both were 
enclosed by the trpF and dsbD genes on the 3′ end, and by the Tn3 family transposase 
element on the 5′ end. 

 
Figure 3. Circular map of the blaNDM-1-containing plasmid of K. pneumoniae. Features colored in red 
correspond to AMR genes identified by CARD. 

Figure 3. Circular map of the blaNDM-1-containing plasmid of K. pneumoniae. Features colored in red
correspond to AMR genes identified by CARD.

85



Antibiotics 2023, 12, 1206

Similar organizational features are present on the blaNDM-1-containing plasmid P.
mirabilis isolate. The genome of P. mirabilis includes a mobilizable plasmid of 35,703 bp
(57.54× depth of coverage) that contains blaNDM-1 and is identified as being closest to K.
pneumoniae (MOBF, MASH: 0.006). The plasmid was identified by both Deeplasmid and
plasmidSPAdes (Figure 4).
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Figure 4. Circular map of the blaNDM-1-containing plasmid of P. mirabilis. Features colored in red
correspond to AMR genes identified by CARD. The HGT region colored in green corresponds to a
horizontal gene transfer region.

In M. morganii, the blaNDM-1 was identified in a 6191 bp contig (162× depth) that
was characterized as a plasmid-deriving sequence by both PlasmidSPAdes and MOB-
suite. AA552 is the closest cluster type of the blaNDM-1-containing plasmid, which is also
the closest cluster type of the IncN replicon detected in the M. morganii isolate (Table 3).
Besides blaNDM-1, the plasmid contains three other AMR genes, blaOXA-10, ant(3′′)-IIa, and
ble (Figure 2). In addition, the plasmid includes a mobile genetic element that is involved in
integration/excision mechanisms (WP_000050481.1, mobileOG_000731050). Moreover, in
all three isolates, the best scoring matches (e-value = 0) of the blaNDM-1-containing plasmids
with the insertion sequences of the ISfinder database belong to the Tn3 family of replicative
transposons. The sequences producing high-confidence alignments are shared by at least
two isolates, and include IS3000 (K. pneumoniae, P. mirabilis), Tn5403 (K. pneumoniae, P.
mirabilis), and TnAS3 (M. morganii, P. mirabilis) insertion elements.

Overall, on the gene level (Figures 2–4), M. morganii, K. pneumoniae, and P. mirabilis
include the same region covering four genes: dsbD–trpF–ble–blaNDM-1. The relative po-
sition and orientation of these genes are aligned in the three isolates (same-stranded
trpF–ble–blaNDM-1, and dsbD on the opposite strand). blaNDM-1 and ble are systematically
found in adjacent loci and are co-expressed as they share a common promoter upstream:
the blaNDM-1 [6].

The genome similarity of the blaNDM-1-containing plasmids was further assessed on
the genomic level using the average nucleotide identity that was calculated by FastANI
1.3.3. Despite the highly variable lengths, blaNDM-1-containing plasmids shared common
genomic regions of significant identity. K. pneumoniae and P. mirabilis were less divergent
compared with M. morganii. The latter was closer to K. pneumoniae considering both the
overlapping genome length and the identity level. An important confounding factor for all
isolates was the incomplete plasmids constructs.
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3. Discussion

NDM-1 carbapenemase was first reported from Sweden in 2008 from a patient pre-
viously hospitalized in New Delhi, India [7]. The encoding gene, however, was already
widely disseminated in the Indian subcontinent, and to a lesser extent, in other parts of the
world. After its first identification, rapid worldwide spread occurred throughout all conti-
nents [8,9] thus placing NDM-1 and its variants among the most successful carbapenemases
in terms of epidemiology and dissemination. This is mostly due to the incorporation of
blaNDM-1 in transposable genetic elements and its horizontal transfer by plasmid replicons.
Indeed, blaNDM-1 is commonly detected in conjugative plasmids of various incompatibility
groups, through which rapid intra-species and even inter-species spread is possible. In
Greece, NDM-1 was first reported in late 2011 [10]. Since then, it has been well-established,
together with KPC, VIM, and OXA-48 carbapenemases, as also shown by recent data from
our hospital [11]. Unfortunately, during the COVID-19 pandemic there was an increase in
carbapenem resistance rates in our institution that was attributed to the increased number
of COVID-19 patient admissions, their prolonged time of hospitalization, and the extensive
antimicrobial treatment that these patients received. Even worse, the personnel dedicated
to infection control were constrained [12].

The bacterial isolates described in this study were recovered by a COVID-19 patient
hospitalized during the predominance of the Alpha SARS-CoV-2 variant of concern in
our region [13] that caused increased pressure in the national healthcare system. For this
reason, the case described here could be characterized as indicative of the outcomes of
the concomitant presence of the pandemic with an endemic situation regarding carbapen-
emases among Gram-negative nosocomial opportunistic pathogens. Before the patient
was admitted in the ICU, he was already colonized by a carbapenem-resistant K. pneumo-
niae, whereas, during his ICU stay, he was moreover colonized by a carbapenem-resistant
Acinetobacter baumannii strain. Among other co-infections for which he received a series of
last-line antibiotic treatment, the patient presented blood infection by an NDM-1-producing
K. pneumoniae. Even though initially discharged from the hospital, he was admitted again
after a few months. During this second hospitalization, he presented blood infection with
an NDM-1-producing P. mirabilis and an NDM-1-producing M. morganii resulting in his
death by septic shock. Since NDM-1-producing K. pneumoniae are common in our hospital
but this specific type of carbapenemase is not frequently encountered in P. mirabilis and
M. morganii in our institution, further laboratory investigation was needed to document
in vivo transfer.

Plasmids are important “vehicles” for gene transfer among bacteria. Conjugation
and mobilization of plasmids may confer clinically relevant traits to host cells, promoting
their rapid evolution and adaptation to challenging environments [14]. This is particularly
evident for plasmids carrying antimicrobial resistance genes in Enterobacterales like the
IncF group (or MOBF according to relaxase typing) [15]. These are the most frequently
described conjugative plasmids from human and animal sources and are commonly related
to antimicrobial resistance gene transfer and spread [15].

In this study, conjugative plasmids and numerous resistance genes were found in all
isolates; interestingly, bioinformatics analyses showed that the blaNDM-1 and its neighboring
genes built a cluster of ordered genes that was present in all three isolates. This cluster
was found in IncFIA plasmids of K. pneumoniae and P. mirabilis, indicating in vivo transfer.
The same cluster was found in a plasmid sequence of M. morganii, but unfortunately, this
specific plasmid could not be characterized regarding its incompatibility group. Thus, a
process of conjugation, mobilization of the cluster to another plasmid in M. morganii, and
then loss of the first plasmid due to fitness costs cannot be excluded. The preservation of the
blaNDM-1-containing cluster was probably favored by the presence of last-line antimicrobials
like ceftazidime/avibactam and the versatility of this carbapenemase-encoding gene to
incorporate with different types of conjugative plasmid backbones. Indeed, the spread of
blaNDM-1 through IncFIA plasmids is well documented in the literature [16–19].

87



Antibiotics 2023, 12, 1206

A case of in vivo transfer of the blaVIM among three different bacterial species in
Greece was published in 2012 [20]. To our knowledge, however, this is the first report of
three Enterobacterales isolated from the same patient in Greece harboring the blaNDM-1
with the same surrounding gene cluster located in transferable plasmids. In accordance
with our study, recent similar reports from other countries indicate the occurrence of
inter-species NDM-1 in vivo transfer. In Portugal, NDM-1-producing M. morganii and
P. mirabilis were isolated from a single patient [21], and the same was reported in Italy
for three Enterobacterales: K. pneumoniae, P. mirabilis and Enterobacter cloacae, suggesting
a possible transfer of the blaNDM-1 among clinical species [22]. This in vivo transfer of
blaNDM-1 in hospitalized patients is not limited to species frequently encountered in clinical
environments, since it has been reported also among rather less common microorgan-
isms. In the Republic of Korea, this transfer was documented from a Klebsiella oxytoca to
a Citrobacter freundii isolate [23]. In China, an NDM-1-producing Raoultella ornithinolyt-
ica and an NDM-1-producing E. cloacae were isolated from a single patient, indicating
in vivo conjugation [24].

This study has a certain limitation. The indications are drawn based on incomplete,
non-circular constructs of the plasmids that contain blaNDM-1. Since the complete recon-
struction was not possible, we may have missed even more robust evidence of in vivo
transfer or additional information about the structures of the three plasmids.

4. Materials and Methods
4.1. Hospital Setting and Patient Data

The study was conducted in AHEPA University Hospital, a 700-bed tertiary care
hospital in Thessaloniki, Greece that served as one of the reference hospitals for COVID-19
patients in Northern Greece during the pandemic. The isolates described in the present
study were collected as part of the standard of care protocol. Patient history data were
retrieved by the hospital’s electronic database.

4.2. Susceptibility Testing

Bacterial identification and antimicrobial susceptibility testing were performed using
the Vitek2 semi-automated system (bioMérieux, Marcy l’Étoile, France). Confirmatory
susceptibility testing using the gold standard broth microdilution method was performed
where applicable by the MICRONAUT-S MDR MRGN-Screening system (Bruker Daltonics
GmbH & Co. KG, Bremen, Germany). The interpretation of susceptibility testing results
was done according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) 2021 clinical breakpoints for bacteria (v 11.0) available at: https://www.eucast.
org/ast_of_bacteria/previous_versions_of_documents (accessed on: 30 July 2023).

4.3. Whole Genome Sequencing and Genomes Assembly

Libraries were prepared using Ion Torrent technology and Ion Chef workflows (Thermo
Scientific, Waltham, MA, USA). Sequencing was performed in the S5XLS system, and anal-
ysis of the raw sequencing data was conducted by Ion Torrent Suite v.5.10.0, according
to the manufacturer’s instructions. Sequencing of the D1644 isolate performed twice to
resolve ambiguities related to the presence of an IncN plasmid type harboring blaNDM-1.
The detection of the plasmid type and downstream analysis for D1644 performed on the
merged sequencing products. Raw sequencing data were quality-checked and trimmed
to keep only the reads that match the minimum length and quality criteria. Taxonomic
assignment was performed as a quality step to filter out samples that may have been
contaminated by foreign DNA during sample preparation and to verify the presence
of the isolated species. Kraken2 was used for the taxonomy classification built on the
standard database that includes NCBI taxonomic information, complete RefSeq microbe
genomes, human genomes, and a vector collection [25]. Genomes were de novo assembled
by AssemblerSPAdes and SPAdes using the default settings for the k-mers and the Ion
Torrent parameter [26].
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4.4. Functional Annotation of the Assembled Genomes

To identify and annotate genes on the assembled chromosomal and plasmid contigs,
we used Prokka v.1.14.6, based on the Enterococcus genomic features [27]. Open reading
frames (ORFs) were further annotated by manual comparative curation and determination
of sequence similarity using the BLASTn searches. The antimicrobial resistant determinants
and plasmid types were detected by Staramr version 0.9.1 [28] that integrates diverse molec-
ular profiling tools, including CGE’s Resfinder [29] and PlasmidFinder [30]. To classify
contigs either as plasmids or chromosomal, we applied a deep learning methodology called
Deeplasmid, that post-assembles plasmids using a combination of assembled sequences
and sequence features [31]. In addition, to further verify the synthesis of the plasmid
sequences, we used plasmidSPAdes [26] and MOB-Recon [32]. MOB-Recon applies an
alternative approach that relies on clustered plasmid reference databases to reconstruct
plasmids. MASH indices were calculated to assess the distance of the plasmids against
plasmid clusters [33]. ISfinder was used to identify insertion sequence segments in the
detected blaNDM-1-containing plasmids. Nucleotide similarities between genomes were
calculated by FastANI [34].

Proksee was used to build circular maps of the blaNDM-1-containing plasmids [35].
Plasmid sequences were further annotated based on the presence of AMR genes by CARD
Resistance Gene Identifier v.5.2.1 [36] and mobile genetic elements by mobileOG-db [37].
blaNDM-1 genes in the three isolates were examined for the presence of genomic alterations
and aligned to assess the evolutionary relationship among isolates. To detect horizontal
gene transfer events, we applied an interpolated variable order motifs algorithm [38].

5. Conclusions

Based on our molecular microbiology data and the patient’s history, it is probable that
in vivo transfer of a blaNDM-1-containing cluster among three different Enterobacterales
may have occurred in our patient in Greece during the COVID-19 pandemic. The treatment
options for infections due to carbapenemase-producing microorganisms are limited, and
often include formerly abandoned antibiotics or antibiotic combinations. Even these
choices, however, depend on the overall patient condition, the antimicrobial susceptibility
testing results, and the site of infection. Patients hospitalized for long periods of time
can serve as reservoirs of emergence and dissemination of resistance genes. Therefore,
this finding highlights the need for close monitoring, patient isolation, implementation of
infection control measures, and antimicrobial stewardship, even during difficult times for
the national healthcare systems.
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Abstract: The emergence of multidrug-resistance (MDR)—New Delhi metallo-beta-lactamase (NDM)-
producing microorganisms—has become a serious concern for treating such infections. Therefore,
we investigated the effective antimicrobial combinations against multidrug-resistant New Delhi
metallo-beta-lactamase-producing strains of Enterobacterales. The tests were carried out using the
2D(two-dimensional) checkerboard method. Of 7 antimicrobials, i.e., doripenem (DRP), streptomycin
(STR), cefoxitin (FOX), imipenem (IPM), cefotaxime (CTX), meropenem (MER), and gentamicin (GEN),
19 different combinations were used, and out of them, three combinations showed synergistic effects
against 31 highly drug-resistant strains carrying blaNDM and other associated resistance markers.
Changes in the minimum inhibitory concentration (MIC) values were interpreted using the test
fractional inhibitory concentration index (FIC Index). The FIC Index values of these combinations
were found in the range of 0.1562 to 0.5, which shows synergy, whereas no synergism was observed
in the remaining antimicrobial combinations. We conclude that these antibiotic combinations can be
analyzed in in vivo and pharmacological studies to establish an effective therapeutic approach.

Keywords: antimicrobial resistance; antibiotics synergy; carbapenemase; NDM-beta-lactamase

1. Introduction

The emergence of multidrug-resistant (MDR) bacterial infections is one of the major
worldwide problems having difficulty being treated. Metallo-β-lactamases (MBLs) and ex-
tended β- lactamases (ESBLs) are the major causes of resistance in bacteria against available
antibiotics [1]. Antibiotic efficacy against many Gram-negative pathogens is increasingly
compromised by the spread and emergence of MDR strains that produce β-lactamases.
These pathogens can confer resistance to one or more carbapenems, cephalosporins,
monobactam penicillin, or drugs that are routinely used in clinical practice [2]. Car-
bapenems are considered the last resort of antibiotics against infections caused by MDR
gram-negative microorganisms that show stability and high resistance values through
bacterial outer membranes [1]. The common mechanisms for the members of the Enterobac-
teriaceae family include the production of β- lactamases, efflux pumps, and modification
of penicillin-binding proteins (PBPs). In some bacterial species, the combination of these
pathways can result in significant resistance to carbapenems [3]. In contrast to monobac-
tam, New Delhi Metallo- β-lactamases (NDM) are a form of MBL that can hydrolyze most
β-lactams, including carbapenems. The primary antimicrobial medicines of choice for
treating severe infections caused by Gram-negative bacteria are carbapenems. Clinically
used β-lactamase inhibitors, such as avibactam, clavulanate, sulbactam, and tazobactam,
cannot stop the hydrolysis of β-lactams by NDM enzymes. In 2008, a Swedish patient
who had been hospitalized in New Delhi, India, was infected with a strain of Klebsiella

92



Antibiotics 2023, 12, 1134

pneumoniae that included NDM-1 for the first time [4]. Since then, NDM-1 has been detected
in numerous Enterobacteriaceae, Acinetobacter, and Pseudomonas species. These infections
are the major challenge for clinicians in treating critically ill patients. The risk factors
for NDM-1 strains include the lack of effective antibiotics, the failure to recognize highly
prevalent asymptomatic carriers, the absence of a routine phenotypic test for the detection
of Metallo-beta lactamases, and the presence of MBL on plasmids with the potential to
rearrange and spread through horizontal gene transfer [3]. Therefore, to overcome the
resistance problem, several studies for the treatment of MDR bacterial infections can be
observed with the combination of ≥2 antimicrobial agents [5,6]. In the current scenario of
the emergence of antibiotic resistance, where all classes of antibiotics fail to treat infections,
a combination of these available antibiotics may be one of the most intelligent ideas to
subside infections. Antimicrobial combination therapies can increase their efficacy over
monotherapy and decrease MDR-based infections in clinical settings. Hence, we proposed
to screen a large number of combinations of these available antibiotics against a set of MDR
strains of clinical origin that have already been characterized in our previous studies.

2. Results and Discussion
2.1. Minimum Inhibitory Concentration

The MICs of cefoxitin, doripenem, imipenem, and streptomycin against MDR strains
carrying blaNDM and other associated resistance markers on a plasmid, were reported
in the range between 4096 µg/mL and 128 µg/mL (Table 1). All these MDR strains have
already been characterized for the presence of resistance markers in our laboratory, and
these isolates were collected from the neonatal intensive care unit (NICU) of an Indian
hospital [7–13].

Table 1. Minimum Inhibitory concentrations and synergistic effects of doripenem, cefoxitin,
imipenem, and streptomycin antibiotics against 31 MDR-NDM-producing clinical strains.

Strains Resistance
Markers

MIC µg/mL MIC µg/mL
FIC Index 5

Ref.
DRP 1 FOX 2 IMP 3 STP 4 DRP + FOX DRP + STP IMP + FOX

AK-33
Escherichia coli

NDM-4, OXA-1,
CTX-M, Amp C 512 2048 1024 2048 128 + 512

0.5
128 + 256

0.375
128 + 256

0.25 [13]

AK-35
Escherichia coli NDM-7, OXA-1 1024 2048 1024 2048 128 + 256

0.25
128 + 128

0.1875
256 + 512

0.5 [13]

AK-37
Escherichia coli

NDM-1, CMY-139,
OXA-1, CTX-M 1024 1024 512 512 128 + 128

0.375
256 + 128

0.5
256 + 128

0.5 [13]

AK-83
Escherichia coli

NDM-7, OXA-1,
SHV-1 512 4096 1024 2048 64 + 512

0.25
128 + 512

0.5
128 + 512

0.25 [8]

AK-66
Klebsiella

pneumoniae

NDM-1, OXA-1,
OXA-9, CMY-1 256 1024 1024 2048 128 + 256

0.375
256 + 256

0.25
128 + 512

0.1875 [8]

AK-102
Klebsiella

pneumoniae

NDM-5, OXA-1,
OXA-9, CMY-4 1024 2048 1024 2048 128 + 512

0.375
64 + 512
0.3125

64 + 256
0.1875 [8]

AK-121
Klebsiella

pneumoniae
NDM-1 512 1024 512 1024 128 + 256

0.5
64 + 256

0.375
128 + 256

0.5 [10]

AK-125
Klebsiella

pneumoniae
NDM-1 512 1024 1024 2048 128 + 256

0.5
64 + 256

0.25
128 + 256

0.375 [10]

AK-130
Klebsiella

pneumoniae
NDM-1 512 256 512 1024 64 + 64

0.375
128 + 128

0.375
128 + 64

0.5 [10]

AK-140
Klebsiella

pneumoniae
NDM-1, OXA-48 1024 1024 2048 2048 128 + 256

0.375
256 + 512

0.5
512 + 128

0.375 [10]
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Table 1. Cont.

Strains Resistance
Markers

MIC µg/mL MIC µg/mL
FIC Index 5

Ref.
DRP 1 FOX 2 IMP 3 STP 4 DRP + FOX DRP + STP IMP + FOX

AK-142
Klebsiella

pneumoniae
NDM-1 512 1024 512 2048 128 + 526

0.5
64 + 512

0.375
128 + 128

0.25 [10]

AK-144
Klebsiella

pneumoniae
NDM-1 512 2048 1024 1024 128 + 512

0.25
64 + 128

0.25
512 + 512

0.25 [10]

AK-147
Klebsiella

pneumoniae
NDM-1, OXA-48 1024 2048 2048 1024 128 + 512

0.375
64 + 128
0.1875

512 + 512
0.5 [10]

AK-149
Klebsiella

pneumoniae
NDM-1, OXA-48 1024 2048 2048 2048 128 + 512

0.375
512 + 128

0.375
256 + 512

0.375 [10]

AK-158
Klebsiella

pneumoniae
NDM-5 1024 2048 2048 2048 128 + 256

0.25
64 + 512
0.3125

512 + 512
0.5 [10]

AK-100
Klebsiella
oxytoca

NDM-4, OXA-1,
OXA-9 1024 4096 1024 2048 256 + 256

0.3125
256 + 512

0.5
128 + 512

0.25 [8]

AK-67
Enterobacter

aerogenes

NDM-1, OXA-1,
SHV-2 1024 2048 1024 2048 64 + 128

0.1875
128 + 64
0.1562

32 + 64
0.3125 [8]

AK-93
Enterobacter

aerogenes

NDM-4, OXA-1,
OXA-9, SHV-1 512 1024 256 1024 64 + 64

0.185
128 + 128

0.375
32 + 64

0.25 [11]

AK-95
Enterobacter

aerogenes

NDM-5, OXA-1,
OXA-9, CMY-149 256 1024 256 1024 64 + 128

0.375
64 + 256

0.5
32 + 256

0.375 [11]

AK-96
Enterobacter

aerogenes

NDM-7, OXA-1,
OXA-9, CMY-145 256 1024 256 2048 64 + 128

0.375
32 + 256

0.375
64 + 256

0.5 [11]

AK-108
Enterobacter

cloacae

NDM-4, OXA-1,
OXA-9, CMY-149 512 2048 512 1024 128 + 256

0.375
128 + 256

0.5
64 + 256

0.25 [8]

AK-154
Acinetobacter

baumannii
NDM-5 1024 2048 1024 2048 128 + 256

0.25
128 + 256

0.25
64 + 256
0.1875 [9]

AK-42
Citrobacter

freundii

NDM-1, CMY-42,
OXA-1, CTX-M,

AmpC
1024 4096 1024 4096 256 + 1024

0.5
256 + 512

0.375
128 + 1024

0.375 [13]

AK-58
Citrobacter

freudii

NDM-7, CMY-2,
OXA-1, CTX-M 256 1024 128 2048 32 + 256

0.375
64 + 512

0.5
32 + 128

0.375 [13]

AK-82
Citrobacter

freundii

NDM-4, OXA-9,
SHV-1, CMY-149 512 4096 2048 2048 128 + 1024

0.5
64 + 256

0.25
128 + 512

0.1875 [8]

AK-48
Citrobacter

braakii

NDM-4, CMY-4,
OXA-48 512 1024 1024 4096 128 + 256

0.5
128 + 512

0.375
128 + 128

0.25 [13]

AK-49
Citrobacter

farmer

NDM-4, CMY-4,
OXA-48 256 1024 1024 2048 64 + 256

0.5
128 + 1024

0.5
128 + 128

0.25 [13]

AK-68
Cedecea lapagei

NDM-1, CTX-M,
SHV, TEM 512 1024 512 1024 128 + 256

0.5
128 + 256

0.5
128 + 128

0.375 [12]

94



Antibiotics 2023, 12, 1134

Table 1. Cont.

Strains Resistance
Markers

MIC µg/mL MIC µg/mL
FIC Index 5

Ref.
DRP 1 FOX 2 IMP 3 STP 4 DRP + FOX DRP + STP IMP + FOX

AK-152
Cedecea davisae NDM-1 1024 2048 1024 1024 128 + 256

0.25
128 + 256

0.375
64 + 256
0.1875 [9]

AK-65
Shigella boydii

NDM-5, CMY-42,
OXA-1, CTX-M 1024 2048 128 2048 64 + 64

0.125
128 + 128

0.1875
32 + 128
0.3125 [13]

AK-92
Moellerella

wisconsensis
NDM-1 512 1024 256 2048 128 + 256

0.5
64 + 256

0.25
64 + 128

0.375 [7]

1 DRP—doripenem; 2 FOX—cefoxitin; 3 STP—streptomycin; 4 I MP—imipenem; 5 FIC Index—Fractional Inhibitory
Concentration Index.

2.2. Synergistic Effect of Antibiotic Combinations

MDR clinical strains harboring blaNDM and other associated resistance markers
like blaOXA-1, blaCTX-M, blaAmpC, blaCMY-1, and blaSHV showed resistance toward
doripenem (MIC ranges 256 µg/mL to 1024 µg/mL), imipenem (MIC ranges 128 µg/mL
to 2048 µg/mL), cefoxitin (MIC ranges 256 µg/mL to 4096 µg/mL) and streptomycin
(MIC ranges 512 µg/mL to 4096 µg/mL) which were previously well characterized in
our laboratory (Table 1). To check the effect of these antibiotics in combination, a total
of 19 combinations of different classes of antibiotics were tested by a 2D checkerboard
microdilution assay. Of them, only three combinations were found to be most effective
against the set of clinical strains (Table 1). These combinations belong to the classes of
carbapenems, cephamycin, and aminoglycosides (doripenem with cefoxitin, doripenem
with streptomycin, and imipenem with cefoxitin), showing synergy. It was observed that
the MICs of doripenem decreased from 1024 µg/mL to 64 µg/mL, cefoxitin 4096 µg/mL
to 64 µg/mL, and streptomycin 4096 µg/mL to 32 µg/mL (Table 1) in combination, and
their FICI values were in the range of 0.156 to 0.5 (Table 1) for all highly resistant strains
tested, which were found in synergistic range. Previously, a synergistic effect of doripenem
in combination with cefoxitin and tetracycline in inhibiting blaNDM-1-producing bacterial
strains was reported by our research group [14]. The synergistic interaction of antimicro-
bials allows the use of lower doses. Another combination of imipenem and cefoxitin was
showing a synergistic effect, with FICI values in the range of 0.187 to 0.5 (Table 1). It has
been previously reported that synergy is observed when the FICI value is ≤0.5 [14]. In this
study, three combinations showed synergy. The FICI values of combinations were found
to be 0.5 to 0.1562 (Table 1). Although several mechanism-based studies were performed
earlier on the interaction of antibiotics with specific markers using biophysical and bio-
chemical approaches [14–16]. Antibiotic combination therapy with ceftazidime/avibactam
(CAZ/AVI) and aztreonam (ATM) was previously investigated for the treatment of infec-
tion with NDM producer Enterobacterales. The majority of Enterobacterales that are ATM
resistant and NDM positive shows significant efficacies of the CAZ/AVI+ATM combination
against them [17]. Another study demonstrated the effectiveness of the double carbapenem
combination against Gram-negative bacteria through the in vitro synergistic activity of
ertapenem and meropenem [18].

Although β-lactamase inhibitors have been crucial to fighting against β-lactam re-
sistance in Gram-negative bacteria, their potency has been dwindling as a result of the
development of numerous severe β-lactamases. Though it has a unique synergistic mecha-
nism of action, a triple combination of β- lactam antibiotics meropenem, piperacillin, and
tazobactam has been demonstrated to be an effective method for killing Methicillin-resistant
Staphylococcus aureus (MRSA) in vitro and in a mouse model [19].

The susceptibility pattern of blaNDM-producing bacteria may vary geographically
depending on specific strains over time. In this study, all microorganisms present were
NDM producers and showed high resistance values due to which synergy of antibiotics
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was not able to restore susceptibilities, but the combination values were in synergistic range,
showing this combination can be used for the therapeutic approach.

3. Materials and Methods
3.1. Strain, Antibiotics and Chemicals

This study included 31 MDR clinical strains carrying blaNDM and other associated
resistance markers to determine the minimum inhibitory concentration (MIC) and fractional
inhibitory concentration index (FICI). These strains were obtained from NICU of a North
Indian Hospital. These are ESBL- and MBL-producing strains with different resistant
markers, as reported previously by our group [7–13]. The antibiotic resistance markers
and MIC of these strains are presented in Table 1. Doripenem, cefoxitin, and imipenem
were purchased from Sigma-Aldrich (Sigma, Milan, Italy). Streptomycin was purchased
from Himedia (Mumbai, India). Mueller–Hinton broth was purchased from Himedia
(Mumbai, India).

3.2. Combination of Antibiotics and MIC

The antibiotics used in this study were doripenem (DRP), streptomycin (STR), ce-
foxitin (FOX), imipenem (IPM), cefotaxime (CTX), meropenem (MER), and gentamicin
(GEN). These antibiotics were used to prepare all possible combinations against highly
resistant clinical strains. To examine the MIC of antibiotics for a set of clinical strains, the
overnight-grown colonies were collected using a sterile loop and transferred into a tube
containing 5 mL of Mueller–Hinton broth. This broth was incubated at 37 ◦C to obtain a
final turbidity equivalent to that of 0.5 McFarland standards (108 CFU/mL) and diluted to
1:100 for the broth microdilution procedure. The strains were treated with decreasing drug
concentrations from 4096 µg/mL to 0.5 µg/mL according to Clinical Laboratory Standards
Institute (CLSI) guidelines [20].

3.3. D-Checkerboard Microdilution Assay to Determine FICI

A total of 19 different combinations of antibiotics were taken against 31 MDR clinical
strains. A 2D checkerboard microdilution assay was performed using a 96-well microtiter
plate. Serially diluted antibiotics were taken in concentrations less than, equal to, or greater
than their MICs. To check their effect against MDR clinical stains, fractional inhibitory
concentration indexes (FICI) were calculated. The FICI value ≤0.5 was defined as synergy,
<4, indifference, and >4, antagonism [21].

4. Conclusions

The study revealed three combinations: doripenem with cefoxitin, doripenem with
streptomycin, and imipenem with cefoxitin, which are effective against highly drug-
resistant clinical strains carrying blaNDM and other associated resistance markers. Hence,
we propose these novel combinations against highly drug resistant clinical strains of bacte-
ria for further in vivo and pharmacological studies in order to establish effective infection
control therapy.
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Abstract: Background: Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a serious public health
issue. The study aimed to identify the antimicrobial resistance and accessory genes, the clonal relat-
edness, and the evolutionary dynamics of selected CRKP isolates recovered in an adult and pediatric
intensive care unit of a tertiary hospital in Greece. Methods: Twenty-four CRKP isolates recovered
during 2018–2022 were included in the study. Next-generation sequencing was performed using
the Ion Torrent PGM Platform. The identification of the plasmid content, MLST, and antimicrobial
resistance genes, as well as the comparison of multiple genome alignments and the identification of
core genome single-nucleotide polymorphism sites, were performed using various bioinformatics
software. Results: The isolates belonged to eight sequence types: 11, 15, 30, 35, 39, 307, 323, and 512.
A variety of carbapenemases (KPC, VIM, NDM, and OXA-48) and resistance genes were detected.
CRKP strains shared visually common genomic regions with the reference strain (NTUH-K2044).
ST15, ST323, ST39, and ST11 CRKP isolates presented on average 17, 6, 16, and 866 recombined
SNPs, respectively. All isolates belonging to ST15, ST323, and ST39 were classified into distinct
phylogenetic branches, while ST11 isolates were assigned to a two-subclade branch. For large CRKP
sets, the phylogeny seems to change approximately every seven SNPs. Conclusions: The current
study provides insight into the genetic characterization of CRKP isolates in the ICUs of a tertiary
hospital. Our results indicate clonal dispersion of ST15, ST323, and ST39 and highly diverged
ST11 isolates.

Keywords: carbapenem-resistant Klebsiella pneumoniae; whole genome sequencing; core genome
single-nucleotide polymorphism analysis; molecular epidemiology

1. Introduction

Klebsiella pneumoniae is recognized as an important Gram-negative opportunistic
pathogen that causes community- and hospital-acquired infections globally [1]. It can cause
ventilator-associated pneumonia among patients in intensive care units (ICUs), bloodstream
infections, and urinary tract infections [2–4]. The emergence of multidrug-resistant (MDR)
K. pneumoniae has become a major public health problem, causing a significant increase in
morbidity and mortality worldwide [5]. The spread of carbapenem-resistant K. pneumoniae
(CRKP) has generally been considered an increasingly serious issue for clinical practice due
to the limitation of therapeutic options [6–8]. Greece is endemic for CRKP [9–13]; data from
the European Antimicrobial Resistance Surveillance Network committee for the year 2020
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indicate that the prevalence of CRKP in Greece was 66.3%, the highest among the European
countries [14].

The rapid dissemination of CRKP is closely related to the antimicrobial resistance
genes carried by plasmids and transferable genetic elements [15–18]. CRKP strains ac-
cumulate antimicrobial resistance genes due to inadequate implementation of infection
control measures in healthcare settings and the irrational use of antimicrobials, resulting in
the emergence of MDR, extremely drug-resistant, and pan-drug-resistant phenotypes [19].
The main mechanism of resistance to carbapenems is through the production of enzymes
called carbapenemases, with K. pneumoniae carbapenemase (KPC) being the most prevalent,
followed by Verona integron-encoded metallo-β-lactamase (VIM), New Delhi metallo-
β-lactamase (NDM), and OXA-48 carbapenemases [20–22]. The contribution of outer
membrane protein (Omp) deficiencies, such as OmpK35, OmpK36, and OmpK37, is consid-
ered a secondary mechanism in the emergence of CRKP [23–25]. The pathogenic potential
of these strains is determined by virulence factors such as capsular polysaccharide synthesis,
fimbriae, pili, outer membrane proteins, and iron acquisition systems [26].

The application of next-generation sequencing (NGS) has become a powerful tool
for obtaining whole genome sequences (WGS), resulting in genetic characterization of
the strains and a better understanding of the genomic diversity, providing fast and in-
depth information about bacterial pathogenicity [27]. WGS analysis is recommended for
genotyping and determining relatedness between clinical K. pneumoniae strains, as well as
for the surveillance of virulence genes [28]. The aim of the present study was to identify
the antimicrobial resistance and accessory genes of selected CRKP isolates recovered in an
adult intensive care unit (ICU) and a pediatric ICU (PICU) of a tertiary hospital in Greece,
to evaluate their clonal relatedness through core genome single-nucleotide polymorphism
(cgSNP) analysis, and to calculate the evolutionary dynamics of this bacterial population.

2. Results
2.1. Antimicrobial Susceptibility Testing

All CRKP isolates were resistant to β-lactam antibiotics (including penicillins,
cephalosporins, monobactams, and carbapenems). Nineteen isolates (79.2%) were re-
sistant to at least one aminoglycoside, 23 isolates (95.8%) showed resistance to quinolones,
eight isolates (33.3%) were resistant to fosfomycin and tigecycline, and 21 (87.5%) to cot-
rimoxazole. Four out of five isolates that carried the class A β-lactamase blaKPC showed
susceptibility to ceftazidime-avibactam (CAZ-AVI). The phenotypic resistance rates to
antimicrobials of CRKP isolates are shown in the heatmap in Figure 1.
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2.2. MLST, Antimicrobial Resistance Genes, Plasmids

The CRKP isolates belonged to eight different STs: ST11 (7, 29.1%), ST39 (7, 29.1%),
ST323 (3, 12.5%), ST15 (7, 29.1%), ST307 (1, 4.2%), ST30 (1, 4.2%), ST512 (1, 4.2%), and
ST35 (1, 4.2%).

The resistance genes and the plasmid content per isolate are detailed in Table 1. The
prevalence of genes conferring resistance to beta-lactams was 100%, to aminoglycosides
79.2%, to quinolones 95.8%, to fosfomycin and tigecycline 33.3%, and to cotrimoxazole
87.5%. The most prevalent plasmid was IncF, which is associated with the spread of several
extended-spectrum β-lactamase (ESBL) genes or carbapenemases and was detected in all
CRKP strains; additional plasmids were found in fifteen strains, such as Col and IncC.

Table 1. Genetic characteristics of the 24 carbapenem-resistant K. pneumoniae isolates of the study.

Isolates ST Plasmids Antibiotic Resistance Genes Affecting Virulence Efflux/Regulator Capsule

Other
Beta-

Lactams

Carba-
Penems

Amino-
Glycosides Quinolones Other

C2482/18 39

ColRNAI
IncA/C2

IncFIB
IncFIB(pQil)

Col
(pHAD28)

blaSHV-79
blaTEM-1B

blaKPC-2
blaVIM-1

aac(3)-Iid
aac(6′)-Ib
aac(6′)-Im
aant(2′′)-

Ia
aph(2′′)-Ib
aph(3′)-Ia

oqxA,
oqxB

fosA, sul1,
Sul3,
dfrA1

fyuA,
mrkABCDFHIJ

ybtASTX

acrB, marAR,
soxSR, ramA,
rob sdiA, fis,
envR, oqxBR,

rarA

wzc,

C4112/18 11

ColRNAI
IncFIA(HI1)
IncFIB(K)
IncFII(K)

blaCTX-M-15
blaSHV-11

blaNDM-1

aac(3)-Iia,
aac(6′)-Ib
aph(3′)-Ia

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2
dfrA14,
catB3,
tet(D)

iutA,
mrkABCDFHIJ

acrABR
marAR soxSR

ramAR rob
sdiA, fis, envR,

oqxR, rarA

wzc, wzi

B11395/18 39

IncFIB
(AP001918)
IncFIB(pQil)
IncFII(K)

blaSHV-79
blaTEM-1B

blaKPC-2

aac(3)-Iid,
aadA1,
aadA2,

aph(3′)-Ia

oqxA,
oqxB

fosA, sul2,
sul3,

dfrA12,
cmlA1

fyuA, mrk-
ABCDFHIJ,
ybtEQSTU

acrABR
marAR soxSR,
ramA, sdiA, fis,

envR, oqxA,
rarA

wzc, wzi

D6184/18 39

ColRNAI
IncFIB

(AP001918)
IncFIB(pQil)

blaSHV-11
blaSHV-40
blaTEM-1B

blaKPC-2

aac(3)-Iid,
aac(6′)-Ib,
aph(3′)-Ia,

aadA1,
aadA2

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2,
sul3,

tet(M),
dfrA12,
catA1,
atB3,

fyuA, irp1,
irp2, mrk-

ABCDFHIJ,
ybtAEPQS-

TUX

acrABR
marAR

oxSR, ramA,
rob, sdiA, fis,
envR, qxABR,

rarA

wzc, wzi

C251/19 30

ColRNAI
IncA/C2
IncFIB(K)
IncFII(K)

IncX3

blaSHV-12,
blaTEM-1A
blaOXA-9

blaKPC-2
blaVIM-1

aac(6′)-Ib
aph(3′)-Ia

aadA2
aadA15

qnrS1,
aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul1,
dfrA1,
dfrA12,
catA,
tet(D)

fyuA, irp1,
iutA

mrkBCDFIJ,
ybtAEPQSTU

acrABR,
marAR, soxSR,

ramAR, rob,
sdiA, envR,

oqxABR, rarA

wzc, wzi

Z557/19 323

IncFIB(K)
IncFIB(pQil)
IncFII(K)

IncFIB(Mar)
IncFIB

(pKPHS1)
IncHI1B

blaSHV-1
blaSHV-99

blaKPC-2
blaVIM-1

ant(2′′)-Ia,
aac(6′)-Il,

aadA1

qnrA1
oqxA,
oqxB

fosA,
fosA7,
sul1,

dfrA1

mrkABCDFIJ

acrAR, marA,
soxSR, ramA,
rob, sdiA, fis,
envR, oqxA,

rarA

wzc, wzi

C746/19 11

ColRNAI
IncFIB(K)
IncFIB(pQil)
IncFII(K),

IncR

blaSHV-1
blaOXA-1

blaKPC-2

aac(6′)-lb-
cr

aph(3′)-Ia
aadA2

aac(6′)-lb-
cr,

oqxA
oqxB

fosA, sul1

fyuA, irp1, irp2
iutA,

mrkABCDFIJ,
ybtAEUX

acrAB, marAR,
soxSR, ramAR,
rob, sdiA, fis,

envR, oqxABR,

wzi

B2562/19 15
IncFIB(K)
IncFII(K)

IncFIA(HI1)

blaCTX-M-15
blaTEM-1B
blaOXA-1

blaNDM-1

aac(3)-Iia
aac(6′)-Ib3
aph(3′′)-Ib
aph(6)-Id

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2,
dfrA14,
catB3

fyuA, irp1,
kfuABC,

mrkABCDFIJ,
ybtAPQSTUX

acrABR,
marAR, soxSR,

ramA, rob,
sdiA, fis, envR,

rarA

wzi
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Table 1. Cont.

Isolates ST Plasmids Antibiotic Resistance Genes Affecting Virulence Efflux/Regulator Capsule

Other
Beta-

Lactams

Carba-
Penems

Amino-
Glycosides Quinolones Other

Z508/19 39

ColRNAI
IncA/C2

IncFIB
IncFIB(pQil)

blaSHV-11
blaSHV-40
blaTEM-1B
blaOXA-116
blaOXA-366

blaKPC-2
blaVIM-1

aac(3)-Iid
aac(6′)-Ib3
aac(6′)-Im
aph(2′′)-Ib
aph(3′)-Ia
aph(3′)-

Via
aadA24,
armA,

aac(6’)-Il

qnrS1
aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul1,
sul3, frA1,

tet(M)

fyuA, irp1,
irp2, mrk-

ABCDFHIJ,
ybtAEPQS-

TUX

acrBR, marAR,
soxSR, ramA,
rob, sdiA, fis,

envR, oqxABR,
rarA

wzc, wzi

D1463/19 323

IncFIB(K)
IncFIB(Mar)

IncFIB
(pKPHS1)
IncFIB(pQil)
IncFII(K)
IncHI1B

blaSHV-99
blaKPC-2
blaVIM-1

ant(2′′)-Ia
aac(6′)-Il

oqxA
oqxB

fosA,
fosA7,
dfrA1

mrkABCDFHJ,

acrAR, marA,
soxSR, ramA,
rob, sdiA, fis,
envR, oqxA,

rarA

wzc, wzi

D1598/19 39

ColRNAI
IncA/C2

IncFIB
IncFIB(pQil)

blaSHV-40
blaTEM-1B

blaKPC-2
blaVIM-1

aac(3)-Iid
aac(6′)-Il

aac(6′)-Im
ant(3)-Ia

aph(2′′)-Ib
aph(3′)-Ia

qnrS1,
aac(6′)-lb-
cr, oqxA

oqxB

fosA, sul1,
sul3,

dfrA1
ND ND wzi

Z852/19 307 IncA/C2
IncFIB(pQil) blaSHV-28

blaKPC-2
blaVIM-1

aac(6′)-Il
aadA24

oqxA
oqxB

fosA, sul1,
dfrA1,
frA14

fyuA, irp1, irp2
iutA, mrk-

ABCDFHIJ,
ybtAEPQSTX

acrABR,
marAR, soxSR,

ramAR, rob,
sdiA, fis, envR,
oqxABR, rarA

wzc,
wzi

Z866/19 323

IncFIB(K)
IncFIB(Mar)

IncFIB
(pKPHS1)
IncFIB(pQil)
IncFII(K)
IncHI1B

blaSHV-99
blaKPC-2
blaVIM-1

aadA1 oqxA
oqxB

fosA,
fosA7,
Sul1

mrkABCDFHIJ

acrAR, marA,
soxSR, ramA,
rob, sdiA, fis,
envR, oqxAR,

rarA

wzc,
wzi

D2452/19 39
ColRNAI
IncA/C2

IncFIB(pQil)

blaSHV-79
blaTEM-1B

blaKPC-2
blaVIM-1

aac(3)-Iid
aac(6′)-Il

aac(6′)-Im
ant(3)-Ia

aph(2′′)-Ib
aph(3′)-Ia

qnrS1,
aac(6′)-lb-

cr,
oqxA
oqxB

fosA, sul1,
Sul4,
dfrA1

fyuA, irp1, irp2
mrk-

ABCDFHIJ,
ybtAEPQSTX

acrBR, marAR,
soxSR, ramA,
rob, sdiA, fis,

envR, oqxABR,
rarA

wzc,
wzi

C833/21 11

Col(pHAD2)
IncFIA(HI1)
IncFIB(K)
IncFII(K)

blaSHV-182
blaOXA-48
blaNDM-1

aph(3′)-Ia
aac(6′)-lb-

cr

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2,
dfrA14,
catB3 mrkABCDFHIJ

acrABR, marA,
soxSR, ramAR,
rob, sdiA, fis,
envR, rarA

wzc,
wzi

A5051/21 15
IncFIA(HI1)
IncFIB(K)
IncFII(K)

blaSHV-28
blaSHV-106

blaNDM-1
aac(6′)-lb-

cr

aac(6′)-lb-
cr

oqxA

fosA
catB3

fyuA, kfuC,
mrk-

ABCDFHIJ
ybtQU

acrABR, marA,
soxSR, ramAR,
rob, sdiA, fis,
envR, rarA

wzcwzi

D2856/21 11

Col440II
IncFIA(HI1)
IncFIB(K)
IncFII(K)

IncR

blaSHV-182
blaOXA-48
blaNDM-1

aph(3′)-Ia
aac(6′)-lb-

cr
oqxA

fosA, sul2,
dfrA14,
catB3,
tet(A)

mrkABCDJ,
ybtAPQS

acrABR,
marAR, soxSR,

ramAR, rob,
sdiA, fis, envR,
oqxAR, rarA

wzcwzi

C1909/21 39 ColRNAI
IncFII(K)

blaSHV-40, -79,

-85, -89
blaKPC-33

aac(6′)-Ib
aac(6′)-lb-

cr

aac(6′)-lb-
cr,

oqxA,
oqxB

fosA,
dfrA12
tet(A)

mrkABCDFHIJ
ybtEPQSTU

acrA, marAR,
soxSR, ramAR,
rob, sdiA, fis,
envR, oqxAR,

rarA

wzcwzi

A18940/21 512

IncFIB(K)
IncFII(K)

IncN
IncX3

blaSHV-182
blaOXA-10

blaKPC-2,
blaNDM-1

aac(6′)-Ib-
cr,

aac(6′)-Ib,
aph(3′)-Ia,

aadA2,
aadA16

qnrS1,
aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul1,
dfrA12,
dfrA27
catA1

iutA,
mrkABCHI

acrR, marAR
soxRS, ramA,
rob, sdiA, fis,
envR, oqxR,

rarA

wzi
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Table 1. Cont.

Isolates ST Plasmids Antibiotic Resistance Genes Affecting Virulence Efflux/Regulator Capsule

Other
Beta-

Lactams

Carba-
Penems

Amino-
Glycosides Quinolones Other

A1746/22 35

IncC,
IncR, Inc-
FIA(HI1)
IncFIB(K)

IncFIB
(pKPHS1)

Inc-
FIB(pQil)
IncFII(K)

blaSHV-33
blaOXA-10
blaTEM-1B
blaVEB-25
blaDHA-1

blaKPC-2

ant(2′′)-Ia,
aph(3′′)-Ib
aph(6)-Id,

rmtB,aadA1

qnrB4
oqxA,
oqxB

fosA, sul1
sul2,

catA1,
cmlA1,
tet(A),
tet(G)

kfuA,
mrkAFHI,
ybtEQTX

acrR, marAR,
soxRS, ramA
rob, sdiA, fis,
envR, oqxR

rarA

wzc, wzi

A7213/22 11

ColRNAI
IncC

IncFIA(HI1)
IncFIB(K)

blaOXA-1
blaOXA-10

blaCTX-M -15
blaTEM-1B
blaVEB-1

blaNDM-1

aac(6′)-Ib,
aac(3)-IIa,
aac(6′)-Ib-

cr,
ant(2′′)-Ia,
aph(3′)-Ia,

rmtB

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2,
dfrA14,
tet(A)

mrkAC soxSR, ramAR,
sdiA wzi

A9974/22 11

ColRNAI
IncC

IncFIA(HI1)
IncFIB(K)
IncFII(K)

blaSHV-159
blaOXA-1
blaOXA-10

blaCTX-M-15
blaTEM-1B
blaVEB-1

blaNDM-1

aac(6′)-Ib-
cr

aac(6′)-Ib
aac(3)-IIa
aph(6)-Id
aph(3′)-Ia
aph(3′′)-Ib
ant(2′′)-Ia

aadA1,
rmtB

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2,
dfrA14,
tet(A),
tet(G)

fyuA, mrk-
ABCDFHIJ,
ybtAEPQST

acrA, marAR
soxR, ramAR
rob, sdiA, fis,
envR, oqxAB,

rarA

wzi

A10037/22 15

IncC
IncFIA(HI1)
IncFIB(K)
IncFII(K)

blaSHV-100
blaOXA-1
blaOXA-10

blaCTX-M-15
blaTEM-1B
blaVEB-1

blaNDM-1

aac(6′)-Ib-
cr

aac(6′)-Ib
aac(3)-IIa
aph(3′′)-Ib
aph(6)-Id
ant(2′′)-Ia

aadA1,
rmtB

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul2
dfrA14,
cmlA1,
tet(A),
tet(G)

fyuA, kfuAC,
mrkABCFHJ,

ybtAEPQSTU

acrAR, marAR
soxSR, rob,

sdiA
fis, envR,
oqxAR
rarA

wzi

A10143/22 11 ColRNAI
IncFII(K)

blaOXA-1
blaOXA-10

blaCTX-M-15
blaTEM-1B
blaVEB-1

blaNDM-1

aac(6′)-Ib-
cr

aac(6′)-Ib
aac(3)-IIa
aph(3′′)-Ib
aph(6)-Id
ant(2′′)-Ia

aadA1,
rmtB

aac(6′)-lb-
cr, oqxA,

oqxB

fosA, sul1,
sul2,

dfrA12,
dfrA14,
cmlA1,
tet(A),
tet(G)

fyuA, mrkH,
ybtEPQSX

marA, soxSR,
ramR, sdiA,

fis, envR
wzi

Yersiniabactin cluster: ybt, irp, and fyuA genes; Aerobactin cluster: iuc and iut genes; AcrAB efflux pump: acr, mar,
sox, rob, ram sdiA, fis, and envR, genes; OqxAB efflux pump: oqx and rar genes.

2.3. Virulence Factors and Efflux and Regulator Systems

The virulence factors detected included fimbrial genes, as 23/24 isolates possessed
the mrk cluster (type 3 fimbriae); siderophores, as yersiniabactin genes (ybt, irp, and fyuA)
were present in 17 isolates; and genes encoding aerobactin siderophore (iut) were identified
in five isolates (three of them also carried yersiniabactin genes). In addition, the kfu gene
(Klebsiella ferric iron uptake, which is a regulator of the iron transport system) was detected
in four isolates.

Efflux and regulator system genes encoding the AcrAB efflux pump (acr, mar, sox,
rob, ram, sdiA, fis, and envR) or the OqxAB efflux pump (oqx and rar) were present in all
isolates (Table 1).
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2.4. Genomic Comparison among CRKP Strains

Circular genome maps were generated for the four STs with more than one isolate
(ST11, ST39, ST323, and ST15). It was found that isolates belonging to the same ST shared
many identical regions with the reference strain. CRKP isolates C4112 and C746 of the ST11,
D2452, and D6184 of the ST39, Z866 of the ST323, and B2562 of the ST15 displayed visually
the highest similarity with the reference strain throughout their whole genome (Figure 2).
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base pairs. The core genome length corresponds to about 36.1% of the reference genome 

Figure 2. Circular genome map of (A) seven ST11 CRKP strains, (B) the seven ST39 CRKP strains,
(C) the three ST323 CRKP strains, and (D) the three ST15 CRKP strains. The genome maps were
produced through the BLAST Ring Image Generator (BRIG) software. The genomes of the seven ST11
CRKP isolates (A10143, A7213, A9974, C4112, C746, C833, and D2856), the seven ST39 CRKP isolates
(B11395, C2482, D1598, D2452, D6184, Z508 and C1909), the three ST323 CRKP strains (Z557, D1463,
and Z866) and the three ST15 CRKP strains (A10037, A5051, and B2562) were mapped separately to
the reference genome K. pneumoniae NC_012731. From the inner to the external ring, the innermost
ring displays the size of the genome in kbp, followed by GC content (black), GC skew (dark green
and dark purple), and K. pneumoniae NC_012731 (red). The white vertical gaps represent sequences
of the K. pneumoniae NC_012731 reference strain that are absent in the sequences of the ST11, ST39,
ST323, and ST15 CRKP strains or present sequences <50% identical to the reference genome.
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2.5. CgSNP-Based Phylogenetic Analysis

The length of the multiple core genome alignments of all CRKP isolates was
1,892,845 base pairs. The core genome length corresponds to about 36.1% of the refer-
ence genome length. Nearly 1.9 million columns in the core genome alignment (almost
98.5%) showed identical nucleotides for all isolates, meaning that 1.5% of the genome is
polymorphic.

A phylogenetic tree including the cgSNP-based phylogenetic analysis of all isolates,
along with the reference strain, is seen in Figure 3.
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Figure 3. The tree built on the entire core genome with PhyML. The branch color indicates the fraction
of supporting versus supporting plus clashing SNPs for each branch of the core tree, which supports
the initial bipartition of the strains. MLST types: ST11: D2856, C4112, C833, C746, A10143, A9974,
A7213 (blue color), ST512: A18940 (brown color), ST30: C251 (brown color), ST307: Z852 (pink color),
ST323: Z866, D1463, Z557 (green color), ST35: A1746 (orange color), ST15: B2562, A5051, A10037
(purple color), ST39: D1598, D2452, C2482, Z508, C1909, B11395, D6184 (red color).

When performing all possible pairwise analyses among ST15 isolates, an average of
17 recombined SNPs (range 5–26) were detected; the SNP diversity along the core genome
was very low, that is, 0–3 cgSNPs per kilobase. ST323 CRKP strains presented an average
of six recombined SNPs (range 5–6), and the SNP diversity was extremely low, that is,
0–2 cgSNPs per kilobase. ST39 CRKP strains displayed an average of 16 recombined SNPs
(range 4–43), with the SNP diversity being low, that is, 0–5 cgSNPs per kilobase. Finally,
ST11 CRKP strains showed an average of 866 recombined SNPs (range 1–1652), with the
SNP diversity being clearly higher, that is, 0–66 cgSNPs per kilobase.

For pairs of CRKP isolates, for instance, C4112 and C746 with relatively low diversity
(7.5 × 10−4) (Figure 4G), the impact of recombination is almost directly evident in the
pattern of SNP density along the genome. While the SNP density is very low along
most of the genome, that is, 0–2 SNPs per kilobase, there are a few segments where
the SNP density is much higher (Figure 4A) and comparable to the typical SNP density
between randomly selected highly diverged CRKP isolates, that is, 30–65 SNPs per kilobase
(Figure 4C). For some pairs of isolates, for example, A18940 and D2856, with higher genetic
diversity (1.5 × 10−3) (Figure 4G), the frequency of these high-spiking recombined regions
increases (Figure 4B), until most of the genome is covered by such regions when comparing
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highly divergent isolates (5.5 × 10−3), for instance, A5051 and C2482 (Figure 4C,G). The
distribution of SNP densities was described by a majority of clonally inherited regions with
mostly up to three SNPs per kilobase and a long tail of recombined regions with up to 50 or
65 SNPs per kilobase (Figure 4D–F).
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Figure 5 highlights the distribution of the lengths of tree-compatible stretches. This
distribution had a mode at n = 2, and stretches were normally around 7–12 consecutive SNPs
and very rarely longer than 15–20 consecutive SNPs (Figure 5A). Similarly, tree-compatible
segments were typically just a few hundreds of base pairs long (around 1000–1500 base
pairs) and very rarely more than 2000 base pairs (Figure 5B).
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moplasies removed). 

Figure 5. SNP compatibility along the core genome alignment displays the shortness of tree-
compatible segments. (A) Probability distribution of the number of consecutive SNP columns
that are consistent with a common phylogeny for the core genome alignment. (B) Probability distri-
bution of the number of consecutive nucleotides consistent with a common phylogeny for the core
genome alignment.

Figure 6 underscores the ratio C/S for random subsets of all 24 isolates. When com-
prising all 24 isolates, a ratio C/S = 0.15 was obtained for the 5% homoplasy-corrected
full alignment. For small subsets of isolates, the C/S ratio displayed significant fluctu-
ations. For instance, for subsets of n = 7 isolates, the C/S ratio presented a mean of
0.094 ± 0.046. However, as the number of isolates in the subset increased, the ratios con-
verged to the value C/S = 0.15, and for large subsets of isolates, there was little variation
in this ratio. Consequently, for alignments of large sets of isolates, the phylogeny should
change at least approximately every seven SNPs (Figure 6). In addition, on average, each
randomly chosen position on the core genome has been overwritten at least T = 4344 times
(5% homoplasies removed).
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3. Materials and Methods
3.1. Clinical Isolates-Setting

The present study included 24 CRKP isolates collected from June 2018 to July 2022 from
18 patients hospitalized in the ICU (8 females and 10 males) and six patients hospitalized
in the PICU (4 females and 2 males) of a tertiary university-affiliated general hospital
in Greece. The median age of the adult patients was 57.5 years (range 30–88), while the
median age of the children was 6.2 years (range 0.25–17). The selection of the isolates was
based on the type of carbapenemase(s) previously detected in order to include all possible
combinations, as they were pre-screened as previously described [11]. Eight isolates were
collected from colonization sites (rectal swabs), while 16 isolates were taken from various
types of clinical samples (Table 2).

Table 2. Clinical data of carbapenem-resistant Klebsiella pneumoniae isolates.

Strain Date of Isolation Sex Age
(Years) Ward Biological Sample Infection/Colonization

C2482/18 9 June 2018 F 8 PICU Rectal swab Colonization
C4112/18 7 September 2018 F 56 ICU Rectal swab Colonization
B11395/18 24 October 2018 F 1 PICU Urine Infection
D6184/18 19 November 2018 F 8 PICU Bronchial aspirate Infection
C251/19 17 January 2019 F 17 PICU Rectal swab Colonization
Z557/19 30 January 2019 M 57 ICU Rectal swab Colonization
C746/19 7 February 2019 M 73 ICU Rectal swab Colonization
B2562/19 4 March 2019 M 79 ICU Urine Infection
Z508/19 20 March 2019 F 60 ICU Rectal swab Colonization

D1463/19 22 March 2019 M 55 ICU Bronchial aspirate Infection
D1598/19 1 April 2019 M 40 ICU Bronchial aspirate Infection
Z852/19 12 April 2019 M 3 PICU Rectal swab Colonization
Z866/19 15 April 2019 M 49 ICU Rectal swab Colonization

D2452/19 24 May 2019 M 73 ICU Bronchial aspirate Infection
C833/21 31 March 2021 F 57 ICU Wound Infection

A5051/21 25 April 2021 F 69 ICU Blood Infection
D2856/21 7 July 2021 F 54 ICU Bronchial aspirate Infection
C1909/21 8 July 2021 M 85 ICU Wound Infection

A18940/21 24 December 2021 F 58 ICU Blood Infection
A1746/22 25 February 2022 M 0.25 PICU Blood Infection
A7213/22 3 May 2022 F 30 ICU Blood Infection
A9974/22 16 June 2022 F 67 ICU Blood Infection

A10037/22 16 June 2022 F 53 ICU Blood Infection
A10143/22 19 June 2022 M 88 ICU Blood Infection

ICU: Intensive Care Unit, PICU: Pediatric Intensive Care Unit.

3.2. Ethics Approval

The study was approved by the Ethics Committee of Aristotle’s University Medical
Faculty (no. of approval 5.160/18/12/2019).

3.3. Microbiological Methods-Antimicrobial Susceptibility Testing

CRKP isolates were identified through the automated system VITEK 2 (bioMérieux,
Marcy-l’Étoile, France) using the Gram-negative identification card (GN ID). Antimicrobial
susceptibility testing (AST) of isolates was performed using the AST318 and XN10 cards,
while the use of minimum inhibitory concentration (MIC) test strips (Liofilchem srl, Roseto,
Italy) was applied to confirm susceptibility to ceftazidime-avibactam (CAZ-AVI). Identifica-
tion and susceptibility cards were interpreted according to the manufacturer’s instructions.
The Clinical and Laboratory Standards Institute (CLSI) susceptibility breakpoints were
applied for the interpretation of results [29]. The breakpoints approved by the US Food
and Drug Administration (FDA) were used to interpret the MICs of tigecycline [30].
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All CRKP isolates were previously screened for carbapenemase production using a
lateral flow immunochromatographic assay (LFIA) (NG-Test CARBA 5, NG Biotech, Paris,
France). The results were confirmed by multiplex PCR in a single reaction following a
modified protocol that was previously described [11,31].

3.4. DNA Extraction and Whole Genome Sequencing

Bacterial DNA was extracted using the DNA extraction kit (Qiagen, Hilden, Ger-
many). The DNA concentration (sample starting concentration between 10–100 ng/µL)
was measured using the Qubit double-strand DNA HS assay kit (Q32851, Life Technologies
Corporation, Grand Island, NY, USA).

NGS was performed using the Ion Torrent PGM Platform (Life Technologies Corpo-
ration). All procedures regarding purification, ligation, barcoding, library preparation,
emulsion PCR, and enrichment were performed following the manufacturer’s instructions.
PCR products were loaded on an Ion-316™ chip. The Ion PGM Hi-Q View (200) chemistry
was applied using the Ion PGM Hi-Q view sequencing kit (A25592).

3.5. Assembly Assessment and Genome Annotation

The software Geneious Prime version 2021.2.1 and BLAST Ring Image Generator
(BRIG) were used to produce genome assemblies and annotation data [32,33].
K. pneumoniae NTUH-K2044 strain (GenBank accession number NC_012731) was used
as a reference sequence, which is an invasive and hypervirulent K. pneumoniae strain with
the hypervirulent plasmid pK2044 [34].

3.6. MLST and Detection of Antimicrobial Resistance Genes and Plasmids

The sequence types (ST), plasmid types, and antimicrobial resistance genes were identi-
fied through the Center for Genomic Epidemiology website using the MLST web server and
the related online databases, PlasmidFinder version 2.0 and Resfinder
version 4.1, respectively [35–37]. The Comprehensive Antibiotic Resistance Database was
also used, with the selection criteria for hits set to perfect (100%) and strict (>95%) identity to
the reference sequence [38]. The detection of genes related to virulence capsule, efflux, and
regulator systems was performed according to the protocols available from the Pasteur Insti-
tute (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef
(accessed on 20 October 2022).

3.7. Genomic Comparison–Core Genome Single-Nucleotide Polymorphism (cgSNP)-Based
Phylogenetic Analysis

The BRIG software was used to visually compare multiple genome alignments us-
ing a default minimum threshold of 50% [33]. The reference sequence alignment-based
phylogeny builder version 1.12 (REALPHY; https://realphy.unibas.ch/realphy/ (accessed
on 15 November 2022) was used to identify relevant SNP sites for core genome phyloge-
netic analysis [39]. Default input parameters were applied for cgSNP identification. The
K. pneumoniae NTUH-K2044 sequence was used as a reference for the multiple alignments
and the visual comparison of the whole genomes [34]. The produced alignment was used
for the creation of an unrooted tree on the entire core genome through the approximate
maximum likelihood (ML) method using PhyML [40]. Pairwise analysis between isolates
was also performed using REALPHY, as previously described by Dixit et al. [41]. The
calculation of SNPs between isolates was conducted through REALPHY, using a Poisson
mixture model plus a negative binomial for the recombined regions. REALPHY was also
used to assess to what extent mutually consistent SNPs are clustered along the alignment;
the lengths of segments along the alignment that are consistent with a single phylogeny
were calculated [39]. In addition, the lower bound for the ratio between the total number of
phylogeny changes (C) and substitution events (S) (C/S) that occur along the core genome
alignment was calculated. The same ratio was calculated for any subset of CRKP isolates
by removing 5% of potentially homoplastic sites [42]. Moreover, a rough estimate for the
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average number of times T that a randomly chosen position in the core genome alignment
has been overwritten by recombination in its history was calculated, that is, the time since
the genetic ancestors of the position in the alignment diverged from a common ancestor.

4. Discussion

In the current study, the WGSs of 24 CRKP isolates were analyzed. It was found
that they belonged to eight different STs, with ST11 and ST39 being the most prevalent.
Ten out of 24 isolates (41.6%) carried blaNDM-1, and two of them (8.3%) transferred concur-
rently blaNDM-1 and blaOXA-48. Six out of 10 NDM-producers (60.0%) were assigned to ST11,
which is common in NDM-positive CRKP strains and is globally distributed, especially in
Asia and particularly in China, but also in Europe [43,44]. In Greece, the first outbreak of an
NDM-1-producing K. pneumoniae ST11 clonal strain occurred during 2011–2012 [44], while
the first report of a K. pneumoniae ST11 clinical isolate co-producing NDM-1 and OXA-48
carbapenemases was reported in 2016 [22]. NDM-1-producing ST11 CRKP strains have been
isolated during the same period in other Balkan countries [45]. However, three out of 10 NDM
producers (30.0%) were assigned to ST15; this has also been previously described [46].

ST39 was also the most prevalent type, encompassing seven isolates (29.1%);
two of them carried blaKPC-2, while one of them (14.3%) harbored blaKPC-33 (a KPC-2
variant). CRKP strains belonging to ST39 have been detected only in sporadic cases so
far, like ST39 carrying blaKPC-2 [47] or blaVIM-1 [48]. ST39 isolates transferring KPC-33 have
been recently detected in Greece [8]. The present study also included the recently reported
four ST39 isolates carrying both blaKPC-2 and blaVIM-1 [21]. Recently, Kuzina et al. high-
lighted the concurrent isolation of blaNDM-1, blaKPC-2, and blaOXA-48 in ST39 CRKP iso-
lates [49]. Three CRKP isolates (12.5%) were assigned to ST323; sporadic cases of ST323
CRKP have been previously reported in Greece and other European countries [50,51]. An-
other study from Tunisia reports the isolation of clonally related ST323 CRKP isolates [52].
It is of interest that one isolate, A1746/22, carried the VEB-25 gene (article submitted for
publication); VEB-25 is a variant of VEB-1 and confers resistance to CAZ-AVI [53,54].

Twenty of the 24 isolates harbored at least two genes encoding aminoglycoside-
modifying enzymes (AMEs), and six of them carried one 16S rRNA methylase gene (armA,
rmtB). In addition, 12 of these isolates carried at least one gene of the three AME classes
(acetyltransferases-aac, phosphotransferase-aph, nucleotransferases-ant). A disagreement
between phenotype and genotype has been detected in five isolates (20.8%) (detection
of AME-encoding resistance genes but phenotypically sensitive to both aminoglycosides
tested). A disagreement of approximately 10% between genotype and phenotype for
aminoglycosides for the VITEK 2 automated system has been reported previously [55].

Fluoroquinolone resistance was observed in seven isolates (29.2%), which carried the
plasmid-encoded qnr gene, as previously described for CRKP isolates [56]. The multidrug
efflux pump oqxAB gene was detected in all strains [57], while the aac(6′)-Ib-cr gene (which
encodes an aminoglycoside acetyltransferase that modifies not only aminoglycosides but
also fluoroquinolones) has been identified in 16 isolates, as previously described [56].

For fosfomycin resistance, the gene fosA was detected in all isolates, but 16 of them
(66.7%) were phenotypically susceptible, evidenced by an increase in the MIC, as previously
described [58]. Resistance genes for cotrimoxazole (sul or dfrA) were found in all isolates
except one. The Inc-type plasmids detected in all isolates and the Col-type plasmids
detected in 15 isolates have been reported in other studies [21,59].

In terms of adhesive structures, almost all isolates possessed the mrk cluster, char-
acteristic of type 3 fimbriae, which promotes bacterial adhesion to both abiotic and
biotic surfaces [60]. Regarding siderophores, the majority of isolates carried yersini-
abactin genes that are significantly associated with pathogenesis and invasive infections in
humans [61], while aerobactin (detected in five isolates) is more specific for hypervirulent
K. pneumoniae [62]. The acquisition of a chimeric plasmid including genes for the siderophores
yersiniabactin and aerobactin grants cefiderocol activity against CRKP strains [63].
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NGS allows for more accurate analyses regarding the clonal relatedness of strains com-
pared to conventional typing methods [64]. Several studies have described the molecular
epidemiology of CRKP isolates through NGS using a gene-by-gene comparison or SNP
analysis [65,66].

In pairwise comparisons, isolates of ST15, ST323, and ST39 presented an average
of 17, 6, and 16 recombined SNPs, respectively, implying the clonal relatedness of these
isolates in accordance with their ST classification. Similarly, Miro et al. report the clonal
relatedness of OXA-48-producing ST405 CRKP strains further studied with core genome
MLST, showing between 6 and 17 cgSNPs [64]. Moreover, Onori et al. reveal the clonal
relatedness of sporadic KPC-producing ST258 CRKP strains, presenting an average of 20 or
27 cgSNPs [67]. ST15 and ST39 strains display a higher number of cgSNPs compared to
ST323 strains, and this is highlighted as a slightly increased diversity in the corresponding
clades of the phylogenetic tree (Figure 3). However, ST15 and ST39 has been isolated over
a 33- and 36-month period, respectively, while ST323 have been collected over a 2.5-month
period (Table 2). This could indicate a difference in the measured paces of the molecular
clock between these clades, as previously proposed [67].

On the contrary, ST11 isolates showed an average of 866 cgSNPs, indicating the
polyclonality of these isolates. This indication is further strengthened by the variability in
their content of carbapenemase and antimicrobial resistance genes (Table 1) and by their
phylogenetic division into two distinct subclades (Figure 3). The high average of cgSNPs
occurred between ST11 strains belonging to these two different subclades, resulting in SNP
patterns (Figure 4A). Most probably, these high SNP density patterns result from horizontal
recombination events, e.g., the transfer of a plasmid or phage, as previously proposed for
other bacterial species [42]. These results underscore the higher discriminatory power of
cgSNP analysis compared to MLST [64].

In addition, the current study highlighted novel ways in which these cgSNPs could be
used to quantify phylogenetic structures and the role of recombination in genome evolution.
It was shown that there are pairs of closely related isolates and that most of their DNA has
been clonally inherited; however, most of the changes are derived from recombination events.
When focusing on the core genome alignment, it has been shown that, until the current
genetic state of CRKP strains, each genomic locus has been overwritten thousands of times by
recombination in the history of their evolution. Sakoparnig et al. reached the same conclusions
when focusing on E. coli isolates, and they disclosed a similar C/S ratio [42]. Moreover, an
attempt was made to calculate the probability for a pair of SNPs to be consistent with a
common phylogeny as a function of their genome distance [68]. Several other studies have
also attempted to quantify recombination in bacteria and assess the relative rate with which
different lineages have recombined, focusing on different types of bacteria [42,68]. To the best
of our knowledge, our study is the first to accomplish such a task by studying CRKP strains.

One of the basic challenges among WGS-based typing methods is the definition of
a cut-off value for the identification of the clonal relatedness between isolates; however,
this remains doubtful, as it seems to be not only species-dependent but also population-
dependent [64,67,69]. Thus, a threshold range should be evaluated along with clinical
epidemiological data.

In conclusion, the current study provides insight into the genetic characterization of
CRKP isolates circulating during a 4-year period in the ICUs of a Greek tertiary hospital.
Phylogenetic analysis showed that some of them were epidemiologically related. Given
that NGS has become more affordable, its use in hospital settings is extremely helpful, as
the obtained data could guide infection control and prevention strategies.
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Abstract: We determined the prevalence and molecular characteristics of blaCTX-M-55-positive Es-
cherichia coli (E. coli) isolated from duck–fish polyculture farms in Guangzhou, China. A total of 914
E. coli strains were isolated from 2008 duck and environmental samples (water, soil and plants) col-
lected from four duck fish polyculture farms between 2017 and 2019. Among them, 196 strains were
CTX-M-1G-positive strains by PCR, and 177 (90%) blaCTX-M-1G-producing strains were blaCTX-M-55-
positive. MIC results showed that the 177 blaCTX-M-55-positive strains were highly resistant to
ciprofloxacin, ceftiofur and florfenicol, with antibiotic resistance rates above 95%. Among the
177 strains, 37 strains carrying the F18:A-:B1 plasmid and 10 strains carrying the F33:A-:B- plasmid
were selected for further study. Pulse field gel electrophoresis (PFGE) combined with S1-PFGE,
Southern hybridization and whole-genome sequencing (WGS) analysis showed that both horizontal
transfer and clonal spread contributed to dissemination of the blaCTX-M-55 gene among the E. coli.
blaCTX-M-55 was located on different F18:A-:B1 plasmids with sizes between ~76 and ~173 kb. In
addition, the presence of blaCTX-M-55 with other resistance genes (e.g., tetA, floR, fosA3, blaTEM, aadA5
CmlA and InuF) on the same F18:A-:B1 plasmid may result in co-selection of resistance determinants
and accelerate the dissemination of blaCTX-M-55 in E. coli. In summary, the F18:A-:B1 plasmid may
play an important role in the transmission of blaCTX-M-55 in E. coli, and the continuous monitor-
ing of the prevalence and transmission mechanism of blaCTX-M-55 in duck–fish polyculture farms
remains important.

Keywords: duck–fish polyculture farm; Escherichia coli; antibiotic resistance; blaCTX-M-55; F18:A-:B1; transmission

1. Introduction

Antimicrobial resistance is a serious global public health problem associated with sig-
nificant clinical, economic and social impacts. Escherichia coli exists as part of the commensal
microbiota in the mammalian digestive tract, as a zoonotic pathogen responsible for intesti-
nal and extraintestinal infections in both humans and animals [1,2]. Globally, the emergence
of multidrug-resistant (MDR) E. coli producing extended-spectrum β-lactamase (ESBL)
enzymes has led to empirical therapy failure, leading to high morbidity and mortality,
which has raised great public concern [1,2].

Currently, CTX-M-bearing E. coli is the most common species related to ESBLs and
more than 220 CTX-M family members have been identified. These variants were divided
into five major groups (groups 1, 2, 8, 9 and 25) based on their amino acid homology.
Among these groups, 1 and 9 were the most common globally [2–4]. Over the past decade,
CTX-M-55, as a variant of CTX-M-15, from animal-origin E. coli, which was first discovered
in Thailand in 2006, has spread rapidly in dozens of countries around the world, especially

115



Antibiotics 2023, 12, 961

in China [4–6]. The dissemination of blaCTX-M-55 was mainly caused by plasmid-mediated
gene horizontal transfer, and epidemic self-mobilizable F33:A-:B, IncI1, IncI2 and IncHI2
plasmids played an important role in the transmission of blaCTX-M-55 [6–8]. In addition
to animals, blaCTX-M-55 is also distributed in food products and humans, and frequently
co-localized with other resistance genes, such as fosA3, rmtB, mcr-1, blaTEM, tet(A) and
floR [7–10]. The wide distribution of blaCTX-M-55 and the co-transfer of blaCTX-M-55 with
different resistance genes worldwide represent a growing threat to public health.

As the largest producer and consumer of cultivated duck in the world, duck production
plays a major role in the agricultural economy of China [11]. Duck farming in China is
practiced on a large and diverse scale, and the integrated culture of fish–duck farming using
untreated duck manure as fish feed, is the typical farming method throughout coastal areas
of China, particularly in Guangdong Province. Previous studies have shown that fish–duck
integrated farming systems have become a hotspot environment for the occurrence and
proliferation of antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB),
which can facilitate the spread of resistance genes and have the potential to be the reservoir
of novel ARGs [12–14]. Owing to the threat of blaCTX-M-55 to public health and the risks of
ARG transmission in fish–duck farming, monitoring the prevalence of blaCTX-M-55-positive
E. coli isolates from duck–fish polyculture farms should receive more attention.

However, CTX-M-55 has been widely reported in E. coli isolated from food animals,
pets and humans in China [6,8,15]. Current data on the prevalence, genetic information and
the transmission mechanism of CTX-M-55-producing E. coli from duck–fish polyculture
farms are still limited. In this study, we investigated the prevalence of blaCTX-M-55 and
illustrated the characteristics of blaCTX-M-55-bearing E. coil and plasmids recovered from
ducks and the environment in duck–fish polyculture farms. Our findings emphasize the
importance of the surveillance of ESBL-producing E. coli in duck–fish polyculture farms
in China and provide knowledge for further One Health studies to control the spread of
resistant bacteria from food animals to humans.

2. Results
2.1. Identification of blaCTX-M-55-Positive E. coli Isolates

A total of 196 blaCTX-M-1G-positive E. coli isolates were obtained from 2008 different
samples, and the blaCTX-M-1G-producing E. coli-positive rates from duck fecal samples,
water, soil and foliage were 14.4% (138/957), 6.25% (31/496), 1.5% (7/476) and 1.3%
(1/79), respectively (Table S1). Six different CTX-M-1G subtypes were obtained from the
196 blaCTX-M-1G-positive strains, including CTX-M-55 (177 strains), CTX-M-79 (8 strains),
CTX-M-123 (5 strains), CTX-M-3 (3 strains), CTX-M-64 (2 strains) and CTX-M-224 (only
1 strain). Among the 177 CTX-M-55-positive strains, 77.9% (138/177) were isolated from
fecal samples, 17.5% (31/177) were isolated from water, 4.0% (7/177) were isolated from
soil and only 1 (1/177, 0.6%) isolate was obtained from foliage (Table S1).

The antimicrobial susceptibility results showed that the 177 E. coli isolates were highly
resistant to ceftiofur, ciprofloxacin and florfenicol, with resistance rates of 98.3%, 96.7%
and 95.4%, respectively. The rates of resistance to colistin, ceftazidime and fosfomycin
were 35.0%, 31.7% and 29.9%, respectively. However, these strains were less resistant
to tigecycline, meropenem and amikacin, and the resistance rates were less than 10%
(Table S2).

To further understand the molecular characteristics of blaCTX-M-55-positive E. coli, the
PCR-base replicon typing (PBRT) method was performed on the 177 strains. The results
showed that 19.2% (34/177), 6.2% (11/177), 1.7% (3/177) and 1.1% (2/177) of the strains
carried the IncT, IncN, IncHI1 and IncP plasmids, respectively, and 10.7% (19/177) and
5.6% (10/177) of the strains carried IncY and IncI1 plasmids, respectively. Notably, 81.4%
(144/177) of the strains carried IncF plasmids. We further performed F plasmid replicon
sequencing typing (RST) on these 144 IncF-type plasmid-carrying strains. The results
showed that F18:A-:B1-plasmid-carrying strains accounted for the largest proportion, with
37 (37/144, 25.7%) strains, followed by F33:A-:B-plasmid-carrying strains, with 10 (10/144,
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6.9%) strains carrying this type of plasmid and the remaining 97 strains carrying other
types of IncF plasmids.

Based on the above results, we selected the 37 F18:A-:B1-plasmid-carrying strains and
10 F33:A-:B-plasmid-carrying strains for further study of the characteristics and transmis-
sion mechanism of plasmids carrying blaCTX-M-55-positive E. coli. Among the 47 isolates,
the number of strains from duck fecal samples was the largest, accounting for 81% (38/47),
followed by the strains from water samples, accounting for 13% (6/47). The remaining
6.4% (3/47) of strains were isolated from soil samples (Figure 1).

Figure 1. Pulsed-field gel electrophoresis fingerprinting patterns of XbaI-digested total DNA prepara-
tions from 47 strains harboring blaCTX-M-55. In yellow is indicated the PBRT classification, in red are
indicated antimicrobial resistance genes.

2.2. Molecular Characterization of blaCTX-M-55-Positive E. coli

PFGE was successfully performed for all 47 selected strains, and the PFGE results were
divided into 15 different clusters according to similarity >85%, indicating the genetically
different backgrounds of strains from different sources. In addition, two clusters of strains
with the same PFGE spectrum were derived from the different types of samples from
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farms B, C and D (TC5, UD5, RD1, B1W1, UD9 and D7), suggesting that there is clonal
transmission among different farms (Figure 1).

The conjugation results indicated that 17 of the 47 strains could successfully transfer
blaCTX-M-55 from the donor strain to the recipient strain E. coli C600, and the transfer
frequency was between 2.6 × 10−5 and 4.65 × 10−1 (Table S3). There were four strains
that could transfer blaCTX-M-55 from the donor strain to the recipient strain E. coli J53 with
conjugative transfer frequencies between 3.89 × 10−6 and 8.35 × 10−5. The remaining
26 strains showed unsuccessful transfer of blaCTX-M-55 from the donor strain to the recipient
strain after multiple attempts (Table S3). To further determine the location of the blaCTX-M-55
gene in the non-conjugatively transferable strains and the genetic environment of the
blaCTX-M-55 gene, whole-genome sequencing was performed on all 47 strains. Sequence
analysis showed that among the 26 non-conjugable strains, the blaCTX-M-55 gene was located
on the chromosome of 11 strains, while the blaCTX-M-55 gene of the remaining 15 strains was
located on plasmids.

2.3. Genomic Analysis of blaCTX-M-55-Positive E. coli

Whole-genome sequencing data were generated for the 47 blaCTX-M-55-positive E. coli
isolates. The results of WGS demonstrated that these isolates belonged to seventeen distinct
strains (STs). Among them, the most dominant ST type was ST602, with a total of nine
(9/47, 19%) strains belonging to this ST type; followed by ST155, ST410 and ST2179 (five,
10.6% each); ST48, ST162 and ST354 (three, 6.4% each); and ST165 and ST224 (two, 4.3%
each). Of the remaining eight ST types, only one strain belonged to each ST type.

We identified 14 ARGs that mediated resistance to 9 types of antibiotics that coexisted
with blaCTX-M-55 in these 47 E. coli isolates. These included genes that mediated resis-
tance to fosfomycin, colistin, tetracycline, aminoglycosides, chloramphenicol, quinolones,
macrolides, sulfonamides and lincomycin. Among these, 26% (12/47) and 13% (6/47) of
the strains carried the quinolone resistance genes oqxAB and qnrS, respectively. In addition,
38% (18/47) of the strains carried the colistin resistance gene mcr-1, and 26% (12/47) and
21% (10/47) of the strains carried the fosfomycin resistance genes fosA3 and fosA7.5, re-
spectively. Eleven percent (5/47) of the strains carried the chloramphenicol resistance gene
floR, and thirteen percent (6/47) of the strains carried the lincomycin resistance gene lnuF.
Interestingly, our results showed that all strains belonging to ST602 carried the fosfomycin
resistance gene fosA7.5, and fosA7.5 was located on the chromosome. Additionally, all
ST410 strains carried the lnuF gene, and the blaCTX-M-55 gene carried by the ST410 strains in
the current study could not be transferred by conjugation (Figure 1 and Table S3).

Genetic environment analysis showed that blaCTX-M-55 was present in four genomic
contexts, including types I, II, III and IV. The structure of type I was ISEcp1-blaCTX-M-55-
orf477, which was the most prevalent, and was isolated in a total of 21 (45%) strains
originating from feces, soil and water (Table S3 and Figure S1). The structure of type II was
∆IS26-∆ISEcp1-blaCTX-M-55-orf477-∆Tn2, and there were 12 (26%) strains belonging to this
genetic environment. There were 10 (21%) strains belonging to the type III genetic envi-
ronment, and the structure of type III was ∆IS26-∆ISEcp1-blaCTX-M-55-orf477-∆Tn2-∆IS26.
The type IV genetic environment was more complex, and its structure was ∆Tn2-ISEcp1-
blaCTX-M-55-orf477-∆Tn2-∆IS26. Only three isolates belonged to this genetic environment.
Notably, among the strains belonging to the type I genetic structure, the blaCTX-M-55 gene
of the ten strains was located on the plasmid, and the blaCTX-M-55 gene of the other eleven
strains was located on the chromosome. The blaCTX-M-55 gene in the strains belonging to
the type II and type III genetic structures were all located on the plasmid. Among the
strains with type IV genetic structure, one strain had the blaCTX-M-55 gene located on the
chromosome, and blaCTX-M-55 in the other two strains was located on plasmids (Table S3
and Supplementary Figure S1).
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2.4. Complete Sequence Analysis of blaCTX-M-55-Carrying F18:A-:B1 Plasmids

To better understand the characteristics of the blaCTX-M-55-bearing F18:A-:B1 plasmid,
S1-PFGE and Southern blotting were performed on the 12 conjugants successfully obtained
from the F18:A-:B1 plasmid harboring blaCTX-M-55-positive strains. The results showed
that blaCTX-M-55 from 12 strains was located on F18:A-:B1 plasmids with sizes between
~76 kb and ~173 kb (Supplementary Figure S2). To further explore the sequence features of
the F18:A-:B1 plasmid, four representative strains (PBS4, B1W1, B1S11 and KW21) were
subjected to long-read sequencing to obtain the complete sequence of different F18:A-:B1
plasmids. The complete sequences of the F18:A-:B1 plasmids pPBS4, pB1W1, pB1S11 and
pKW21 were obtained by long-read combined with short-read sequencing, and detailed
information on the four plasmids is shown in Supplementary Table S4.

Sequence analysis revealed that all four plasmids were novel IncF18:A-:B1 plasmids,
three (pBS4, pB1W1 and pKW21) of which carried blaCTX-M-55, and the remaining plasmid
(pB1S11) did not carry blaCTX-M-55. In strain B1S11, blaCTX-M-55 was located on an IncHI2
plasmid. Linear comparison revealed that the backbone of the four F18:A-:B1 plasmids was
similar to that of other typical IncF plasmids containing regions for functions of replication
(repA, repB), conjugal transfer (tra, trb), partitioning (parA, parB) and maintenance and
stability (pemI, pemK, stbA). Notably, in the plasmid pB1W1, ~29-kb conjugative regions
containing the traV, traR, traC, traW, traU, traN, traF, traH, traG, traD, traT, traS, trbD, trbG,
trbI, trbB, trbJ and trbF genes were lacking, which may explain the conjugative transfer
failure of pB1W1 (Figure 2). Basic Local Alignment Search Tool (BLAST) analysis indicated
that the four plasmids (pBS4, pB1W1, pB1S11 and pKW21) had high similarity to the
blaCTX-M-55-carrying plasmid pTREC8 of an E. coli strain isolated from wetland sediment in
the United States (GenBank accession no. MN158991.1) and shared high identities of 99.9%,
100%, 99.9% and 99.8%, respectively (Figure 2).

Although the F18:A-:B1 plasmid possessed a conserved backbone region, the variable
regions, especially multidrug resistance regions, were distinct. The multidrug resistance
region of pKW21 was 80,273 bp, which is quite different from the resistance regions of the
other three F18:A-:B1 plasmids in this study. The ~80.3 kb MDR region contained 11 ARGs
(blaCTX-M-55, aac(3′)-IIa, aph(3′)-Ib, mph(A), aph(6′)-Id, tet(R), tet(A), floR, blaTEM-1B, fosA3 and
aadA5) with one or two copies, interspersed with different complete or truncated insertion
sequences and transposons (IS26, IS4 family, ∆Tn3, ∆Tn2, ∆ISEcp1, ∆IS1R, IS5075, IS91 and
ISCfr1) (Figure 3a). BLAST analysis showed that the ~80.3 kb region shared a high identity
(>99.99%) with plasmids collected from humans and pigs that did not bear blaCTX-M-55,
such as E. coli plasmid p14406-FII (GenBank accession no. MN823988), p13P484A-2 (Gen-
Bank accession no. CP019282) and pTEM-1-GZC065 (GenBank accession no. CP048026).
Compared with p14406-FII, p13P484A-2 and pTEM-1-GZC065, the difference was that
three regions of pKW21 (IS26-aph(3′)-Ib-IS26-mph(A)-IS26, IS26-hp-hp-hp-IS26-hp-hp-IS26
and IS26-hp-hp-hp-∆Tn2-hp-tet(R)-tet(A)-hp-∆Tn2-IS26-hp-hp-IS26) were inverted. Notably,
there was a region of pKW21 (~33 kb) containing blaCTX-M-55 that completely mismatched
with the compared plasmids (Figure 3a).

The MDR regions of pB1W1, pB1S11 and pPBS4 were ~46.0 kb, ~26.5 kb and ~38.9 kb,
respectively. Even though the resistance genes in the three plasmids were varied, they
all contained floR, tet(A) and tet(R) and blaCTX-M-55, except pB1S11. In addition to the
mentioned genes, the pB1S1 MDR region also contained the quinolone resistance gene
qnrS1, which was highly similar to pGSH8M-2-1 (GenBank accession no. AP019676.1) and
shared 99.8% identify with 100% coverage. pGSH8M-2-1 was recovered from the effluent
of a wastewater treatment plant in Tokyo Bay, and the only difference in the MDR region
between pGSH8M-2-1 and pB1S11 was that an IS26 was inserted between two ∆Tn2 in
pB1S11 (Figure 3b). Compared with pB1S11, pB1W1 and pPBS4 contained more resistance
genes and carried multiple copies of IS26 and transposons. BLAST analysis did not detect
plasmids with high homology to the MDR region of pPBS4 and pB1W1, which may suggest
that multiple copies of IS26 and transposons formed the distinctive MDR regions of pPBS4
and pB1W1 through multiple complex recombination events. Notably, although pPBS4 and
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pB1W1 were derived from the same farm (Farm B), the genetic environments of blaCTX-M-55
in pPBS4 and pB1W1 were different, indicating that the blaCTX-M-55 in these two plasmids
originated from different sources (Figure 3b). In addition, we also found a truncated class I
integron in the plasmid pB1W1 (Figure 3b).

Figure 2. Circular sequence alignments of the plasmids pKW21, pB1W1, pB1S11, pPBS4 and pTREC8.
Genes depicted in the outer circle belong to plasmid pKW21, which was included as a reference, and
the image was generated using BRIG.
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3. Materials and Methods
3.1. Sampling Information, Bacterial Isolation and Identification

From March 2017 to August 2019, a total of 2008 nonduplicate samples including
496 water samples, 476 soil samples, 957 duck fecal samples and 79 foliage samples were
collected from four duck–fish polyculture farms in the Panyu District of Guangzhou, China
(Figure 1; see also Table S1 in the Supplemental Material). All samples were screened for
cefotaxime-resistant E. coli by a selective isolation procedure. In brief, each sample was
suspended in 10 mL of buffered peptone water (BPW; BD Difco, Sparks, MD, USA) and
incubated at 37 ◦C for 24 h. Then, subsequent selective cultivation on MacConkey (MC; BD
Difco) agar supplemented with 1 mg/L cefotaxime (CTX) was performed. For each sample,
only one red colony was selected and identified as E. coli by MALDI-TOF MS AximaTM
(Shimadzu-Biotech Corp., Kyoto, Japan) and 16S rRNA sequencing by Sanger sequencing.
In all cefotaxime-resistant E.coli, blaCTX-M-1G was detected by PCR using previously reported
primers [16] and sequencing (Supplementary Table S1).

3.2. Antimicrobial Susceptibility Testing

Antibiotic susceptibility testing was performed by the agar dilution method and in-
terpreted according to the Clinical and Laboratory Standards Institute guidelines (CLSI
M100-S29) for the following antimicrobials: amikacin, meropenem, cefotaxime, ceftazidime,
ceftiofur, florfenicol, ciprofloxacin and fosfomycin [17]. Susceptibility to colistin and tigecy-
cline was assessed by broth microdilution as recommended by the European Committee
on Antimicrobial Susceptibility Testing (EUCAST Version 9.0) [18]. E. coli ATCC 25922 was
used as the quality control strain.

3.3. Molecular Typing

The incompatibility (Inc) groups of all blaCTX-M-55-producing E. coli were assigned
by PCR-base replicon typing (PBRT) [19]. To better characterize IncFII plasmid, replicon
sequencing typing (RST) was performed, according to protocols described previously [20].
Based on the results of PBRT analysis, a total of 47 strains (37 strains harboring the F18:A-
:B1 plasmid and 10 strains harboring the F33:A-:B- plasmid) were selected for further
study to explore the transmission characteristics and molecular mechanism of blaCTX-M-55
in these strains.

The genetic typing of the 47 selected blaCTX-M-55-producing E. coli isolates was per-
formed by digestion with restriction endonuclease XbalI and pulsed-field gel electrophore-
sis (PFGE) according to our previous study [21]. The band patterns were analyzed with
BioNumerics software version 5.10 (Applied Maths, Austin, TX, USA).

3.4. Conjugation Assay and Southern Blotting

To investigate the transferability of the resistance genes, a conjugation assay was
performed for all selected blaCTX-M-55-positive E.coli isolates with streptomycin-resistant
E. coli C600 or sodium-azide-resistant E. coli J53 as the recipient strain. For E. coli C600,
donor strains and E. coli C600 were mixed and applied to a 0.22 µm filter in Luria-Bertani
(LB) plates for 16~18 h. The mixed culture was then diluted and spread on selective
MacConkey agar plates containing both 1 mg/L of cefotaxime and 2 g/L of streptomycin
to recover transconjugants. For E. coli J53, donor strains and E. coli J53 were mixed and
applied to a 0.22 µm filter in LB plates for 16–18 h. The mixed culture was then diluted and
spread on selective MacConkey agar plates supplemented with 0.5 mg/L cefotaxime and
0.2 g/L sodium azide. Transconjugants were confirmed by PCR. S1-PFGE and Southern
blotting were performed to determine plasmid size according to previous study, and the
Salmonella enterica serotype, Braenderup H9812, was used as the standard size marker [22].

3.5. DNA Extraction and Whole-Genome Sequencing

Total DNA was extracted from 47 blaCTX-M-55-producing E. coli isolates using a Ge-
nomic DNA Purification Kit (TIANGEN, Beijing, China) according to the manufacturer’s
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instructions. WGS was performed with the Illumina HiSeq 2500 System (Novogene
Guangzhou, China) using the paired-end 2 × 150-bp sequencing protocol. The draft
genome was assembled using the tools available at EnteroBase (https://enterobase.warwick.
ac.uk/species/ecoli, accessed on 28 November 2020) with default parameters. All genome
assemblies of the 47 sequenced E. coli isolates were deposited in GenBank and are reg-
istered with BioProject number PRJNA934699. Then, the sequence types, replicon types
and antibiotic resistance genes of all the sequenced isolates were identified by the Cen-
ter for Genomic Epidemiology (http://www.genomicepidemiology.org/, accessed on
20 March 2021). Four representative strains (PBS4, B1W1, B1S11 and KW21) were further se-
lected for whole-genome sequencing on the PacBio RS II sequencing platform (Biochip Com-
pany, Tianjin, China) to obtain the complete sequence of the F18:A-:B1 plasmid. Sequences
of those strains were assembled using HGAP version 4.0. to analyze the genetic features.
BRIG (Vision 0.95) and Easyfig (Vision 2.2.5) software were used for comparative analysis
with other plasmid sequences published in NCBI. The complete sequence of the plasmid
was annotated and analyzed using RAST (https://rast.nmpdr.org/rast.cgi, accessed on
12 March 2021), ISfinder (https://www-is.biotoul.fr/, accessed on 20 March 2021), Res-
finder (https://cge.cbs.dtu.dk//services/ResFinder/, accessed on 22 March 2021) and
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 23 March 2021).

3.6. Nucleotide Sequence Accession Numbers

The complete sequences of the plasmids (pPBS4, pB1W1, pB1S11 and pKW21) have
been deposited in GenBank under accession numbers CP117716, CP117722, CP117718
and CP117673.

4. Discussion

Duck–fish polyculture is a common circular farming model in the Pearl River Delta
in southern China, specifically in Guangdong Province. In this model, duck manure is
discharged directly without treatment, and a large number of ARGs or residual agents can
directly contaminate fish ponds, promoting the transmission of ARGs between ducks and
fish [14,23,24]. Previous studies have shown that fish–duck integrated farming systems
have become a hotspot environment for the occurrence and proliferation of ARGs and ARB,
and both ARGs and pathogen-related ARB have been detected in the water and sediment
of this culture system [12–14]. Moreover, fish–duck integrated aquaculture farms have
significantly higher levels of antibiotic resistance compared to monoculture fish farms,
suggesting a higher risk of transmission of ARGs and mobile genetic elements (MGEs) to
humans or the environment [13]. The Pearl River Delta water system is intricate, which
provides a unique opportunity to develop freshwater aquaculture, but there is also the
risk of contaminating river or sea areas on a large scale by ARG and ARB dissemination
via aquatic water or sediment [24,25]. Based on the “one health” concept, considering the
common duck–fish freshwater aquaculture system in the Pearl River Delta in southern
China, greater attention should be given to the transfer risk of ARGs in integrated duck–fish
farming to promote the healthy development of Chinese aquaculture and the environment.

In this study, the antibiotic susceptibility of 177 blaCTX-M-55-positive strains was tested
with 10 antibiotics commonly used in both veterinary and human medicine. The results
showed that the blaCTX-M-55-positive strains were highly resistant strains, and almost all
strains were multidrug-resistant. In addition to resistance to cephalosporins, they were
also highly resistant to ciprofloxacin and florfenicol (with resistance rates at 96.7 and 95.4%,
respectively). These strains also had a high resistance rate to ceftazidime (31.7%), colistin
(35.0%) and fosfomycin (29.9%), and the resistance rate to tigecycline, meropenem and
amikacin was less than 10%. Two recent studies also showed that E. coli strains isolated
from ducks and the environment were not only resistant to cephalosporins but also resistant
to chloramphenicols, aminoglycosides, quinolones and tetracyclines. Our results were
similar to those reported in their study. Notably, the rate of detection of strains carrying the
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blaCTX-M-55 gene was higher than that of strains without this gene for both the antibiotic
resistance spectra and ARGs [10,26].

Previous studies have shown that blaCTX-M-55 is mainly transmitted by the horizontal
transfer of epidemical plasmids, and IncI1 and F33:A-:B- plasmids were the most important
types of plasmids that mediated the spread of blaCTX-M-55 in human and animal E. coli in
China [6,15]. In the present study, we selected 37 blaCTX-M-55-positive strains carrying the
F18:A-:B1 plasmid and 10 blaCTX-M-55-positive strains carrying the F33:A-:B- plasmid to
explore the transmission mechanism and molecular characteristics of blaCTX-M-55 among
these strains. The PFGE results showed that the 47 strains could be divided into 15 different
clusters, and the genetic backgrounds were relatively different. However, strains from
different farms also had the same PFGE profile. CTX-M-positive E. coli isolates from ducks
in Korea also had significant differences in PFGE profiles, but the same PFGE profiles were
found in different livestock farms and slaughterhouses, which was consistent with the
results of our study [27].

Multilocus sequence typing results indicated that ST602, ST155, ST410 and ST2179
were the prevalent ST types in our study, and the internationally prevalent ST10 and ST131
clones were not detected. ST602 has not been widely reported in previous studies, but a
recent epidemiological surveillance of ESBL E. coli from human and food-chain-derived
samples from England, Wales and Scotland found that the CTX-M-1G-positive ST602
strain was widely present in chicken samples [28]. Notably, all ST602 strains carried the
blaCTX-M-55 gene chromosomally, and co-carried the chromosomal fosfomycin resistance
gene fosA7.5. fosA7.5 is a new member of the fosfomycin resistance gene fosA7 gene family
recently reported in E. coli isolates in Canadian hospitals. Its distribution is limited to E. coli,
and it can be located on both plasmids and chromosomes [29]. Because fosfomycin was
effective as a first-line therapy for urinary tract infections, the emergence of fosA7.5 and
blaCTX-M-55 co-carrying ST602 clone needs more attention.

ST410 E. coli is an emerging multidrug-resistant pathogen. Two major sublineages
are currently circulating in Europe and North America, one is a fluoroquinolone- and
extended-spectrum cephalosporin-resistant clade that emerged in the 1980s, and the other
is a carbapenem-resistant clone that emerged in 2003. ST410 has been considered a “high-
risk” clone similar to ST131 owing to its high transmissibility, its capacity to cause recurrent
infections and its ability to persist in the gut [30,31]. This clone has also been found to
harbor mcr-1 in isolates recovered from food and human samples worldwide, and tet(X)-
carrying ST410 E. coli in China and South Asia has been recently reported [10,31–33]. Given
the potential of ST 410 E. coli to acquire resistance to last-resort antimicrobials, this clone
should arouse regional and global concern.

The genetic contexts of blaCTX-M-55 were divided into four types in the current study.
In the genetic context of type III (∆IS26-∆ISEcp1-blaCTX-M-55-orf477-∆Tn2-∆IS26) and type
IV (∆Tn2-ISEcp1-blaCTX-M-55-orf477-∆Tn2-∆IS26), ∆Tn2 and ∆IS26 were located both down-
stream and upstream of ∆ISEcp1/ISEcp1-blaCTX-M-55-orf477’s structure. This structure was
found not only in E. coli but also in Klebsiella, Vibrio parahaemolyticus and Salmonella. This
structure, possible formed by a copy of IS26 and an ISEcp1-mediated transposon carrying
blaCTX-M-55 and orf477, was inserted into a tnpA gene; this finding stresses the need for
further assessment of the mobility of IS26 or its variant [34].

Plasmids play a key role in the horizontal transfer of the ESBL gene among E. coli
strains. Our results suggest that the F18:A-:B1 plasmid may play an important role in the
transmission of the blaCTX-M-55 gene in E. coli isolated from duck farms and the environment.
The F18:A-:B1 plasmid was first reported in avian pathogenic E. coli in 2010. It is character-
ized by the lack of an iron uptake gene (eitABCD), hemagglutinin and a survival gene. The
blaCTX-M-55-bearing F18:A-:B1 plasmid was first reported in E. coli isolated from patients
with urinary tract infections in the United States in 2016, and carried the mcr gene [20,33].
Subsequently, the F18:A-:B1-plasmid-carrying blaCTX-M-55 was reported in E. coli isolated
from human clinical samples in China [35]. Recently, a study in Southeast Asia reported
that the highly pathogenic clone E. coli ST410 isolated from the environment and humans
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carried the blaCTX-M-55-bearing F18:A-:B1 plasmid with a high prevalence [30]. In addition,
studies from Tunisia and China also reported the high prevalence of the F18:A-:B1 subtype
in animal-derived E. coli strains, which also contained fosA3, oqxAB, blaCTX-M-14 and other
resistance genes [36–38]. These studies emphasize the possibility of horizontal transfer of
the F18:A-:B1 plasmid between humans and animals.

However, to the best of our knowledge, only one recent study reported blaCTX-M-55,
floR and fosA3 carrying the F18:A-:B1 plasmid obtained from ducks [10]. Our study is
the first to report the high prevalence of the blaCTX-M-55-carrying F18:A-:B1 plasmid in
E. coli isolated from duck–fish polyculture farms. Complete plasmid sequence analysis
showed that blaCTX-M-55 was colocalized with tetA, floR, fosA3, blaTEM, aadA5, aph(3′)-Ib,
aph(6′)-Id, CmlA, InuF and other ARGs on the F18:A-:B1 plasmid. These ARGs, linked by
different kinds of insertion sequences and transposable sequences and multiple copies of
IS26, constitute the complex multidrug resistance region of the F18:A-:B1 plasmid. IS26 is
commonly associated with ARGs in multidrug-resistant Gram-negative and Gram-positive
species, and is most widespread in Gram-negative bacteria. Clusters of ARGs can be
generated by directly oriented IS26 interspersed in multiple resistant pathogens [34,39].
As the best-studied member of the IS26 family, IS26 is known to form cointegrates using
conservative transposition, homologous recombination and replicative transposition [39,40].
Multiple copies of IS26 with different orientations located on the F18:A-:B1 plasmid are
very likely to form cointegrates to promote the transmission of ARGs.

5. Conclusions

We reported the high prevalence of blaCTX-M-55-carrying E. coli isolated from duck–
fish polyculture farms. Both horizontal transfer and clonal spread contributed to the
dissemination of the blaCTX-M-55 gene among E. coli strains isolated from ducks and their
environment, and the F18:A-:B1 plasmid may play an important role in the spread of
blaCTX-M-55. Coexistence of blaCTX-M-55 and other resistance genes (eg., tetA, floR, fosA3,
blaTEM, aadA5 CmlA, InuF) on the same F18: A-: B1 plasmid may result in the co-selection
of these resistance determinants and accelerate the dissemination of blaCTX-M-55 in E. coli.
In addition, our study is the first to report the emergence of a fosA7.5 and blaCTX-M-55
co-carrying ST602 clone in E. coli isolated from ducks and soil. These findings emphasize
the importance of the ongoing surveillance of blaCTX-M-55-positive E. coli in duck–fish
polyculture farms in China.
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Abstract: phlD is a novel kind of polyketide synthase involved in the biosynthesis of non-volatile
metabolite phloroglucinol by iteratively condensing and cyclizing three molecules of malonyl-CoA
as substrate. Phloroglucinol or 2,4-diacetylphloroglucinol (DAPG) is an ecologically important
rhizospheric antibiotic produced by pseudomonads; it exhibits broad spectrum anti-bacterial and
anti-fungal properties, leading to disease suppression in the rhizosphere. Additionally, DAPG triggers
systemic resistance in plants, stimulates root exudation, as well as induces phyto-enhancing activities
in other rhizobacteria. Here, we report the cloning and analysis of the phlD gene from soil-borne gram-
negative bacteria—Pseudomonas. The full-length phlD gene (from 1078 nucleotides) was successfully
cloned and the structural details of the PHLD protein were analyzed in-depth via a three-dimensional
topology and a refined three-dimensional model for the PHLD protein was predicted. Additionally,
the stereochemical properties of the PHLD protein were analyzed by the Ramachandran plot, based
on which, 94.3% of residues fell in the favored region and 5.7% in the allowed region. The generated
model was validated by secondary structure prediction using PDBsum. The present study aimed
to clone and characterize the DAPG-producing phlD gene to be deployed in the development of
broad-spectrum biopesticides for the biocontrol of rhizospheric pathogens.

Keywords: phloroglucinol; polyketide; DAPG; phlD; Ramachandran plot; PMDB

1. Introduction

Plant growth-promoting rhizobacteria (PGPR) are bacteria that colonize some or all
parts of the rhizosphere environment and have the capability to promote plant growth [1–3]
either directly by antibiosis or indirectly by quorum sensing. PGPR produce non-volatile
metabolites that can directly stimulate plant growth, inhibit plant pathogens, and/or
induce host–defense mechanisms against pathogens [4,5]. Pseudomonas fluorescens is an
important group of PGPR that suppress root and seedling diseases by producing non-
volatile secondary metabolite phloroglucinol. Genetic methods [6–8] and direct isolation
from the soils of diseased plants [9–11] have shown the importance of DAPG and its
derivatives as biocontrol activity agents. These compounds act as antibiotics, antimicrobials
or antifungals, signaling molecules, and pathogenicity factors. Several antibacterial and
antifungal compounds from plants have been characterized [12] and their mechanisms
of action have been delineated [13]; biosynthesis and genetic regulation of DAPG in the
Pseudomonas spp. have been the focus of active research.
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Most of the genes required for the biosynthesis of DAPG have been cloned and charac-
terized from different strains of Pseudomonas. These genes are recognized as conserved in
2,4-DAPG, producing pseudomonads that have been isolated from various soil samples
collected from around the world [14–16]. All of the genes are arranged as an operon on the
phl locus, spanning a genomic fragment of ~6.5 kb, comprising six genes, viz. phlA, phlB,
phlC, phlD, phlE, and phlF. While phlA, phlB, phlC, and phlD are transcribed as an operon;
they are flanked on either side by phlE and phlF. phlE codes for an efflux protein and phlF
encodes a repressor protein (Figure 1).
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Figure 1. Schematic representation of a ~6.5 kb genomic fragment of Pseudomonas harboring the
genes responsible for the biosynthesis of 2,4-DAPG by phl operon. phl operon comprises four
genes phlA, phlB, phlC, and phlD. The operon is flanked on either side by phlE and phlF genes that
are separately transcribed and coded for the putative efflux and regulatory (repressor) proteins,
respectively. They are not required for phloroglucinol production.

The DAPG gene cluster is self-sufficient for the biosynthesis and regulation of 2,4-
diacetylphloroglucinol. Amongst all genes, phlD is the key gene responsible for the produc-
tion of (MAPG), while, phlA, phlB, and phlC are necessary to convert MAPG to 2,4-DAPG.
Products of these genes resemble neither type I nor type II PKS enzyme systems. Rather,
PhlD shows similarity to plant chalcone synthases, indicating that phloroglucinol synthesis
is mediated by a novel kind of PKS [17–19].

Apart from changes in gene expression, the production of 2,4-DAPG in many strains
of fluorescent Pseudomonas spp. is stimulated by physical factors, such as a concentration
of glucose [20] or concentrations of sucrose/ethanol [19,21]. Moreover, zinc sulfate and
ammonium molybdate have been reported to favor 2,4-DAPG production in some strains,
whereas inorganic phosphate in general has an inhibitory effect [20].

phlD gene, responsible for the bio-synthesis of MAPG, shows similarity to novel
type III polyketide synthase (PKS) [22]. phlD iteratively condenses three molecules of
malonyl-CoA that subsequently cyclize [23] to form mono-acetyl phloroglucinol (MAPG).
However, it is delineated that PhlD catalyzes the condensation of three molecules of
malonyl-CoA into 3,5-diketoheptanedioate [24] and this polyketide intermediate through
decarboxylation/cyclization, forms phloroglucinol [25].

Our laboratory has isolated and cloned and characterized phlA, phlB, and phlC; the
downstream genes [26–28] of phl operon, and the current study focuses on the cloning and
characterization of the phlD gene, an upstream/first committed step of the phl operon of
Pseudomonas and its in-depth characterization to obtain deep insight into the PHLD function.
This will help in fine-tuning (upregulating/downregulating) the bio-synthesis of 2,4-DAPG
in response to potent fungal and bacterial pathogens for improving the biocontrols of plant
pathogens.

2. Materials and Methods
2.1. Genomic DNA Isolation and PCR Amplification of the phlD Gene

Genomic DNA of the Pseudomonas spp. strain RS9 (KP057506) [29] was isolated as de-
scribed earlier [26]. The phlD gene from Pseudomonas spp. was amplified by the polymerase
chain reaction-based strategy. The forward and reverse primers were designed using the
PRIMER 3 tool, viz, phlD (FP): CCGACTAGTAGGACTTGTCATGTCTACTCTTTG and
phlD (RP): GGAAAGCTTCGTGCAATGTGTTGGTCTGTCA were designed using the nu-
cleotide sequence of Pseudomonas fluorescens (U41818) available in the EMBL database.
Restriction sites for the enzymes SpeI and HindIII were incorporated at the 5′ ends of for-
ward and reverse primers (underlined sequences), respectively. The PCR reaction mixture
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consisted of 10 pmol of each primer, 50 ng of template DNA, 50 mM KCl, 10 mM Tris-HCl
(pH 9.0), 0.1% Triton, 2.5 mM MgCl2, 0.2 mM of each dNTP, and a 1.25 unit of Phusion Taq
DNA polymerase in 100 µL of volume. The thermal cycling was performed with an initial
denaturation cycle of 3 min at 98 ◦C, followed by 30 cycles of (i) denaturation at 98 ◦C for
20 s; (ii) annealing for 30 s at 55 ◦C; (iii) extension for 30 s at 72 ◦C, as well as one cycle of
the final extension for 7 min at 72 ◦C.

2.2. Cloning of the phlD Gene in pBluescript (SK+) Vector

For cloning of the PCR amplified phlD gene into the pBluescript (SK+) vector, the PCR
product (insert) and pBluescript (SK+) vector DNA were double digested with SpeI and
HindIII. The reaction mixture was incubated at 37 ◦C for 3 hours. Restricted DNA was gel-
purified using a Zymo clean gel DNA recovery kit. Purified 50 ng of linearized pBluescript
vector and 100 ng of a double-digested PCR product were ligated using T4 DNA ligase. The
ligated mixture was incubated at 4 ◦C overnight for ligation and used for transformation
into E. coli. The transformed colonies (white in color) obtained after overnight incubation
at 37 ◦C were picked and streaked onto fresh LA-carbenicillin (100 µg/mL) plates.

2.3. Confirmation of Cloning and Sequencing

Recombinant colonies were confirmed by restriction digestion with SpeI+HindIII en-
zymes. The restricted DNA samples were analyzed on 1.2% agarose gel. The complete
nucleotide sequence was determined by the Sanger di-deoxy sequencing. M13F and M13R
primers were used for sequencing. phlD gene-specific primers were also used for confirming
the sequence. The final sequence was determined from both strands and a comparison of
phlD nucleic acid and amino acid sequences with already existing sequences was performed.
The deduced amino acid sequence of PHLD from Pseudomonas RS-9 was compared with
type III PKS from gram-positive bacteria and other plants by a multiple sequence alignment
using MAFFT version 7.271 program [30] with the L-INS-I strategy and output in Phylip
format. A similarity score for each nucleotide of the aligned sequences was calculated by
ESPRIPT 3.0 [31] (https://espript.ibcp.fr/ESPript/ESPript/, accessed on 20 February 2022)
with default parameters. Conserved domain annotation analysis was performed using
InterProScan [32].

2.4. Phylogenetic Analysis

For estimation of the phylogenetic relationship between PHLD from various Pseu-
domonas strains and type III PKS from gram-positive bacteria and plants, the amino acid
sequences were retrieved from the NCBI database. A multiple sequence alignment for the
respective amino acid sequences was performed by Clustal Omega [33] and an un-rooted
tree was constructed in MEGA10 [34] using the maximum likelihood (ML) method. Tree
topology was searched using the nearest neighbor interchanges (NNIs) algorithm [35]. The
LG+G+I substitution model was employed. The gamma shape parameter was estimated
directly from the data and the analysis was performed using 1000 bootstrap replicates. The
proportion of invariable sites was fixed. The tree was obtained in the Newick format.

2.5. Structure Prediction

The model of the PHLD protein was predicted using the I-TASSER server (http:
//zhanglab.ccmb.med.umich.edu/I-TASSER/, accessed on 25 February 2022) [36]. I-
TASSER (Iterative Threading ASSEmbly Refinement) is a hierarchical approach to protein
structures and function prediction. Structural templates were first identified from PDB
by the multiple threading approach, LOMETS; full-length atomic models were then con-
structed by iterative template fragment assembly simulations. The generated model was
refined using ModRefiner (http://zhanglab.ccmb.med.umich.edu/ModRefiner/, accessed
on 3 March 2022). ModRefiner is an algorithm for high-resolution protein structure re-
finement. Both side-chain and backbone atoms were completely flexible during structure
refinement simulations. ModRefiner allowed the assignment of a second structure that was
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used as a reference to which the refinement simulations were driven. The ModRefiner was
used to draw the initial starting model of PHLD closer to its native state.

2.6. Ramachandran Plot Analysis

The stereochemical properties of the PHLD protein were assessed by the Ramachan-
dran plot analysis using RAMPAGE [37]. This allowed visualization of energetically
allowed regions for backbone dihedral angles ψ against ϕ of amino acid residues in the
PHLD protein structure. The residues in the disallowed region were further refined by
using Modloop (https://modbase.compbio.ucsf.edu/modloop/, accessed on 5 March
2022). Modloop relies on MODELLER, which predicts the loop conformations of PHLD
by the satisfaction of spatial restraints, without relying on a database of known protein
structures [38].

2.7. Validation and Visualization of Modeled Structure

The validation of the modeled structure was performed using PDBsum [39] and
PROCHECK [40]. Structure visualization was performed using PyMOL. The predicted
model of the protein was submitted to the Protein Model Database [41] (http://srv00.recas.
ba.infn.it/PMDB/main.php, accessed on 10 March 2022).

3. Results

PCR amplification of the phlD gene from the genomic DNA of the Pseudomonas spp.
strain RS9 (KP057506) [29] resulted in a fragment of 1 kb (Figure 2). The amplified PCR
product and pBluescript control vector were then restricted with SpeI and HindIII restriction
enzymes. This resulted in a 1 kb fragment PCR product with sticky ends (insert) and
3 kb of linearized control vector pBluescript (SK+) with sticky ends for SpeI and HindIII
(Figure 3). The purified double-digested PCR product (insert) was ligated into the linearized
pBluescript vector.
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Figure 2. PCR amplification of the phlD gene from genomic DNA of Pseudomonas fluorescens. Lane M:
1 kb DNA ladder; Lane 1: ~1078 kb amplicon of the phlD gene.
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Figure 3. Restriction profile of the double-digested PCR product and control pBluescript vector.
Lane M: 1 kb DNA ladder. Lane 1: ~3 kb fragment of pBS digested with SpeI+HindIII. Lane 2:
~1.078 kb fragment of purified PCR product. The PCR product was digested with SpeI+HindIII.

The ligated mixture was transformed into E. coli DH-5α competent cells and five
randomly picked white colonies were used for the plasmid isolation. The presence of the
phlD gene was confirmed by restriction digestion with SpeI+HindIII enzymes that released
the expected fragment of ~1 kb (Figure 4).
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Figure 4. Screening and confirmation of positive putative clones by restriction digestion, respectively.
Lanes 1–5: restriction digestion with SpeI+HindIII released a fragment of ~1.078 kb of the phlD gene
and ~3 kb fragment of pBluescript (SK+) vector backbone.

Sanger sequencing of the cloned phlD was carried to check its identity and the results
revealed that it consisted of 1078 nucleotides with an open reading frame of 1050 bp. Based
on the blast results, the phlD gene was found to be of full-length coding for 349 amino
acids. The cloned phlD gene showed considerable homology with the other known genes,
indicating a common descent. The deduced amino acid sequence of 349 amino acids
(~38.3 KDa) showed significant similarity with the homologs of PHLD (Figures 5 and 6).
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Figure 5. Pairwise sequence alignment of the cloned phlD gene (RS-9) with the reported DAPG
producing phlD gene from Pseudomonas strains from the database (http://multalin.toulouse.inra.fr/
multalin/, accessed on 15 March 2022). Our cloned phlD gene from the RS-9 strain showed homology
with already reported phlD genes from Pseudomonas strain F113, Q2-87, CHAO, Pf-5, Q65c-80, PILH1,
and PITR2.
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Figure 6. Pairwise sequence alignment of Pseudomonas spp. RS-9 PHLD protein with the PHLD
protein from five Pseudomonas strains (http://multalin.toulouse.inra.fr/multalin/, accessed on 15
March 2022). The deduced amino acid sequence from the cloned phlD gene Pseudomonas strain RS-9
showed homology with the already reported PHLD protein from Pseudomonas strain F113, Q2-87,
CHAO, and Pf-5.

The deduced amino acid sequence from Pseudomonas RS-9 was compared with type III
PKSs from gram-positive bacteria and CHS/STS from plants. The functional roles of key
amino acid residues found in type III PKSs/CHS/STS were found in PHLD proteins and
other bacterial-type III PKSs (Figure 7), such as plant C169 (cysteine-169), responsible for the
catalytic activities of plant CHSs, S158 in plants (serine-158), and Q166 in plants (glutamine-
166), and were conserved in PHLD proteins. C135 (cysteine-135) and C195 (cysteine-195)
played roles in substrate specificity and K180 (lysine-180), which are important for the
enzymatic structure and function in plant-type III PKSs, and are replaced in the bacterial
counterparts. Threonine, serine, and asparagine, respectively, replaced these amino acids
in the PHLD sequences (Figure 7).
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Figure 7. Alignment of predicted amino acid sequences for PHLD from various strains of Pseu-
domonas and type III polyketide synthase (PKS) from gram-positive bacteria and plant chalcone
synthases/Stilbene synthase (CHS/STS). Conserved residues are indicated by boxes. (1) Cysteine
(C135) from plant CHS implicated in substrate specificity and corresponding to threonine (T104) in
PHLD. (2) Serine (S158) subunit contact site corresponding to S127 in PHLD. (3) Glutamine (Q166)
residue conserved in most plant CHSs and corresponding to Q166 in the PKS of Streptomyces griseus
and Q135 in PHLD proteins. (4) The glycine cysteine (GC) box corresponds to the conserved region
with its catalytic cysteine residue. (5) Lysine (K180) residue, which corresponds to asparagine (N149)
in PHLD, conserved strictly in the plant. (6) C195 involved in the product specificity in the plant CHS.
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Analyses of the conserved domains and annotations were performed using Inter-
ProScan. The results revealed the presence of two InterPro domains viz. the chalcone/
stilbene_synthases_N-terminal domain (37-200 a.a., IPR001099) and the chalcone/stilbene_
synthases_C-terminal domain (213-344 a.a., IPR012328). These two domains belong to the
Polyketide_synthase_type III InterPro family (IPR011141). A maximum likelihood (ML)
tree was constructed to compare the phylogenetic relation of PHLD from Pseudomonas
to Type III PKSs from bacteria and plants (PKS from other gram-positive bacteria and
CHS/STS from plants). Upon comparison, eight PHLD sequences clustered into a separate
group along with PKS from Streptomyces griseus (PKS). PKS from gram-positive bacteria
and CHS/STS from plants also clustered in a separate group in the ML tree (Figure 8).
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Figure 8. Diversity analysis between predicted amino acid sequences of PHLD from eight Pseudomonas
strains and type III polyketide synthase from gram-positive bacteria (PKS) and plants (CHS/STS).
The maximum likelihood (ML) tree was generated by the neighbor-joining method implemented in
MEGA10.

The three-dimensional model of the PHLD protein using the deduced amino acid
sequence of 349 amino acids was generated using the I-TASSER server (Figure 9) for the
detailed structural analysis. The homology modeling of the initial structure was based on
the template crystal structure of Mycobacterium tuberculosis polyketide synthase 11 (PKS11)
(PDB entry 4JAP) [42]. The PHLD model had a C-score of 1.61 and a TM score of 0.94± 0.05.

This initial model was refined using ModRefiner and Ramachandran plot analysis
and the results of both analyses revealed that only 89.5% of residues were in the favored
region, while 1% of residues were in the outlier region. The initial model was iteratively
re-refined using Modloop until 0% of residues fell in the outlier region, 94.3% of residues
fell in the favored region, and 5.7% in the allowed region (Figure 10). The predicted model
was submitted to the Protein Model Database (PMDB) and was assigned the identifier
PM0080923.
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Figure 9. Structure of PHLD from Pseudomonas spp. (A) Stereo-ribbon diagram of the PHLD
monomer (chain A) color-coded from the N-terminus (blue) to the C-terminus (red). Helices (H1–
H16). (B) Diagram showing the secondary-structure elements of PHLC superimposed on its pri-
mary sequence. The labeling of the secondary-structure elements is in accordance with PDBsum
(http://www.ebi.ac.uk/pdbsum): α-helices are labeled H1–H16, the β-strands are labeled β, β-turns
and γ-turns are designated by their respective Greek letters (β, γ) and red loops indicate β-hairpins.
(C) Topology of the PHLD protein showing the orientation of α-helices and β-strands.

The three-dimensional model generated by homology modeling was in accordance
with the secondary structure predicted by PDBsum (Figure 9B,C). The PHLD secondary
structure was dominated by the presence of α-helices (40.7%) followed by β-strands (26.1%)
and 3-10 helices (2.6%). The PHLD structure revealed the presence of 3 beta sheets and
16 alpha-helices. β-sheet A contained 9 mixed β-strands with topology -3X -1X 2X 1
2X 3X -1X -1, β-sheet B and C contained 2 anti-parallel β-strands with topology 1 [43].
Protein also contained 16 α-helices viz; α1 {Gln18-Gln27 (10 residues)}, α2 {Leu28-Asp30
(3 residues)}, α3{His32-Arg34 (3 residues)}, α4{Met35-Asn44 (10 residues)}, α5{Ile56-Val61
(6 residues)}, α6{Phe65-Ala91 (27 residues)}, α7{Leu114-Leu122 (9 residues)}, α8{Gly137-
Val139 (3 residues)}, α9 {Ala140-Leu154 (15 residues)}, α10 {Ser168-Cys171 (4 residues)},
α11{Leu179-Leu187 (9 residues)}, α12{Ala239-Leu254 (16 residues)}, α13{His262-Gln265
(4 residues)}, α14{Arg276-Leu286 (11 residues)}, α15{Ala294-Ala303 (10 residues)} and
α16{Ala307-Ser321 (15 residues)}. The 4 β-hairpins of class 29:31, 20:22, 2:2 I, and 3:3 were
identified [44]. The 14 helix–helix interactions, 12 H-H types (between α1 and α4, α1, and
α5, α1 and α11, α4 and α11, α6 and α7, α9, and α16, α11 and α15, α12 and α13, α12 and
α14, α13 and α14, α14 and α15, and α15 and α16), and 2 H-G type (α5 and α10 and α6 and
α10) were identified.
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Two β-α-β motifs with 23 loops and 11 helices, and 56 loops and 42 helices partici-
pations were identified along with four β-bulges, one each of an anti-parallel classic type
and anti-parallel wide type, and 2 anti-parallel G1 types were also identified. There are 21
β-turns in total belonging to 5 classes: I {(Thr95-Ile98), (Ser105-Gly108), (Tyr172-Gln175)
and (Ser219-Tyr222)}; II{(Val324-Ala327) and (Gly335-Phe338)}; II’(Ile133-Leu136); IV{(Ile94-
Asp97), (Ile98-Val101), (Met110-Ser113), (Arg125-Thr128), (Ala155-Asn158), (Cys171-Pro174),
(Arg198-Asp201), (Leu216-Ser219), (Lys228-Gly231), (Thr273-Arg276), (Glu289-Arg292),
(Pro336-Thr339) and (Gly291-Ala294)}; and VIII(His221-Lys224) [45]. Four γ turns of in-
verse types: (Thr45-Val47), (Met111-Ser113), (Thr126-Thr128), and (Thr273-Gly275) were
also recognized.

4. Discussion

Special attention has been given to the antibiotic-producing fluorescent species of
Pseudomonas due to their antibacterial [10,46], antifungal [47–50], and antiviral [51] abilities
to control a wide variety of plant diseases. Advances in molecular techniques have also
improved our potential to study the DAPG-producing antibacterial strains for their mecha-
nisms of pathogen suppression and growth promotion. Breakthroughs in genomics [52–55]
and transgenic [56,57] research to impart biotic/abiotic tolerance [58–60] or engineer traits
in crops [61,62] have also driven the research in the field of biocontrol using DAPG pro-
ducing strains. Genetic engineering approaches have been employed for the high-level
production of phloroglucinol. Since the genetic background and metabolism of Pseudomonas
have not been elucidated completely and the host does not respond well to genetic manip-
ulation, the heterologous expression of phlD in E. coli is a great approach for increasing the
accumulation of phloroglucinol in cultures [63–65].
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DAPG is known to have antifungal properties and is produced by tandem activities of
six genes viz. phlA, phlB, phlC, phlD, phlE, and phlF. These genes are organized as an operon
onto a single nucleotide fragment of size ~ 6.5 kb. Among these six genes, phlD alone is
important for the synthesis of MAPG. Although phlA, phlB, and phlC are also required
for the synthesis of MAPG, phlD is the most essential. It has been proved that MAPG is
synthesized only in the presence of phlD and in its absence, the cells converted exogenous
MAPG to 2,4-DAPG but were unable to produce either compound themselves. This at-
tribute makes phlD an important and useful marker of the genetic diversity and population
structure among the 2,4-DAPG producers [14]. Thus, probes and primers specific for phlD
have been used in combination with colony hybridization and polymerase chain reaction
(PCR) to quantify the population sizes of 2,4-DAPG producers in the rhizosphere [11,66,67].

phlD shows a remarkable similarity to CHS/STS enzymes from plants. This is surpris-
ing because most of the microbial antibiotic enzymes are known to be synthesized via type
I or type II PKSs [45,68–71]. Structural similarities between phlD and CHS/STS enzymes
point to the common evolutionary descent and similarities in the roles they play during
plant defense strongly support the instances of gene exchange between plants and bacte-
ria [46,72]. The absence of the acyl carrier protein gene from the phl operon further confirms
the similarity with the CHS/STS gene family. Pseudomonas spp. strain RS-9 was used for
the isolation and cloning of the full-length phlD gene. The primers were designed using
the Pseudomonas fluoresens (U41818) phlD gene sequence as a reference and Pseudomonas
spp. strain RS-9 as the template. To amplify the full-length phl gene, we first standardized
the PCR conditions. A gradient PCR was set in a temperature range of 50 ◦C to 60 ◦C to
optimize the Tm for the reaction. At a lower Tm, multiple bands were obtained and at a
very high Tm, faint amplification was obtained. The optimum amplification of ~1 kb for
the phlD gene was obtained at 55 ◦C. This amplicon was restricted, purified, and ligated to
the pBluescript vector and transformed into E. coli cells.

The cloned phlD gene through our investigation was confirmed by Sanger sequencing
and it consisted of 1078 nucleotides with an open reading frame from 10 to 1059. The longest
ORF of the phlD gene was found to be 1050 bp. Based on the blast results, the cloned phlD
gene was found to be full-length, coding for 349 amino acids. This is consistent with the
other reports [73] (Figure 5) on the length of amino acid coding phl genes. The cloned phlD
gene showed 93% homology with phlD genes from different Pseudomonas strains, such as
Pseudomonas sp. Q12-87, Pseudomonas sp. K96.27, Pseudomonas sp. PITR2, Pseudomonas
sp. Q37-87, Pseudomonas sp. 12. The deduced amino acid sequence of 349 amino acids
(~38.3 KDa) showed 97% similarity with the homologs of PHLD [73]. The phlD gene is of
utmost importance to the DAPG gene cluster as MAPG synthesis does not occur without it.

The deduced amino acid sequence of the cloned phlD gene consisting of 349 amino
acids was aligned pairwise with the Pseudomonas fluorescens (U41818) PHLD protein. The
alignment revealed that there were few mutations in the protein sequence of the cloned
gene. These mutations were authentic as we amplified and cloned the gene using high-
fidelity Phusion Taq polymerase. Since this Taq polymerase has 3′ of proofreading activity,
the chances of mis-amplifying or incorporating wrong bases are meager. These mutations
need further characterization by site-directed mutagenesis.

A comparison of the deduced amino acid sequence from Pseudomonas RS-9, type III
PKS from plants (CHS/STS), and other gram-positive bacteria indicated that PHLD and
plant CHSs displayed common features. Comparison of the active site region indicated re-
placements of C135, C195, and K180 with threonine, serine, and asparagine that might have
influenced their substrate specificities. Lysine and asparagine codons differ only at the third
nucleotide position, and a single transversion can yield an asparagine instead of a lysine.
The cluster analysis clearly distinguished between PhlD and plant CHS/STS by clustering
them into separate groups [74–76]. Type III PKS from gram-positive bacteria clustered
between CHS/STS from plants and PHLD from eight Pseudomonas strains. PKS closest to
PHLD was the Streptomyces gresius PKS based on cluster analysis. The possibility that type
III PKSs from fluorescent pseudomonads, gram-positive bacteria, and higher plants arose
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independently and may represent convergent evolution of the key enzymes involved in
the biosynthesis of secondary metabolites as speculated earlier [46,73], corroborating out
results of the cluster analysis.

The three-dimensional structure of the PHLD protein predicted using the I-TASSER
server was based on the template crystal structure of Mycobacterium tuberculosis polyketide
synthase 11 (PKS11) (PDB entry 4JAP) [42]. The PHLD model had an excellent C-score of
1.61 indicating a good quality model. C-score ranged from −5 to 2 and this higher value
indicates the high quality of the model. Similarly, a TM score >0.5 indicated a model of
correct topology, and a TM score <0.17 meant a random similarity. A TM score of 0.94± 0.05
for PHLD indicates the precision of the predicted topology. Moreover, >90% residues (94.3%
residues) in the favored region of the Ramachandran plot reaffirmed the stereochemical
stability of the generated refined molecule.

5. Conclusions

Pseudomonas strains have been used as potent biocontrol agents for controlling plant
diseases because of the production of metabolites with antibiotic properties [77]. Amongst
them, fluorescent pseudomonads are suitable for application as biocontrol agents and
are best-characterized by biocontrol PGPR [78]. The biocontrol property of Pseudomonas
is attributed to the synthesis of phloroglucinol—a secondary metabolite with antibiotic
properties—produced by genes encoded by the phl operon. The phlD gene present in
the phl operon is singularly involved in the synthesis of MAPG, which is processed into
phloroglucinol. Though PhlD exhibits condensing activity on malonyl CoA to produce
phloroglucinol; the substrate specificity of the enzyme is not limited to malonyl CoA
compared to other type III PKS enzymes. It also catalyzes “C4–C12 aliphatic acyl-CoAs
and phenylacetyl-CoA” as substrates to form tri- to heptaketide pyrones [25]. The same
is evidenced by the homology modelling of PhlD that reveals the presence of a buried
tunnel that protrudes out of the active site to accommodate the binding of acyl-CoAs.
Structural details revealed from our findings can be used for targeted mutagenesis and
rational designs to successfully alter the substrate specificity of PhlD to produce derivatized
products with higher potency for antibiosis. Since, phlD is the first committed step of DAPG
biosynthesis, targeting substrate specificity of PhlD would be a prudent way to enhance
the biocontrol activities of Pseudomonas spp. that otherwise are present as long-lasting
indigenous communities in several agro-ecosystems to augment the capability to protect
the plant root system from numerous soil-borne plant diseases. Our results of cloning and
structural delineation of phlD will provide novel strategies for combinatorial biosynthesis
of natural but pharmaceutically important metabolites with enhanced antibacterial and
biocontrol effects.
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Abstract: The emergence and global expansion of hyper-virulent and multidrug resistant (MDR)
Klebsiella pneumoniae is an increasing healthcare threat worldwide. The epidemiology of MDR
K. pneumoniae is under-characterized in many parts of the world, particularly Africa. In this study,
K. pneumoniae isolates from hospitals in Khartoum, Sudan, have been whole-genome sequenced to
investigate their molecular epidemiology, virulence, and resistome profiles. Eighty-six K. pneumoniae
were recovered from patients in five hospitals in Khartoum between 2016 and 2020. Antimicrobial
susceptibility was performed by disk-diffusion and broth microdilution. All isolates underwent
whole genome sequencing using Illumina MiSeq; cgMLST was determined using Ridom SeqSphere+,
and 7-loci MLST virulence genes and resistomes were identified. MDR was observed at 80%, with
35 isolates (41%) confirmed carbapenem-resistant. Thirty-seven sequence types were identified, and
14 transmission clusters (TC). Five of these TCs involved more than one hospital. Ybt9 was the most
common virulence gene detected, in addition to some isolates harbouring iuc and rmp1. There is a
diverse population of K. pneumoniae in Khartoum hospitals, harbouring multiple resistance genes,
including genes coding for ESBLs, carbapenemases, and aminoglycoside-modifying enzymes, across
multiple ST’s. The majority of isolates were singletons and transmissions were rare.

Keywords: Klebsiella pneumoniae; multidrug resistance; transmission; Sudan

1. Introduction

Klebsiella pneumoniae is an important global pathogen causing a variety of infections
in community and healthcare-associated infections, such as pneumonia, urinary tract
infections (UTI), and bloodstream infections. It poses a serious threat to human health and
is one of the six highly virulent and antibiotic resistant bacterial pathogens: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp. (ESKAPE), requiring urgent global attention [1]. Multidrug
resistance and carbapenem resistance in K. pneumoniae (MDR-Kp and CR-Kp) is of particular
concern as treatment options are limited.

The population structure of K. pneumoniae appears to be diverse yet highly structured,
with distinct clonal groups (CG) subdivided into MDR- and hypervirulent (Hv)-clones [2].
A subset of these clones contribute to global diseases and outbreaks and are referred to as
‘global problem clones’, involving the transfer and spread of antibiotic resistance genes and
endemic plasmids in highly disseminating successful clones worldwide [3].
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Antimicrobial resistance (AMR) is a global health issue, with low- and middle-income
countries (LMICs) carrying the largest burden of infection and AMR, both in the community
and healthcare settings [4,5]. Global efforts such as the World Health Assembly’s Global
Action Plan on AMR (GAP-AMR), which was followed by the adoption of National Action
Plans (NAP)s by member countries, and the World Health Organisation (WHO) Global
Antimicrobial Resistance and Use Surveillance System (GLASS) are all strategies to contain
AMR [6]. However, lack of systematic surveillance and scarcity of data on the burden of
infectious diseases and AMR is largely due to limited infrastructure and financial support.

Sudan is a lower middle-income country in Africa, with a population of approximately
44 million (in 2021) covering an area of 1.8 million km2. Median age is 19.7, and life ex-
pectancy at birth is 64.1 years [7]. Sudan’s health care system is fragile, hospital-centric, and
fragmented in both the public and private sectors, and facing several challenges. The WHO
data show that health-associated out-of-pocket expenditure paid by households are ~74%,
which cover curative care, medicines, and medical consumables [7]. There is disparity in the
distribution of health care personnel between the public and private sectors and between
urban and rural areas. Moreover, the high turnover and migration of health professionals
continue to threaten the capacity to respond to the increased demand for health services [7].
An analysis of the AMR situation by the Sudanese NAP revealed high rates of resistance,
and an urgent need to address the situation by improving awareness, surveillance, hygiene,
and infection control, and the optimization of antimicrobial medicines (https://www.who.
int/publications/m/item/sudan-national-action-plan-on-antimicrobial-resistance; last
accessed on 7 January 2023). However, the implementation of antimicrobial stewardship
and improving the access to antimicrobials is difficult due to the lack of supervisory systems
to ensure rational prescribing, combined with poor accessibility of essential antibiotics in
rural areas.

MDR K. pneumoniae is on the WHO global priority pathogen list [8], but despite global
efforts there are significant gaps in robust epidemiological data, particularly in LMICs.
Recognising the significance of MDR- and CR-Kp globally and the need for accurate epi-
demiological typing of the organism, it is important to gain insight into circulating clones
in order to contextualise data on national and international lineages, and to inform locally-
relevant infection prevention and control based on local data. In Sudan, K. pneumoniae
is highly prevalent in hospitals and has been reported in numerous studies as the most
common Gram-negative organism identified [9–11]. K. pneumoniae was the second most
frequent organism contributing to urinary tract infection (UTI) in diabetic patients [12].
In a study on the presence of pathogenic bacteria isolated from bank notes in Khartoum,
K. pneumoniae was the most prevalent organism identified [13]. Despite this prevalence,
few studies have included molecular methods for isolate identification, confirmation, or
resistance surveillance. We have previously conducted a study on the local epidemiol-
ogy of CR-Kp in Khartoum by using MLST [14]. In this study we used whole genome
sequencing (WGS) to generate more robust data on the molecular epidemiology, transmis-
sion, resistome, and virulence profiles of MDR K. pneumoniae from multiple hospitals in
Khartoum, Sudan.

2. Results

A total of 86 isolates were included in this study from five different hospitals in the
Sudanese capital of Khartoum: 2 isolates from 2016, 24 from 2018–2019, and 60 from
March–September 2020 (detailed sampling procedure in the Methods). Eighty-four K. pneu-
moniae isolates were confirmed by MALDI-TOF and Kleborate, while 2 isolates (LH_F129
and LH_F72) were identified as Klebsiella quasipneumoniae subsp. quasipneumoniae and
Klebsiella variicola subsp. variicola, respectively. The organisms came from a variety of
samples: blood (n = 25, 29.4%), pus (n = 2, 2.4%), sputum (n = 9, 10.6%), urine (n = 37,
43.5%), and wound swabs (n = 12, 14.1%) (Figure 1; Table 1).
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Figure 1. Details of isolate sources and hospitals.

Table 1. Isolate details: date and type of sample, and hospital.

Sample Name Collection Date Hospital Isolation Source Additional
Information

HishK1 2016 RUH Urine
HishK2 2016 RUH Blood NICU

HishK10 2018 SUH Blood NICU
HishK3 2018 SUH Urine
HishK4 2018 SUH Urine
HishK5 2018 SUH Blood NICU
HishK7 2018 SUH Blood NICU
HishK8 2018 SUH Blood NICU
HishK9 2018 SUH Wound swab

K10 2018 ABH Wound swab
HishK11 2019 ASH Blood
HishK12 2019 ASH Blood
HishK13 2019 ASH Blood
HishK14 2019 ASH Blood

K11 2019 ABH Urine
K12 2019 ABH Urine
K13 2019 ABH Wound swab
K15 2019 ABH Urine
K2 2019 ABH Urine
K3 2019 ABH Blood NICU
K4 2019 ABH Urine
K5 2019 ABH Urine
K6 2019 ABH Blood
K8 2019 ABH Urine
K9 2019 ABH Urine

LH_R146 08 February 2020 RUH Urine
LH_S25 23 February 2020 SUH Blood

LH_R100 26 February 2020 RUH Sputum ICU
LH_R92 28 February 2020 RUH Urine

LH_R107 01 March 2020 RUH Urine NICU
LH_R120 03 March 2020 RUH Urine
LH_R154 11 March 2020 RUH Urine Outpatient
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Table 1. Cont.

Sample Name Collection Date Hospital Isolation Source Additional
Information

LH_R167 18 March 2020 RUH Blood NICU
LH_R182 19 March 2020 RUH Blood Inpatient
LH_R195 22 March 2020 RUH Blood ICU
LH_R164 23 March 2020 RUH Sputum Inpatient
LH_R174 23 March 2020 RUH Wound swab Inpatient
LH_R162 23 March 2020 RUH Urine Outpatient
LH_R208 26 March 2020 RUH Urine Outpatient
LH_R223 28 March 2020 RUH Wound swab Outpatient
LH_R219 28 March 2020 RUH Urine Outpatient
LH_R275 12 July 2020 RUH Urine Inpatient
LH_R289 18 July 2020 RUH Blood Outpatient
LH_R290 27 July 2020 RUH Urine Urology unit
LH_R314 30 July 2020 RUH Blood
LH_R313 06 August 2020 RUH Urine
LH_R323 08 August 2020 RUH Urine
LH_R344 12 August 2020 RUH Urine

LH_F2 16 August 2020 FH Urine
LH_F15 16 August 2020 FH Sputum
LH_F18 17 August 2020 FH Sputum
LH_F25 17 August 2020 FH Blood

LH_F50_1 18 August 2020 FH Urine
LH_F35 18 August 2020 FH Urine
LH_F68 20 August 2020 FH Wound swab
LH_F64 20 August 2020 FH Wound swab
LH_F66 20 August 2020 FH Urine
LH_F82 21 August 2020 FH Pus
LH_F86 21 August 2020 FH Urine
LH_F97 22 August 2020 FH Urine
LH_F101 22 August 2020 FH Urine
LH_R384 22 August 2020 RUH Urine
LH_F104 23 August 2020 FH Urine
LH_F102 23 August 2020 FH Blood
LH_F122 25 August 2020 FH Blood
LH_F126 25 August 2020 FH Wound swab
LH_F139 26 August 2020 FH Wound swab
LH_F134 26 August 2020 FH Blood
LH_F137 27 August 2020 FH Sputum
LH_R387 27 August 2020 RUH Urine
LH_F143 27 August 2020 FH Blood
LH_F146 28 August 2020 FH Urine
LH_F149 29 August 2020 FH Pus
LH_F164 01 September 2020 FH Wound swab
LH_F158 01 September 2020 FH Blood
LH_F159 01 September 2020 FH Blood
LH_F169 02 September 2020 FH Blood
LH_F174 02 September 2020 FH Wound swab
LH_F175 03 September 2020 FH Wound swab
LH_F176 03 September 2020 FH Sputum
LH_F190 05 September 2020 FH Sputum
LH_F192 05 September 2020 FH Sputum
LH_F281 20 September 2020 FH Urine

RUH: Ribat University Hospital, SUH: Soba University Hospital, ASH: Al-Saha Hospital, FH: Fedail Hospital,
ABH: Al-Baraha Hospital, NICU: neonatal intensive care unit.

Most isolates came from Fedail Hospital, followed by Ribat University Hospital, both
of which are two of the largest hospitals in Khartoum. Urine and blood samples were most
common across all isolates.
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Sixty-eight isolates (80%) were MDR (resistant to >3 antibiotic classes), 35 of which
(51%) were carbapenem resistant (imipenem andor meropenem MIC ≥ 4 mgL). The remain-
ing 16 isolates were susceptible to all tested antibiotics. All isolates were colistin susceptible
(MIC < 2 mgL). Multiple resistance mechanisms were identified (Table 2 and Supplemen-
tary Table S1), contributing to the observed MDR phenotypes. Aminoglycoside resistance
was present in 49 isolates (57%), mediated by multiple aminoglycoside-modifying enzymes.
β-lactam resistance was detected in 58 isolates and was mediated by acquired β-lactamases:
OXA-1 (n = 19), OXA-9 (n = 4, two of which were co-harbouring OXA-1 and TEM-1), CMY
(n = 3, one of which was co-harbouring OXA-1), DHA-1 (n = 3, two of which were co-
harbouring TEM-1), and SCO-1 (n = 3, one of which was co-harbouring TEM-1); TEM-1 was
the most prevalent β-lactamase, identified in 40 isolates. The acquired extended-spectrum
β-lactamase (ESBL) CTX-M-15 was present in 64 isolates, and CTX-M-14 was present in
four isolates, three of which co-harboured CTX-M-15. Seventeen isolates did not harbour
any ESBLs. SHV-variants were present in all K. pneumoniae isolates.

Table 2. Resistome and Virulence details of STs.

ST ESBL
bla

Carb R
bla

Intrinsic β-Lactamase
bla Virulence

101 (6) CTX-M-15 (6) NDM-1 (1); ompK
substitution (1) SHV-1 ybt9 (6)

11 (1) CTX-M-15 NDM-4 SHV-11 ybt9

1198 (1) - - SHV-11

13 (1) CTX-M-15 - SHV-1

1147 (1) - - SHV-27

147 (9) CTX-M-15 (9) NDM-1 (5); NDM-5 (1) SHV-11 ybt9 (6)

ST15 (6) CTX-M-15 (5) OmpK35 substitution
(1) SHV-28 ybt9 (1)

ST17 (4) CTX-M-15 (2) NDM-1 SHV-11

ST20 (7) CTX-M-15 (7) NDM-1 (5) SHV-187

ST218-3LV - - SHV-93

ST219 (2) CTX-M-15 (2) - SHV-1

ST231 (2) CTX-M-15 (1) OXA-232 (1) SHV-1 ybt14 (1); iuc (1)

ST237 (2) - - SHV-11

ST24-1LV - - SHV-11

ST2459 (1) CTX-M-15 - SHV-1

ST2674 (1) CTX-M-15 NDM-1 SHV-11

ST2735 (1) - - SHV-11

ST29-1LV (1) CTX-M-15 - -

ST292 (1) CTX-M-15 - SHV-11

ST307 (6) CTX-M-15 (6) NDM-1 (4) SHV-28 ybt10 (3)

ST3161 (1) - - SHV-11

ST3430 (1) CTX-M-15 - SHV-77

ST38 (1) CTX-M-15 NDM-1 SHV-11

ST383 (5) CTX-M-14
(4);CTX-M-15 (4) NDM-5 (4); OXA-48 (4) SHV-1 iuc1 (4); rmp1 (2)

ST39 (1) - - SHV-1 ybt4
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Table 2. Cont.

ST ESBL
bla

Carb R
bla

Intrinsic β-Lactamase
bla Virulence

ST437 (7) CTX-M-15 (7) NDM-1 (1); NDM-5 (6) SHV-11 ybt9 (7)

ST45 (1) CTX-M-15 OmpK36 variant SHV-1 ybt10

ST469 (1) CTX-M-15 - SHV-11

ST474 (1) CTX-M-15 - SHV-11

ST501 (1) CTX-M-15 - SHV-11

ST514 (1) CTX-M-15 - SHV-63

ST530 (2) CTX-M-15 (2) NDM-1 (2) - ybt10 (2)

ST664 (2) CTM-X-15 (2) NDM-1 (2) SHV-11

ST882 (2) - - - ybt (2)

ST901 (1) CTX-M-15 - SHV-1

ST: sequence type; ESBL: extended-spectrum β lactamase; Carb: carbapanemase; OmpK: outer-membrane porin
substitutions contributing to carbapenem resistance; ybt: Yersiniabectin; Numbers in brackets indicate the number
of isolates. Table S1 contains details of each isolate.

Carbapenem resistance was mediated by NDM-1 (n = 23), NDM-4 (n = 1), and NDM-5
(n = 11, three of which co-harboured OXA-48); one isolate harboured OXA-48 on its own,
and one isolate harboured OXA-232 (OXA-48-like enzyme). Three isolates displayed phe-
notypic carbapenem resistance, but no acquired carbapenemases were detected, and the
observed carbapenem resistance was associated with a combination of an ESBL and modifi-
cations in the OmpK35OmpK36 (Table 2 and Table S1). LH_F164 possessed a truncated
blaNDM-1 gene but also harboured OXA-1, CTX-M-15, and a nucleotide substitution (G690A)
in the OmpK35 encoding gene, leading to a premature stop codon. LH_R313, on the other
hand, lacked an ompK35 gene, and carbapenem resistance was mediated by a modification
of OmpK36 containing an LSP insertion in the amino acid sequence at position 184.

A total of 37 different sequence types (STs) were identified in the study, highlighting
the epidemiological diversity of the isolates. We observed 14 small transmission clusters
(TC) by cgMLST, with isolates differing by 0–5 alleles (Figure 2). TC-1 (ST17) comprises
three isolates collected from Al-Saha Hospital (ASH) in 2019; however, they differed in
their respective resistomes. Metadata relating to the location of patients or date of isolation
are not available for these isolates. LH_HishK11 and LH_HishK13 are both carbapenem-
susceptible, while LH_HishK12 is MDR and harbours multiple aminoglycoside-modifying
enzymes (aac(3)-IIa-like;aac(6’)-Ib-cr-like;aadA5) and β-lactamases: blaCTX-M-15, blaOXA-1, and
blaNDM-1. All other TCs comprise isolates with identical resistomes (Figure 2 and Table S1).

The most frequently isolated ST in the study was ST147 (n = 9), followed by ST20
(n = 7), ST437 (n = 7), ST101 (n = 6), ST15 (n = 6), ST307 (n = 6), ST383 (n = 5), and ST17
(n = 4), all of which are high-risk global clones (GC), defined as epidemic high-risk clones
over-represented globally [2], with the remaining 29 singleton STs. Isolates within the same
ST exhibited some similarities at the genomic level, but as seen in Table 2 and Table S1,
some had different resistance phenotypes and genes. For example, ST147 isolates came
from multiple hospitals, with isolates from FH all collected within a 1-month timeframe
(July–August 2020), but they differed by ≥21 alleles and transmission was ruled out. More-
over, differences were seen in their virulence and resistome profiles, with LH_F134 harbour-
ing no recognised virulence factors, while LH_F149, LH_F18, and LH_F97 all harboured
ybt9 on a ICEKp3 structure. LH_F134, LH_F149, and LH_F18 were carbapenem resistant,
mediated by blaNDM-1; however, LH_F97 was carbapenem susceptible. Similar data are
observed in ST-147 isolates from RUH which had identical resistomes, except R344, which
harboured blaNDM-5 and not blaNDM-1 and differed by >50 allelic differences per the cgMLST
and was therefore not part of a single transmission cluster. The only TC in this group were
two identical isolates from Al Baraha Hospital, which also had identical resistomes.
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ST20 was also found in multiple hospitals (SUH, ASH, ABH, and RUH), and comprised
one TC from two hospitals (TC-2; Figure S1), but there were differences in their resistome.
All ST437 were MDR and contained the hypervirulence gene ybt9 on an ICEKp3 structure.
This ST comprised four identical isolates forming a TC (TC-2) with two other isolates, and
a singleton. Key resistome differences were observed in aminoglycoside-modifying en-
zymes and carbapenemases: LH_K4 (collected in 2018 from ABH) had aac(3)-IId-like;aac(6’)-
Ib’.v1;aadA;aph(3’)-VI and blaNDM-1, whereas the remaining isolates (collected from FH in
2020) all had rmtB and blaNDM-5. The imipenem MIC was also notably less for LH_K4,
harbouring blaNDM-1 at 64 mgL vs. >128 mgL for the remaining NDM-5 isolates.

ST101 was only present in isolates in 20182019 (SUH, BH; Supplementary Figure S1)
and comprised five identical isolates (TC-11) and a singleton. All ST-101 isolates were
MDR, but only two were carbapenem-resistant: LH_HishK5 and LH_HishK7, mediated by
NDM-1 (LH_HishK5) and modification in ompK35 (G947A, leading to a premature stop
codon at position 316), combined with blaOXA-1 and blaCTX-M-15 (LH_HishK7).

All ST15 isolates were MDR (and comprised two, TC-12 and TC-13, and two sin-
gletons), but were carbapenem-susceptible, except for LH_F164, which was carbapenem-
resistant (imipenem MIC 16 mgL), associated with a G690A substitution in the ompK35 gene
(leading to a premature stop codon) combined with blaOXA-1. LH_F164 was the only strain
which was also positive for ybt9 (on ICEK3p) within this ST. Isolates within ST307 came from
two different hospitals (RUH and FH), with 56 isolates from RUH. Three of these isolates
form a transmission cluster. Interestingly, one isolate, collected 4 months later in July 2020
(LH_R275) from RUH appears to have lost the MDR and CR pheno- and geno-types.

The ST-383 isolates were all MDR, CR, and were comprised of three singletons
from Fedail Hospital, and one TC from Soba University Hospital (TC-8). Of these, 35
(LH_HishK8, LH_HishK9, and LH_F190) isolates co-harboured multiple resistance genes:
blaCTX-M-14 and blaCTX-M-15, and blaNDM-5 and blaOXA-48. The remaining two isolates
(LH-F15 and LH-F35) harboured either blaCTX-M-14 and blaOXA-48 or blaCTX-M-15 and blaNDM-5,
respectively. Of the three ST17 isolates, only one was MDRCR and harboured blaNDM-1.

Of the remaining 29 singleton STs, 11 of them were MDR and CR, whereas the remain-
ing 18 were susceptible to all tested antibiotics.

Thirty-six isolates harboured one or more virulence genes, namely ybt9, ybt10, ybt4,
ybt14, iuc, rmp1, KpVP-1, and rmpA2 (Table 2 and Table S2). Yersiniabactin ybt9 located on
ICEKp3 was the most common structure detected (n = 21), found in ST147, ST101, ST15,
and ST437 (all of which are GCs), as well as ST11, and was present in multiple isolates
and hospitals in our collection. Seven isolates harboured ybt10 on ICEKp4, associated with
ST530, ST307 (GC), ST3161, and ST45. Aerobactin iuc1 was associated with ST383 (n = 4, of
which two co-harboured rmp1), and 1 ST231 co-harboured ybt14 and iuc.
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Forty different K-loci were identified, as detailed in Supplementary Table S2, along
with seven variants of O-loci, most common of which were O1 (n = 30) and O2 (n = 21).
The O-locus variant could not be identified in 10 isolates.

3. Discussion

The aim of this study was to conduct a snapshot analysis of the molecular epidemiol-
ogy of the K. pneumoniae population from hospitals in Khartoum, Sudan. We have included
isolates from five hospitals through several sampling timeframes over the years. K. pneu-
moniae was implicated in multiple infections, including blood, skin and soft tissue (SST),
and urine. The majority of isolates (81%) were MDR, of which more than half were also
carbapenem resistant, mediated mainly by NDM-1-, NDM-5-, and OXA-48-like enzymes.
Interestingly, KPC was absent from the isolate collection, despite its global prevalence in
CR-Kp, particularly in ST258. Carbapenem resistance was also mediated by the presence of
an ESBL and modifications in OmpK35 and OmpK36 in three isolates (Table 2). Modifica-
tions in outer-membrane porins which restricts antibiotic entry is an important carbapenem
resistance mechanism [15]. OmpK35 is usually truncated due to a mutation encoding a
frame shift that results in a premature stop codon [16,17]. OmpK36 is more heterogenous,
rarely truncated, and resistance mutations are common leading either to abundance of
OmpK36 in the outer membrane or constriction of the pore size [15,18]. Carbapenem MIC
for LH_R290 showed intermediate resistance (IMI 4 mgL) without an acquired carbape-
namase; however, the isolate harbours SCO-1, a plasmid-encoded ESBL able to hydrolyse
not only penicillins but also, to a lesser degree, cephalosporins and carbapenems. Since its
discovery in 2007, the blaSCO-1 gene (GenBank accession no. EF063111) has been identified
in Acinetobacter baumannii, Escherichia coli, Serratia marcescens, Klebsiella aerogenes, Salmonella
enterica, and only four K. pneumoniae isolates [19].

The epidemiological analysis of K. pneumoniae in Sudan revealed a large diversity
of 37 different STs, with 13 transmission clusters (Figure 1). Five of these clusters have
been collected from different hospitals, thereby indicating intra-hospital circulation of
clones. Global problem high-risk MDR clones (GC), identified by Wyres et al., 2020,
have been found in this study; however, we noted that not all were MDR. We have
identified multiple losses of resistance within these GCs over time. For example, isolates
in ST307 at RUH collected in FebruaryMarch 2020 were carbapenem-resistant; however,
isolate LH_R275 collected in July 2020 was neither MDR nor CR. Similarly, isolates within
ST147: LH_F134, LH_F149, LH_F18, were CR harbouring blaNDM-1; however, LH_F97
(isolated from the same hospital) is carbapenem-susceptible, but had acquired the ybt9
virulence gene on ICEKp3. ST437 isolates appear to have lost blaNDM-1 (from 2018) and
acquired blaNDM-5 in the isolates collected in 2020. However, we did not specifically look for
plasmids in this study, and further detailed investigations of possible plasmid acquisition
and loss events must be conducted to confirm the observed results. The differences in the
resistomevirulomes of isolates within the same ST and transmission cluster is important
to note for outbreak and epidemiological studies. The data provided by genomic analysis
are an important tool where molecular epidemiology is combined with patient clinical
data and the resistomes to obtain accurate information on transmission of resistant and
virulent pathogens.

Yersinibectin (ybt9 and ybt10) were the most identified virulence genes in the study
and were mostly associated with GCs: ST101, ST147, and ST307, in addition to their
occurrence in singleton non-GCs, such as ST39, ST437, and ST882 (Table 2). ybt is usually
present in 30–40% of K. pneumoniae human HAI isolates and up to 13% of community-
acquired isolates [20]. Other virulence genes also identified in the study included aerobactin,
iuc1, and hypermucoidy-associated rmpA genes. We have noted AMR-hypervirulence
convergence events in 24 isolates, which harboured a virulence gene and were MDR: ST530,
ST11, ST147, ST101, ST231, ST307, ST15, ST383, ST437, and ST45. It is important to note
that we have not confirmed the virulence phenotypes of the isolates, and more research
into the clinical significance of hypervirulence is required.
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ST383 isolates were particularly unique in their resistomes and virulomes. The isolates
co-harboured multiple ESBLs and carbapenemases simultaneously, CTX-M-14 and CTX-M-15,
in addition to NDM-5 and OXA-48 in the same isolates and iuc-1, rmp1 on KpVP-1, and
rmpA2. ST383 is a prevalent MDR clone in China, Australia, the UK, and Germany [21].
In a study from Egypt, ST383 was identified in a single isolate simultaneously encoding
CTX-M-14 (on an IncLM plasmid) and CTX-M-15 (encoded on a hybrid IncHI1BIncFIB
plasmid) in addition to both NDM-5 and OXA-48 [22]. Results by PlasmidFinder show
the same plasmids are present in our ST383 isolates (incFIBIncHI1B and incL).This clearly
indicates the endemicity of this particular clone in the region, as the data presented in the
Egyptian isolate is identical to that in our ST383 cluster.

In our previous study on K. pneumonia isolated in Khartoum, 2015–2016, we performed
MLST on 117 isolates. All were MDR, and 42.8% were CR-Kp [14]. A similar diversity was
observed in the current study, with 52 different STs, with the most common being ST383
(n = 8), ST101 (n = 5), and ST48 (n = 2), in addition to assignment of 15 novel STs. NDM was
the most common carbapenemase, in addition to VIM, which has not been detected in the
current study. A study conducted in Sudan by Adam et al. from 2015–2016 [23] revealed
that metallo-β-lactamases (VIM and IMP) were prevalent in K. pneumoniae (1520 isolates),
and found in combination with NDM in 520 isolates, in contrast to our study where VIM
and IMP were not detected and NDM was the most prevalent MBL. Comparing the data
from these studies indicates the maintenance of ST101, ST383, ST219, and ST437 lineages
in Khartoum hospitals over the years, and the presence of novel lineages, as reported
in this study.

In comparison to the present study, we also investigated A. baumannii from several
different hospitals in Khartoum during the same time period and found that the A. bauman-
nii isolates were mostly transmissions and very few were singletons [24]. This highlights
that even in an area that obviously has a high incidence of hospital-acquired infections and
patient-to-patient transmissions, including between hospitals, K. pneumoniae is not easily
transmitted. While most K. pneumoniae in this study were not transmissions, they do har-
bour similar carbapenemases, which may indicate transmission of resistance genesmobile
genetic elements, which will be the focus of a follow-up study.

When compared to other African studies, the K. pneumoniae population in Southern
Nigeria was found to contain four dominant lineages: ST307, ST524, ST15, and ST25, while
CR remained low at 8%, with no isolate carrying a combination of carbapenemases, in
contrast to our study, where carbapenem-resistance was much higher (41.6% of 84 isolates)
and three strains co-harboured NDM and OXA-48 [25]. A multi-centre pilot study in
Egypt revealed that ST11, ST147, ST231, ST383, and ST101 were prevalent, which is similar
to our study [26]. The observed similarities and difference with the local, regional, and
international studies highlights the diversity and dynamic nature of the representative local
population of K. pneumoniae as well as the potential for regional dissemination of clones
in different countries, and the need to support local capacity in robust epidemiological
surveillance. The first WGS study on a single ST14 K. pneumoniae from Sudan was conducted
in 2019 [27]. To the best of our knowledge, this is the first WGS-based study of a large
collection of K. pneumoniae from Sudan.

Through this study, we aimed to generate robust epidemiological data on K. pneumo-
niae; albeit acknowledging some limitations. We have tried to collect as many K. pneumoniae
isolates within the indicated timeframes. However, we cannot exclude sampling bias (such
as missed samples or misidentification), as the study team was not directly involved in
the sampling procedures. Routine sampling of infected patients is not always performed
in local hospitals in Sudan, and sampling is frequently sporadic and based on individual
doctors’ rather than hospital policiesguidelines due to poor microbiological infrastructure
in hospitals. The fragmented health service, and the large out-of-pocket contribution by
individuals and households, as presented in the introduction, lead to some hospitals also
outsourcing microbiology to private laboratories. This study, however, focused on data
from hospital-based laboratories only. Furthermore, the study was interrupted during
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COVID-19 lockdowns, so isolates between April and July 2020 were not collected. Some
associated demographic data were also lacking for some isolates collected in 2018–2019.
The sampling strategy therefore cannot exclude missed transmissions. Nevertheless, this
study provides a starting point for the understanding of the population structure and
diversity of K. pneumoniae in Khartoum, Sudan. It furthermore supports national and global
efforts in providing robust epidemiological information on important HAI. This study
highlights the importance of using WGS in AMR surveillance. Despite the vast possibilities
for implementation, major challenges relating to capacity and training, and particularly
analysis, of WGS still exist in many LMICs [28].

4. Materials and Methods

A total of 86 non-repetitive isolates were collected within these timeframes: Twenty-
four isolates in 2018–2019 from Al-Baraha Hospital (ABH), Al-Saha Hospital (ASH), and
Soba University Hospital (SUH); then 60 isolates in March–September 2020 from Fedail
Hospital (FH), Ribat University Hospital (RUH), and SUH. Two additional isolates (from
2016) were included from RUH. Descriptive statistics was used to summarise the details of
each isolate, including date of isolation, sample type, and hospital (Figure 1 and Table 1).
The clinical microbiology laboratories in the named hospitals identify clinical specimens
to the genus levels by conventional phenotypic and biochemical methods (growth and
colony morphology on various media, and biochemically: indole negative, MR nega-
tive, VP positive, citrate positive, oxidase negative, and catalase positive). No specific
selection criteria were implemented, as we aimed to collect and characterise any K. pneu-
moniae isolates identified in the hospitals during the study periods. Upon identification of
K. pneumoniae by the clinical microbiology laboratories, the isolates were stored at 4 ◦C and
collected by the study team within 48 h. It is important to note that the study team cannot
guarantee any misidentification or loss of samples that were not submitted to the study.

All acquired isolates were subsequently confirmed phenotypically by conventional
culture methods to exclude any contamination, then genotypically by amplification of
16S-23S rDNA internal transcribed spacer (ITS) of K. pneumoniae, as described in our pre-
ceding study [29]. Further identification confirmation was performed by MALDI-TOF prior
to WGS.

Antimicrobial susceptibility (AST) was initially performed by disk-diffusion at the
clinical microbiology laboratories and interpreted according to CLSI guidelines [30]. Upon
confirmation of species, as described above, the minimum inhibitory concentration (MIC)
was determined by MICRONAUT-GN, (Merlin Diagnostika, Germany). This system
allows the determination of the MIC for a panel of Gram-negative specific antibiotics:
meropenem (MER), gentamicin (GEN), amikacin (AMK), trimethoprim-sulfamethoxazole
(SXT), ciprofloxacin (CIP), colistin (COL), Amoxicillin (AMX), AmoxicillunClavulanate
(AMC), Cefotaxime (CTX), Ceftazidime (CAZ), Cefuroxim (CXM), Etrapenem (ERT), and
Temocillin (TMO), with two concentrations (mgL) based on the EUCAST MIC breakpoints
for sensitivity (S) or resistance (R) in a single microtiter plate. Additionally, MIC for
imipenem (IMI) was performed by broth microdilution according to the EUCAST guidelines
V2, 2020 [31]. Quality control strains E. coli ATCC 13846, ATCC 12241, and P. aeruginosa
ATCC12903 were used in all AST experiments. Multidrug resistance was defined as
resistance to 3 or more antimicrobial classes.

Total DNA was extracted from the bacterial isolates using a MagAttract HMW DNA
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Sequencing
libraries were prepared using the Nextera XT library prep kit (Illumina GmbH, Munich,
Germany) for a 250-bp paired-end sequencing run on an Illumina MiSeq platform. De novo
assembly was constructed using Velvet v1.1.04. Molecular epidemiology of the isolates was
investigated by core-genome MLST (cgMLST) using Ridom® SeqSphere+ version 8.5.1 [32].

Kleborate v2.0.4 was used to screen genome assemblies for Sequence Types (STs),
capsular type, and virulence loci [33]. The resistome for the assembled genomes was
identified using Kleborate v2.0.4 and the Resfinder database v3.2 https://cge.cbs.dtu.
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dkservicesResFinder (accessed on 10 February 2021) [34]. Sequence alignment and visuali-
sation was performed by Geneious Prime.

All assembled genome sequences were submitted to Genbank under BioPproject
ID PRJNA912084.

5. Conclusions

This study aims to provide a population snapshot of K. pneumoniae in Sudan. ST101,
ST147, and ST437 are epidemic and predominantly present in multiple hospitals. MDR and
CR-Kp were also prevalent (80% and 50%, respectively), which is alarming. The detection
of multiple virulence genes and the potential emergence of AMR-hypervirulence conver-
gence events must also be considered for local surveillance. We conclude that a diverse
population of K. pneumoniae is present in hospitals in Khartoum, Sudan. Further genomic
investigations, and inclusion of more data from national and regional hospitals, would
enable delivery of value on a local, national, regional, and global level in understanding the
pathogen dynamics.
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www.mdpi.com/article/10.3390/antibiotics12020233/s1. Figure S1: Minimum spanning tree (MST)
of 84 K. pneumoniae by hospital information. Ridom SeqSphere+ MST for 84 samples based on
2358 columns, pairwise ignoring missing values, logarithmic scale. Cluster distance threshold: 15.
Isolates grouped by colour indicate the different hospitals. Samples were collected from five different
hospitals, and 37 different STs were identified, in addition to 14 transmission clusters, represented by
shaded nodes and arrows. Numbers between the nodes indicate the number of allelic differences;
Table S1: Sequence types, antimicrobial susceptibility and associated resistome; Table S2: Details of
ST with virulence genes, K and O loci.
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Abstract: Infections led by Acinetobacter baumannii strains are of great concern in healthcare en-
vironments due to the strong ability of the bacteria to spread through different apparatuses and
develop drug resistance. Severe diseases can be caused by A. baumannii in critically ill patients, but
its biological process and mechanism are not well understood. Secretion systems have recently been
demonstrated to be involved in the pathogenic process, and five types of secretion systems out of the
currently known six from Gram-negative bacteria have been found in A. baumannii. They can promote
the fitness and pathogenesis of the bacteria by releasing a variety of effectors. Additionally, antibiotic
resistance is found to be related to some types of secretion systems. In this review, we describe
the genetic and structural compositions of the five secretion systems that exist in Acinetobacter. In
addition, the function and molecular mechanism of each secretion system are summarized to explain
how they enable these critical pathogens to overcome eukaryotic hosts and prokaryotic competitors
to cause diseases.

Keywords: Acinetobacter baumannii; secretion systems; pathogenicity; antibiotic resistance

1. Introduction

Acinetobacter baumannii is a strictly aerobic, non-fermenting, Gram-negative coccobacil-
lus with pili and capsule, but no flagella. It is ubiquitous in nature, and used to be
considered to be of negligible significance due to its low virulence [1]. However, the rapidly
increasing nosocomial infections and high mortality caused by A. baumannii, as well as its
strong drug resistance, have raised people’s attention [2]. Taken together with Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumonia, Pseudomonas aeruginosa, Enterobacter,
Acinetobacter baumannii has been enrolled as a member of ESKAPE by the Infectious Dis-
eases Society of America (IDSA) in order to emphasize the importance of these pathogens in
causing hospital infections and resisting the effects of a variety of antimicrobial drugs [3,4].

The high frequency of A. baumannii nosocomial infections is closely related to its strong
environmental persistence. A. baumannii can survive in nutrient-limited and desiccation
environments, and is capable of resisting disinfections [5]. Moreover, it is able to survive for
long periods of time on both biotic and abiotic surfaces [6]. Based on these advantages, A.
baumannii can be easily transmitted patient to patient by air, water, and contact with medical
personnel’s hands and equipment, thus colonizing multiple sites and finally leading to a
variety of infections, such as pneumonia, septicemia, urinary tract infections, meningitis,
and skin and wound infections [7–9].

Antibiotic resistance is another key factor that contributes to A. baumannii infections
and outbreaks. The increasing rate of infections caused by drug-resistant A. baumannii is a
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significant issue in hospitals all over the world [10]. The continued overuse and misuse
of antibiotics enable A. baumannii to develop different types of resistance mechanisms,
e.g., the acquisition of multiple antibiotic resistance genes to produce degradative enzymes,
a decrease in bacterial membrane permeability, the alteration of antibiotic targets, the over-
expression of efflux pumps, a change in metabolic status, and the formation of biofilms [11].
Therefore, this bacterium can escape the killing of antibiotics and conquer the stress condi-
tions, further leading to infections. A. baumannii has an extraordinary genetic plasticity that
results in a high capacity to acquire antimicrobial resistance traits [2], thus producing many
multidrug-resistant (MDR), extensively drug-resistant (XDR), and even pan-drug-resistant
(PDR) strains, representing a significant challenge for therapy in clinics.

Infections are also dependent on virulence factors. Various genes have been revealed
to be involved in the pathogenic procedures of iron acquisition, nutrient uptake, adhesion,
biofilm formation, invasion, hemolytic activity, and cytolytic activity [12,13]. Among them,
protein secretion systems have received much attention. They can transport the virulence
factors produced by bacteria into extracellular environments, meaning that the latter will
manipulate the host’s defenses and facilitate pathogen infection [14,15]. Until recently, six
secretion systems from Gram-negative bacteria have been revealed and studied; namely,
type I secretion system (T1SS) to type VI secretion system (T6SS). Some of these have been
characterized and reported to have specific roles in the pathophysiology of A. baumannii,
whereas the gene and protein structures of some secretion systems in A. baumannii are still
not clear and are being explored. Moreover, the association between secretion systems
and drug resistance has been discovered in some bacteria, e.g., the T3SS in Pseudomonas
aeruginosa correlates with a fluoroquinolone resistance phenotype, and the T4SS in many
Gram-negative pathogens mediates antibiotic resistance via conjugation [16–18]. Mean-
while, the contribution of secretion systems to antibiotic resistance in A. baumannii is poorly
understood. Here, an overview of the progress of the research on the structure, composition,
pathogenicity, and relation to antibiotic resistance of the secretion systems in A. baumannii
is presented.

2. Type I Secretion System (T1SS)

The T1SS is a highly conserved secretion system in pathogenic Gram-negative bacte-
ria. However, it is less reported in A. baumannii. In 2017, the T1SS was first identified in
the pathogenic Acinetobacter nosocomialis strain M2 upon bioinformatic analysis by Hard-
ing et al. [19]. Until now, only two reports have described the structure and function of the
T1SS in Acinetobacter [19,20].

2.1. Gene and Structure

The locus that is homologous to the prototype T1SS of Escherichia coli containing the
tolC, hlyB, and hlyD genes is found in the M2 chromosome, as well as in A. baumannii. In
contrast to E. coli, these genes are found in three gene clusters, and are most likely in an
operon, given that the open reading frame (ORF) for hlyB overlaps with both tolC and
hlyD [19] (Figure 1a).

This tolC-hlyB-hlyD gene cluster produces three proteins with high molecular weights
of 130 kDa, 250 kDa, and 70 kDa. They form a secretion system with the elements of TolC,
which is localized in the outer membrane, HlyB, which is anchored in the inner membrane
as an ATP-binding cassette transporter, and HlyD as a periplasmic adaptor [19] (Figure 1b).
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tags are cited from ATCC 17978. Genes predicted to encode proteins required for the biogenesis of 
the T1SS are found in three gene clusters, with hlyB overlapping with tolC and hlyD. (b) The three 
components of the T1SS act together to facilitate the secretion of effectors. TolC is a trimeric outer 
membrane protein with the α-helical barrel forming a tunnel through the periplasm, and it interacts 
with HlyD. HlyD has a large periplasmic domain linked by a single transmembrane helix, which 
anchors in the inner membrane. The energy required for the export of specific T1SS substrates is 
provided by HlyB, which is an ATP-binding protein. Two putative T1SS effectors, namely, Repeats-
in-Toxin (RTX)-serralysin-like toxin and biofilm-associated protein (Bap), are involved in the for-
mation and stability of biofilm. 

2.2. Function 
2.2.1. Secretion of Putative Effectors 

The T1SS facilitates the secretion of two putative effectors from the cytoplasm to the 
extracellular milieu, including Repeats-in-Toxin (RTX)-serralysin-like toxin and the bio-
film-associated protein (Bap) [19]. The former belongs to the RTX family, which is a het-
erogeneous group of proteins translocated out of Gram-negative bacteria by the T1SS. 
They are commonly involved in bacterial adhesion, pathogenesis, and biofilm formation 
[21], but the role that RTX-serralysin-like toxin plays in Acinetobacter is not yet entirely 
understood. By contrast, Bap has been well studied. The Bap protein identified from clin-
ical A. baumannii isolates that lead to bloodstream infections is homologous to Staphylo-
coccus aureus, with nucleotide sequences consistent with cell surface adhesion molecules. 
It is one of the largest bacterial proteins that localize on the surface of A. baumannii and 
has a remarkably low isoelectric point (pI) at 2.9, making it one of the most acidic bacterial 
proteins [22,23]. Bap was found to be necessary for mature biofilm formation on medically 
relevant surfaces, demonstrating the importance of the three-dimensional tower structure 
and water channel formation. Moreover, it was also involved in the adherence of A. bau-
mannii to eukaryotic cells, including human bronchial epithelial cells and neonatal 
keratinocytes, which is a key step in the biofilm formation of this bacterium in the host 

Figure 1. Composition and structure of the type I secretion system (T1SS) in A. baumannii: (a) Bioinfor-
matic analysis has led to the identification of the T1SS in genomes of A. baumannii. Gene locus tags are
cited from ATCC 17978. Genes predicted to encode proteins required for the biogenesis of the T1SS
are found in three gene clusters, with hlyB overlapping with tolC and hlyD. (b) The three components
of the T1SS act together to facilitate the secretion of effectors. TolC is a trimeric outer membrane
protein with the α-helical barrel forming a tunnel through the periplasm, and it interacts with HlyD.
HlyD has a large periplasmic domain linked by a single transmembrane helix, which anchors in
the inner membrane. The energy required for the export of specific T1SS substrates is provided
by HlyB, which is an ATP-binding protein. Two putative T1SS effectors, namely, Repeats-in-Toxin
(RTX)-serralysin-like toxin and biofilm-associated protein (Bap), are involved in the formation and
stability of biofilm.

2.2. Function
2.2.1. Secretion of Putative Effectors

The T1SS facilitates the secretion of two putative effectors from the cytoplasm to
the extracellular milieu, including Repeats-in-Toxin (RTX)-serralysin-like toxin and the
biofilm-associated protein (Bap) [19]. The former belongs to the RTX family, which is a het-
erogeneous group of proteins translocated out of Gram-negative bacteria by the T1SS. They
are commonly involved in bacterial adhesion, pathogenesis, and biofilm formation [21], but
the role that RTX-serralysin-like toxin plays in Acinetobacter is not yet entirely understood.
By contrast, Bap has been well studied. The Bap protein identified from clinical A. bau-
mannii isolates that lead to bloodstream infections is homologous to Staphylococcus aureus,
with nucleotide sequences consistent with cell surface adhesion molecules. It is one of the
largest bacterial proteins that localize on the surface of A. baumannii and has a remarkably
low isoelectric point (pI) at 2.9, making it one of the most acidic bacterial proteins [22,23].
Bap was found to be necessary for mature biofilm formation on medically relevant surfaces,
demonstrating the importance of the three-dimensional tower structure and water channel
formation. Moreover, it was also involved in the adherence of A. baumannii to eukaryotic
cells, including human bronchial epithelial cells and neonatal keratinocytes, which is a key
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step in the biofilm formation of this bacterium in the host [24]. The absence and mutations
of Bap diminished both the biovolume and thickness of the biofilm in A. baumannii [23].
Interestingly, a stronger biofilm formation was correlated with the overexpression of Bap
under the condition of a low iron concentration [25]. As Bap was secreted via the T1SS,
Harding et al. further verified that the Acinetobacter T1SS was required for biofilm forma-
tion [19]. Additionally, the acidic protein Bap may influence the physical and chemical
properties of a variety of antibiotics, thus resulting in drug resistance [26].

2.2.2. Cross-Talk with other Secretion Systems

The T1SS has also been revealed to cross-talk with other secretion systems [19]. For
example, compared with the wild-type Acinetobacter strain, several T2SS-associated proteins,
such as CpaA, LipH, a rhombosortase, and a rhombotarget, were found in lower quantities
in the T1SS mutant. Moreover, the activity of the T6SS in minimal medium was repressed
by the deletion of the T1SS system. This was due to the significantly lower level of the
T6SS-associated proteins, VgrG and Hcp, in the T1SS mutant. Specifically, mutations in any
component of the T1SS reduced Hcp secretion under nutrient-limited conditions, whereas
that in PilD, which is a prepilin peptidase necessary for both T4P and T2SS systems, did not
alter Hcp secretion, suggesting a specific association between the T1SS and T6SS. Lastly, two
distinct functioning contact-dependent inhibition (CDI) systems were found in pathogenic
A. baumannii strains. CDI systems are independent from the T1SS and T6SS that facilitate
inhibition of the growth of neighboring bacteria and are found to be conserved in medically
relevant Acinetobacter. However, in the T1SS mutant, a predicted CDI-associated protein
was identified at a significantly lower level, indicating the cross-talk between them.

2.2.3. Virulence

The virulence of A. baumannii is associated with the T1SS. As observed by Hard-
ing et al., T1SS mutants showed attenuated virulence in a Galleria mellonella infection
model [19]. Moreover, in a recent work, Sycz et al. [20] reported a clinical urinary A.
baumannii isolate, UPAB1, which was able to replicate in macrophages and escape from
them by lysing the host cells. The T1SS was demonstrated to be required for UPAB1 in
the process of intracellular replication by secreting two common T1SS-dependent effectors,
BapA and RTX2, as well as some additional effectors including proteases, phosphatases,
glycosidases, and a putative invasion. Interestingly, the orthologs of this invasion from
other bacteria were required to induce bacterial entry and to suppress reactive oxygen
species (ROS) generation by the host macrophages [20,27].

3. Type II Secretion System (T2SS)

The T2SS is a multiprotein secretion system that is widely distributed in Gram-negative
bacteria, including enterotoxigenic Escherichia coli, Legionella pneumophila, Vibrio cholerae,
Pseudomonas aeruginosa, and Klebsiella pneumoniae [28–34]. It was first reported in A. bauman-
nii in 2014 and was subsequently shown to be active in ATCC 17978 by Johnson et al. [35,36].
Further, the T2SS is found in the majority of A. baumannii genomes.

3.1. Gene and Structure

In Acinetobacter spp., the T2SS is encoded by 12 essential genes, namely, gspC-M
and pilD, and forms an apparatus spanning both the inner membrane and outer mem-
brane [37,38] (Figure 2). In contrast to other Gram-negative pathogens, the core gsp genes
are not organized in one or two operons, but are grouped into five distinct gene clusters
scattered throughout the Acinetobacter genome [39] (Figure 2a).
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Figure 2. Type II secretion system (T2SS) structure of A. baumannii and its protein secretion mecha-
nism: (a) As shown in the ATCC 17978 genome, the gsp genes required for the T2SS are located in five
distant loci, and a single prepilin/pre-pseudopilin peptidase homolog is located in the pilBCD cluster.
(b) The T2SS is composed of an outer membrane (OM) complex (GspD), a periplasmic pseudopilus
(GspG, GspH, GspI, GspJ, and GspK), and an inner membrane (IM) platform (GspC, GspF, GspL, and
GspM), which relates to the cytoplasmic ATPase GspE. In A. baumannii, the T2SS shares a processing
protein, PilD, with type IV pili. The T2SS secretes a large number of effectors required for virulence,
including the metallopeptidase CpaA (chaperone CpaB), the lipoyl synthases LipA (chaperone LipB),
LipH, and LipAN, and a novel lipoprotein, InvL. (c) The T2SS-dependent proteins are first exported
across the IM to the periplasm via the Sec or Tat pathways in A. baumannii. The Sec pathway primarily
translocates unfolded proteins, relying on a hydrophobic signal sequence at the N-terminus. On
the contrary, the Tat pathway, consisting of TatA, TatB, and TatC, primarily secretes folded proteins.
Afterwards, the signal sequence is cleaved, followed by the folding of proteins. Finally, the folded
proteins are expelled extracellularly through the OM channel.
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In general, the T2SS consists of four parts: (1) an outer membrane (OM) complex;
(2) a periplasmic pseudopilus; (3) an inner membrane (IM) complex called the assembly
platform (AP); and (4) a cytoplasmic ATPase [40]. The OM complex is composed of GspD,
which forms a secretin channel across the outer membrane to transport substrates from
the periplasm to the extracellular milieu [41]. The IM platform is composed of GspC,
GspF, GspL, and GspM, in which GspC is joined to the periplasmic domains of GspD,
thereby connecting the IM platform with the OM complex. In between the OM and IM
complexes, the periplasmic pseudopilus, a structure homologous to the type IV pilus, is
attached to the IM platform with the composition of major pseudopilin GspG and minor
pseudopilins GspH, GspI, GspJ, and GspK. Before the assembly of these subunits, PilD is
involved in the cleavage and methylation procedure. Additionally, the cytoplasmic ATPase
is formed by a hexamer protein, GspE, to provide ATP to the T2SS for the secretion of
effector proteins [40,42] (Figure 2b).

3.2. Function
3.2.1. Secretion of Enzymes and Toxins

The T2SS is an important virulence factor that can secrete multiple degradative en-
zymes and toxins that associate with the fitness of A. baumannii in various conditions,
including the external environment and mammalian host [43]. The secretion by the T2SS
undergoes a two-step process (Figure 2c). Firstly, the substrates of the T2SS, commonly pos-
sessing an N-terminal signal peptide, are translocated from the cytoplasm to the periplasm
via the general export (Sec) pathway or twin arginine translocation (Tat) pathway. Secondly,
after the cleavage of the signal sequence, the proteins fold into a tertiary and/or quaternary
structure and exit the bacterial cell through the OM channel [34,43]. After investigation
through bioinformatics, proteomics, and mutational analyses, Acinetobacter was found to
export several substrates through the T2SS, including lipases LipA, LipH, and LipAN, as
well as the protease CpaA and lipoprotein InvL [39,44–46].

LipA, after being transferred extracellularly, was reported to be required by A. bau-
mannii for utilizing exogenous lipids to obtain nutrients and benefit for colonization in a
murine bacteremia model [36]. Its secretion and activity are also related to the chaperone
protein LipB, except in the T2SS [34]. Similar to LipA, the secretion of LipH is depen-
dent on a functional T2SS. LipH was discovered to mediate lipase activity as there was
residual lipase activity of the culture supernatants in the absence of LipA. Additionally,
LipH was found to be secreted by not only the A. nosocomialis strain M2, but also a panel
of Acinetobacter clinical strains, including A. baumannii [39]. LipAN is a newly discovered
T2SS-dependent phospholipase from A. baumannii ATCC 17978, found in 2016. It locates on
the plasmid and contributes to the lung colonization of A. baumannii, as investigated in a
mouse pneumonia model [44].

CpaA, a zinc-dependent metallo-endopeptidase, was first purified from the culture
supernatant of an A. baumannii clinical isolate in 2014. It is conserved in most clinical
isolates of A. baumannii, but it does not exist in ATCC 17978 or ATCC 19606 [45]. Along
with LipA and LipH, the potential virulence factor CpaA is also secreted by the T2SS [39].
CpaA is composed of four glycan-binding domains that facilitate this protease to display
glycoprotein-targeting activity [47]. It can cleave two O-linked glycoproteins, factors V
and XII, finally leading to the deregulation of the human blood coagulation system [45,48].
In a recent work, more O-linked human glycoproteins were shown that could be cleaved
by CpaA, such as CD55 and CD46, that are involved in complement activation, and its
activity is unaffected by sialic acid [49]. Similarly to LipA, the chaperone CpaB is essential
for the stability and secretion of CpaA. CpaB is a membrane-bound T2SS chaperone that
strongly interacts with CpaA in a CpaAB complex with the stoichiometry of 1:1, where
the protease (CpaA) surrounds the chaperone (CpaB). However, the proteolytic activity of
CpaA is not blocked by the binding of CpaB. This complex structure is a novel model for
chaperone–protease interaction [47].
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A newly discovered lipoprotein, InvL, is identified as the first effector of the T2SS
belonging to the intimin-invasion family. InvL was primarily found in the insoluble
fractions of the supernatant of a urinary isolate, UPAB1, and further revealed to be surface-
localized. InvL is found to be closely related to international clone (IC) 2 [46]. Its secretion
and surface exposure were found to be dependent on the T2SS, since InvL-His6 expressed
in the gspD+ strain was readily degraded by proteinase K, whereas the degradation in the
∆gspD mutant failed [46].

3.2.2. Pathogenesis

The T2SS plays an important role in infections of A. baumannii, primarily by secreting
numerous effector substrates, such as the above-mentioned lipases and proteases, to the
cell surface or extracellular space. These proteins act on the external environments or target
cells, and contribute to the acquisition of nutrients, thus maintaining the survival and
colonization of bacteria in the host [50]. Johnson et al. [36] revealed that A. baumannii ATCC
17978 mutants lacking either T2SS components GspD and GspE, or its secretion substrate
LipA, were unable to grow in vitro when long-chain fatty acids were supplemented as the
sole source of carbon. A negative impact on the in vivo fitness of these mutants was also
observed in immune-deficient mice.

Moreover, T2SS contributes to the pathogenesis of A. baumannii through LipAN, which
is a phosphatidylcholine-degrading phospholipase C that displays phospholipase activity
and benefits for the improved colonization of A. baumannii in the lungs of infected mice [44].
Indeed, by comparing the secretome of A. baumannii ATCC 17978 with that of the highly
virulent MDR strain 5075, Elhosseiny et al. verified that the T2SS and its secretion substrates
provided a colonization advantage to A. baumannii 5075 over ATCC 1797, but was more
important to the latter for biofilm formation [51]. Similarly, the T2SS-dependent protease
CpaA is necessary for the dissemination of A. nosocomialis from the initial infection site in
the lungs to a distal site in the spleen [52]. The invasion-like adhesin InvL is capable of
binding to extracellular matrix (ECM) components, in which fibrinogen shows the highest
affinity with it, thus mediating the adhesion to urinary tract cells. Moreover, the invL
mutant is attenuated in the catheter-associated urinary tract infection (CAUTI) model,
verifying that the T2SS plays an important role in the uropathogenesis of A. baumannii
through InvL [46].

Furthermore, the T2SS and its substrates also participate in the immune escape effect.
Waack et al. [43] noticed that the loss of gspD resulted in a remarkable reduction in bacterial
survival in human serum lacking factor C1q, which is a component of the classical comple-
ment pathway; however, it had no such effect in the absence of factor B, which mediates
the alternative complement pathway. These findings indicate that the T2SS mediates the
outer membrane translocation of an effector protein, thus contributing to in vivo fitness by
protecting A. baumannii from the human alternative complement pathway [43].

In conclusion, A. baumannii mediates the release of various virulent substances through
the T2SS and facilitates the adaptation of this organism to the environments and hosts, thus
enhancing its ability to cause diseases.

3.2.3. Antibiotic Resistance

Drug resistance is a less mentioned topic in the T2SS field. However, Elhosseiny et al. [51]
recently discovered that the T2SS was involved in the resistance of the fluoroquinolone antibi-
otic ciprofloxacin in AB5075, where an eight-fold increase in the MIC value of ciprofloxacin
was detected in the gspD loss mutant, and the value was restored upon mutant complementa-
tion. The altered expression of outer membrane porins or efflux pumps that are controlled
by the T2SS may contribute to antibiotic resistance; however, further research is required to
confirm this speculation.
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4. Type IV Secretion System (T4SS)

T4SSs are multiprotein nanomachines, widespread in Gram-negative and Gram-
positive bacteria, that deliver macromolecules, e.g., DNA and protein, to bacterial recipients
or eukaryotic target cells [53]. They are generally divided into three groups; namely, type F
and P (IVA), IVB, and GI systems [54,55]. However, T4SSs are less reported in A. baumannii.
The information can be summarized from five studies, as discussed below. By using the
high-density pyrosequencing method, the elements homologous to the Legionella/Coxiella
T4S apparatus were first discovered in A. baumannii ATCC17978 [56]. Later, in a pathogenic
isolate, ACICU, the plasmid pACICU2 was found harboring a complete tra locus, which
encoded the conjugative apparatus and an F-type T4SS (based on the F-plasmid of Es-
cherichia coli) [57]. However, the structure and function of the A. baumannii T4SS were not
illustrated in these two studies. Furthermore, the plasmid replicase (rep) gene repAci6 from
pACICU2 was found widely distributed in A. baumannii clinical strains, which carried the
T4SS protein TraC coding gene [58,59]. Thus, repAci6 served as a candidate for screening
the F-type T4SS, and the plasmid carried the genes required for the biogenesis of the T4SS,
such as traC, traD, and traU, which were identified in clinical carbapenem-resistant A.
baumannii (CRAB) isolates [60].

4.1. Gene and Structure

The F-type T4SS in A. baumannii contains a series of tra operon genes, including traA,
traB, traC, traD, traE, traF, traG, traH, traI, traK, traL, traM, traN, traU, traV, and traW, as well
as another two genes, trbC and finO. Through the alignment of seven F-like A. baumannii
plasmids, it was observed that the core genes involved in pilus biosynthesis (traA, traB,
traC, traF, traH, traK, traU, traV, traW, and trbC), nicking (traI), the initiation of transfer
(traM and traD), mating aggregate stabilization (traN and traG), and regulation (finO) were
highly conserved [60] (Figure 3a).
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and two other genes, trbC and finO. (b) The T4SS is a highly sophisticated nanomachine spanning
the entire bacterial cell envelope in A. baumannii. The F-like T4SS apparatus is composed of a pilus
assembly component (TraA), a core complex (TraK, TraV, TraN, and TraH) embedded in the outer
membrane (OM), an inner membrane (IM) platform (TraF, TraB, TraG, TraU, TraW, and TrbC), and
components of the cytoplasm (TraC and TraD).

According to the analysis of Liu et al. [60], the T4SS of A. baumannii is a symmetrical
barrel-shaped structure that is divided into the following units: (1) the pilus assembly
component localized in the extracellular space across the OM (TraA); (2) the core complex
embedded in the OM (TraK, TraV, TraN, and TraH); (3) the constituents of an IM platform
(TraF, TraB, TraG, TraU, TraW, and TrbC); and (4) the components of the cytoplasm (TraC
and TraD). This structure is similar to that of the typical VirB/D4 T4SS, which exists on
the Agrobacterium tumefaciens Ti plasmid, and has gene consistency with tra operons as
traB/virB10, traC/virB4, and traD/virD4 [53,61] (Figure 3b).

4.2. Function

Although there has not been any empirical evidence demonstrating the function of
the T4SS in A. baumannii, it is rational to speculate that it has similar performances to the
universal T4SSs in other bacteria, as they share similar structures [60,62].

4.2.1. DNA Exchange and Antibiotic Resistance

Generally speaking, T4SSs are ancestrally related to bacterial conjugation machines,
which mediate the transfer of genes and proteins across membranes [61]. T4SSs can
recognize DNA substrates and translocate them to recipient bacterial cells by conjugative
transfer. In this way, horizontal gene transfer is performed to disseminate mobile genetic
elements, such as antibiotic resistance genes, virulence genes, and other fitness traits,
to benefit bacteria by enhancing their survival in various environments and promoting
the evolution of infectious pathogens [61]. The spreading of antibiotic resistance genes
will lead to the rapid development of drug-resistant bacteria and even cause outbreaks
of nosocomial infections. The conservation of most T4SS genes between A. baumannii
and E. coli K-12 indicates that the function of the T4SS could be essential and unique in
conjugation-mediated gene transfer [60].

Moreover, instead of connecting with the donor cells, T4SSs can either release naked
DNAs to the milieu, or take up DNAs from the extracellular environments, therefore
fulfilling the exchange of DNAs with the milieu [62,63].

4.2.2. Virulence

T4SSs can also act as effector translocator systems that deliver bacterial effector pro-
teins across both the membrane of bacteria and eukaryotic target cells, finally contributing
to bacterial pathogenicity by assisting the colonization and propagation of bacteria in the
eukaryotic host, as well as the activation of pro-inflammation, apoptosis, and cytoskeleton
rearrangements of host cells [54,64,65]. In addition, T4SSs are able to deliver a killing toxin
to the bacterial neighbors to maintain the advantage of survival [62]. The T4SS may, to
a large extent, contribute to the pathogenesis of A. baumannii. However, further research
needs to be performed to investigate its exact functions.

5. Type V Secretion System (T5SS)

The T5SS, also known as the autotransporter, is a series of simple protein export
pathways that are distributed in a large range of Gram-negative bacteria [66]. They are
classified into monomeric autotransporters (MA), trimeric autotransporters (TA), and two-
partner secretion systems (TPSS), with the composition of a single polypeptide for MA and
TA, and separate polypeptide chains for TPSS [67,68]. Depending on the different structural
features and domain organization, the T5SS is divided into five known subclasses, so-called
types Va to Ve, and possibly another recently identified type, Vf [68]. However, only two
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types, Vb and Vc, have been identified in A. baumannii [34]. Therefore, type Vb and type Vc
will be the focused of this review.

5.1. Gene and Structure

In contrast to other types of secretion systems that span the entire cell envelope
with a syringe-shape structure, the T5SS only spans the OM. The T5SS consists of three
major regions; namely, a signal sequence at the N-terminus, an extracellular secreted
passenger, and a β-barrel domain (transporter) at the C-terminal that anchors the protein
to the bacterial OM [68,69] (Figure 4a). Being produced in the cytoplasm, the protein is
recognized at the N-terminal signal peptide, which targets the Sex complex to mediate
the inner-membrane translocation of the protein to the periplasm [34]. Thereafter, the
C-terminal transporter domain inserts into the OM and secretes the protein to the external
environment through its OM pore. Finally, the passenger domain located between the
signal peptide and the β-barrel domain displays the specific effector function extracellularly
after proteolytic cleavage [40].

Type Vc is the most popular T5SS in the A. baumannii chromosome that belongs to the
TA family. Therefore, the protein of type Vc in this bacterium is designated as the Acineto-
bacter trimeric autotransporter (Ata) [70]. Encoded by the ata gene, the autotransporter Ata
contains a long signal peptide followed by an N-terminus, a surface-exposed passenger
domain, and a C-terminal domain encoding four β-strands [70] (Figure 4b).

In contrast to classical autotransporters, type Vb belongs to TPSS, where the passenger
and translocator (β-barrel) domains locate in two distinct polypeptide chains that are
formed by TpsA and TpsB [67]. TpsA and TpsB are encoded in one operon, and the former
connects at the polypeptide transport-associated (POTRA) domain of the latter for secretion
through the OM to either be surface-displayed or transported extracellularly [71]. In this
way, when releasing the passenger out of the cells after being transported by the β-barrel
domain, there is no need for release by proteolytic cleavage [68]. In the A. baumannii strain
AbH12O-A2, AbFhaB and AbFhaC were found to represent TpsA and TpsB, respectively,
due to the highly conserved structure of these proteins [72] (Figure 4c).

Another type of Vb recently observed in A. baumannii is the CDI system composed
of CdiA and CdiB. CdiA is a large multi-domain protein that forms a filament folded as
a β-helix, similarly to TpsA, and has a C-terminal toxin domain. The CdiA protein in
the periplasm is released to the cell surface by the OM transporter CdiB, and its β-helix
presents the toxin domain to the neighboring bacteria, finally inhibiting their growth [73].
A cytoplasmic immunity protein, CdiI, is also expressed by the CDI operon to protect
bacteria from fratricide and auto-inhibition by CdiA toxins [74–76] (Figure 4c).

5.2. Function

T5SSs play crucial roles in the virulence of Gram-negative bacteria. The function of
the passenger domain from different bacteria is highly diverse, where it can be enzymatic,
proteolytic, toxic, or adhesive, thus contributing to bacterial virulence in colonization,
intracellular mobility, nutrient acquisition, immune evasion, the alteration of host cell
processes, and biofilm formation [68,77].
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secreted passenger in the extracellular milieu, and a transporter at the C-terminal. β-Barrels are
displayed in blue; linkers and the two-partner secretion (TPS) domains are in green; passenger
regions are in orange; polypeptide transport-associated (POTRA) domains are labeled as P; and
the N- and C-termini are indicated. The translocation of substrates for subclasses of T5SS from the
cytoplasm to the periplasm relies on the Sec pathway. (b) Type Vc is the most frequently identified
T5SS in A. baumannii. It is formed by a trimeric protein, Ata, which contains a signal peptide at the
N-terminus, a surface-exposed passenger domain, and a C-terminal domain. (c) Two forms of type
Vb are found in A. baumannii. The one belonging to the TPSS is constructed of AbFhaB and AbFhaC,
which represent TpsA and TpsB in other Gram-negative bacteria, respectively. AbFhaB (TpsA) is
the passenger domain that is secreted out of cells through the outer membrane (OM) by AbFhaC
(TpsB), which is the translocator domain located in the OM. Another one is the contact-dependent
inhibition (CDI) system composed of CdiA and CdiB. Similar to TpsA, the toxin CdiA is released
from the periplasm to the cell surface by the OM transporter CdiB.

5.2.1. Function of Type Vc System

In A. baumannii, the type Vc autotransporter, Ata, is present in many clinical isolates,
and is reported to be produced at the highest level during the very early exponential phase.
Ata is critical for biofilm formation, binding to various extracellular/basal matrix proteins,
including collagen types I, III, IV, and V and laminin. The biofilm formed on adherent
cells was significantly lower in the ata deletion mutant. In addition, Ata mediates the
virulence of A. baumannii by binding to collagen type IV, which promoted the survival of
strains in a mouse model of lethal infection [70]. Further study revealed that Ata bound to
host glycans with high affinity, including galactose, N-acetylglucosamine, and galactose
(β1-3/4) N-acetylglucosamine. This ability was crucial for Ata to recognize human plasma
fibronectin during host adherence, as deglycosylated fibronectin had no interaction with
Ata [78]. In addition to adhesion, Ata also mediates the in vivo invasion of A. baumannii
and induces the apoptosis of the host cells [79].

5.2.2. Function of Type Vb Systems

The type Vb systems, including AbFhaB/FhaC and CdiA/CdiB, also play potential
roles in the pathobiology of A. baumannii. The AbFhaB/FhaC system is involved in the
attachment and fibronectin-mediated adherence to host cells. Moreover, these systems
participate in the virulence of A. baumannii, where higher fertility and survival rates were
monitored in Caenorhabditis elegans and mouse infection models, respectively, when fhaC
was absent [72]. In contrast, the CDI system is reported to inhibit the growth of non-immune
neighboring cells and, on the other hand, to favor the formation of biofilm structures, thus
promoting social interactions between CDI+ cells to facilitate biofilm formation [80].

6. Type VI Secretion System (T6SS)

The T6SS is a multiprotein transmembrane nanomachine discovered in numerous
Gram-negative bacteria, including Vibrio cholerae, Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Francisella tularensis, and Yersinia pseudotuberculosis [81]. It is syringe-
shaped and is commonly used by bacteria to inject toxic effectors into competitors or
host cells [82]. Several parts of this secretion system are structurally and functionally
homologous to the T4 bacteriophage tail, suggesting a common evolutionary origin of this
apparatus [83]. In recent years, an increasing number of studies have reported various
aspects of the T6SS from A. baumannii, including its composition, structure, regulation, and
function, confirming it as an important virulence factor.

6.1. Gene and Structure

The T6SS in A. baumannii is found in a cluster located in the genome that contains
18 genes, arranged as asaA-tssBC-hcp(tssD)-tssEFG-asaB-tssM-tagFN-asaC-tssHAKL-asaDE,
while genes of vgrG, also known as tssI, which are scattered in various numbers throughout
the genome [84,85]. In these genes, 12 encode the core T6SS proteins (Tss, Hcp, and VgrG),
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two encode the TagF and TagN that are associated with the T6SS in other bacteria, and five
encode the Asa proteins that only appear in Acinetobacter spp. [84] (Figure 5a). Based on
the Tss core proteins, the T6SS is composed of three main parts: a membrane complex, a
cytoplasmic baseplate, and a contractile tail tube/sheath complex (Figure 5b).
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Figure 5. Biogenesis and regulation of the type VI secretion system (T6SS) in A. baumannii. The T6SS
is a class of macromolecular secretion machines, which translocate proteins into a variety of recipient
cells: (a) A single gene cluster carries 18 putative genes that are predicted to encode components
of the T6SS. Among them, 12 core genes (tss) are coded on the chromosome of A. baumannii ATCC
17978. (b) The T6SS is composed of three main parts: a membrane complex (TssJ, TssL, and TssM), a
cytoplasmic baseplate (TssK, TssF, TssG, TssE, VgrG, and PAAR), and a contractile tail tube/sheath
complex (Hcp, TssB, TssC, and TssA). The expression of the T6SS is negatively regulated by the TetR-
like proteins encoded on the large, conjugative plasmid pAB3 and proteins within the H-NS family.

Normally, in a wide range of bacteria, the membrane complex consists of the TssJ,
TssL, and TssM proteins that span the cell envelope, with the complex anchored in the IM
and the tip embedded in the OM, but not crossing it [86]. Notably, TssJ, an OM lipoprotein
interacting with TssM, is absent in A. baumannii [85]. TssM and TssL have strong homology
with the T4bSS proteins IcmF and IcmH (or DotU), respectively [87,88]. TssM is a core
component of the T6SS that anchors to the IM through three transmembrane segments [88].
Similarly, the cytoplasmic protein TssL is also bound to the IM, but through a single
transmembrane helix. Two residues of TssL in A. baumannii, Asp98 and Glu99, are strongly
conserved among T6SS-encoding Gram-negative bacteria, and remarkably impact the
dynamics, expression, and functionality of this protein [89]. TssM and TssL are involved in
the recruitment and secretion of Hcp, and are important for the activity of the T6SS [90].

The baseplate complex is a central piece of the T6SS machinery that consists of six
(TssK)6-(TssF)2-(TssG)1-(TssE)1 wedges around a central (VgrG)3-PAAR spike. It connects
the tail to the membrane complex and initiates the polymerization of the tail tube/sheath
complex [91]. TssG is the core component of a baseplate wedge, where its C-terminal
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domain acts as an adaptor to interact with both TssF and TssK. VgrG, which binds to the
PAAR-repeat protein at its distal extremity, is essential for the assembly of the Hcp tube,
thus significantly contributing to the structure of the T6SS in various bacteria, including
A. baumannii [92–94].

The tail tube/sheath complex is a contractile structure formed by the Hcp tube, TssBC
sheath, and TssA cap. Although VgrG locates in the center of the baseplate complex, it is
identified as an extension of the Hcp tube, as the central density of the latter is uniform
from the first ring docked on top of the (VgrG)3-PAAR spike [93]. Normally, the inner Hcp
tube assembles onto the base of VgrG and extends into the cytoplasm. Simultaneously,
the TssBC helical sheath polymerizes around the Hcp tube in an extended, high-energy
“primed” conformation [95]. Additionally, its proximal ring has been suggested to interact
with the TssK-TssF-TssG complex [92]. After contraction, the sheath is disassembled by the
AAA+ ATPase ClpV for a new assembly cycle of an extended sheath [96]. Lastly, TssA is
involved in the assembly of Hcp-TssBC, and caps the distal end of this structure [95,97].

In addition to the core components, additional auxiliaries are required for the A.
baumannii T6SS to ensure the correct assembly and full activity. For example, TagF and
TagN were identified to negatively regulate the activity of the T6SS, where the absence of
these two proteins increased the secretion of Hcp [98]. Moreover, AsaA was demonstrated
to localize in the periplasmic space and affect the assembly or stability of the T6SS by
interacting with TssM [99]. Additionally, a novel peptidoglycan hydrolase, TagX, was
proposed to be required for the transit of the T6SS machinery across the peptidoglycan
layer, thus finally allowing the assembly of the T6SS [98].

6.2. Function
6.2.1. Virulence

Similarly to other Gram-negative bacteria, the T6SS is a multifunctional apparatus in
A. baumannii. Bacterial virulence is the most concerning effect raised by the T6SS. First of
all, outcompeting other bacterial competitors is one critical factor to evaluate the virulence.
As observed by Kim et al., clinical A. baumannii isolates causing bacteremia were shown
to outcompete E. coli in a T6SS-dependent manner [100]. This is primarily due to the
injection of toxic effectors into target cells, which may have bacteriostatic or bactericidal
activities [84]. The T6SS effectors that have been characterized to date include NAD(P)+

glycohydrolase, ADP-ribosylating toxins, (p)ppApp synthetase, and Rhs [101–104]. Current
research has found a synergistic effect of D-lysine on the peptidoglycanase activity of the
T6SS effector Tse4 in A. baumannii. Additionally, the T6SS-mediated killing effect on Gram-
positive bacteria was also seen with the lethal combination of D-lysine and Tse4 [105].
Moreover, the significantly enhanced efficacy of the T6SS can be induced by toxins that
not only kill, but also quickly lyse, competitor bacteria [82]. The injection procedure was
revealed to be reliant upon TssB, Hcp, and TssM [84,106].

Secondly, the T6SS is involved in pathogenicity in eukaryotic hosts. Repizo et al.
reported that the T6SS was required for the host colonization of A. baumannii in the G.
mellonella model [106]. Furthermore, T6SS-active clinical strains were found to survive
better in the presence of human serum and were more frequently detected in patients
with a catheter-related bloodstream infection, hematopoietic stem cell transplantation, and
immunosuppressive agent therapy [100]. Higher hcp expression was found in invasive
A. baumannii isolates under the status of respiratory infection and could be triggered by
the acid environment [107]. VgrG is also involved in the virulence of A. baumannii. It was
found to be beneficial to cellular adherence and systemic infection in hosts. The number of
vgrG deletion mutants adhering to human lung epithelial cells was much lower than that of
the wild-type strain, and the lethal ability of this mutant to mice was also decreased [108].

6.2.2. Antibiotic Resistance

Antibiotic resistance is also found to be closely related to the T6SS. Dong et al. revealed
that the presence of the T6SS in XDR A. baumannii isolates was significantly higher than
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that in MDR strains, followed by that in sensitive isolates [109]. Compared with the wild-
type A. baumannii strain, an increased resistance to ampicillin/sulbactam and a decreased
resistance to chloramphenicol were detected in a vgrG-lacking mutant [108]. The T6SS
may be a contributor to inter-species horizontal gene transfer (HGT), which is one of the
critical drug resistance mechanisms in bacteria. It was revealed to promote HGT by lysing
the neighboring E. coli cells, whose genes were subsequently gained by Acinetobacter [110].
Indeed, when hcp was missing from T6SS+ A. baumannii A152, the ability of this strain
to acquire antimicrobial resistance plasmids from E. coli was reduced remarkably [109].
Nevertheless, the function of the T6SS in A. baumannii is instead repressed during the intra-
species dissemination of multidrug-resistant plasmids. As discovered by Weber et al., the
T6SS was negatively regulated by a large resistance plasmid containing TetR-like regulators,
which presented in a wide range of A. baumannii [111]. Additionally, the dissemination and
conjugation of MDR plasmids among A. baumannii isolates relied on their distinctive ability
to repress the function of the T6SS [112].

7. Conclusions and Future Perspectives

Although six types of secretion systems have been well characterized in numerous
Gram-negative bacteria over the past decades, the study in this field is in the initial stage
for A. baumannii. This bacterium is commonly regarded as a low-grade pathogen, whereas,
based on the current knowledge, five types of secretion systems have been discovered in
this species, including the T1SS, T2SS, T4SS, T5SS, and T6SS. Among them, the T2SS, T6SS,
and Ata from the T5SS are the most frequently reported secretion systems in A. baumannii,
and can coexist in the majority of isolates. They share high similarity with the composition
and structure of the secretion systems in other bacteria and are involved in different aspects,
such as pathogenicity and antibiotic resistance.

Virulence, mediated by this mechanism, is mainly achieved via the secretion of various
effectors, which not only promote the fitness of A. baumannii in different environments, but
also alter the physiology of its hosts. Further research to investigate additional effectors,
as well as their enzymatic activity, will provide more information on the contribution of
secretion systems during human infections.

Secretion systems are normally considered to be involved in bacterial virulence, but
less is known about their relationship with antibiotic resistance. A few studies have
begun to reveal the changes in antibiotic susceptibility in the mutants of some types of
secretion systems, such as the T2SS and T6SS in A. baumannii. However, the mechanism
for drug resistance mediated by secretion systems is not fully understood. Additional
work is necessary to confirm the role that various secretion systems play in the antibiotic
resistance in A. baumannii. Additionally, more functional components and effectors should
be genetically investigated to facilitate a deeper understanding of the mechanism.

Treatment and prevention strategies based on secretion systems can be considered.
Currently, sulbactam, carbapenems, aminoglycosides, polymyxins, tigecycline, and tetra-
cycline are recommended for the therapy of Acinetobacter infections [113]. Among them,
carbapenems are known as the “last line of defense” against Gram-negative bacteria and
have been the preferred remedy choice for MDR A. baumannii infections in the past few
decades. However, an increased incidence of resistance towards this sort of antibiotic
has been reported in recent years, and carbapenem-resistant A. baumannii (CRAB) has
become a global threat to human health, as it is commonly associated with a broad range
of co-resistance to other antibiotic classes [114–116]. Consequently, the World Health Or-
ganization (WHO) lists CRAB in the critical group for the research and development of
new antibiotics [115]. In addition, its resistance to other antimicrobials also continues to
increase. Therefore, new drugs are in urgent need, and those that target secretion systems
could be a good choice.

The T2SS and T6SS are the most frequently discovered secretion systems in A. bau-
mannii, demonstrating their key roles in this bacterium. Some medicines, such as Orlistat,
have been reported to be able to prevent the growth of A. baumannii by inhibiting LipA [36],
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while blocking the function of GspD or the pathways of Sec and Tat can contribute to
the inhibition of virulence mediated by the T2SS [117]. Conserved sequences of VgrG
were identified to be antigenic in various strains of A. baumannii; thus, it could be used
to develop multivalent vaccines [118,119]. In addition, the T5SS protein, Ata, has been
reported to be a potential candidate vaccine by many researchers because of its outstanding
protection effect against the lethal challenges of various A. baumannii strains [120–122].
Additionally, further investigations on more effectors of the T2SS and T6SS, as well as other
less reported secretion systems, may offer further opportunities to control the infections
caused by drug-resistant A. baumannii.
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Abstract: Carbapenem-resistant Klebsiella pneumoniae (CRKP) are usually multidrug resistant (MDR)
and cause serious therapeutic problems. Colistin is a critical last-resort therapeutic option for MDR
bacterial infections. However, increasing colistin use has led to the emergence of extensively drug-
resistant (XDR) strains, raising a significant challenge for healthcare. In order to gain insight into
the antibiotic resistance mechanisms of CRKP and identify potential drug targets, we compared the
molecular characteristics and the proteomes among drug-sensitive (DS), MDR, and XDR K. pneumoniae
strains. All drug-resistant isolates belonged to ST11, harboring blaKPC and hypervirulent genes. None
of the plasmid-encoded mcr genes were detected in the colistin-resistant XDR strains. Through a
tandem mass tag (TMT)-labeled proteomic technique, a total of 3531 proteins were identified in the
current study. Compared to the DS strains, there were 247 differentially expressed proteins (DEPs)
in the MDR strains and 346 DEPs in the XDR strains, respectively. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that a majority of the
DEPs were involved in various metabolic pathways, which were beneficial to the evolution of drug
resistance in K. pneumoniae. In addition, a total of 67 DEPs were identified between the MDR and
XDR strains. KEGG enrichment and protein–protein interaction network analysis showed their
participation in cationic antimicrobial peptide resistance and two-component systems. In conclusion,
our results highlight the emergence of colistin-resistant and hypervirulent CRKP, which is a noticeable
superbug. The DEPs identified in our study are of great significance for the exploration of effective
control strategies against infections of CRKP.

Keywords: Klebsiella pneumoniae; multidrug-resistant; extensively drug-resistant; colistin; carbapenem;
quantitative proteomics; tandem mass tag

1. Introduction

Carbapenem-resistant Klebsiella pneumoniae (CRKP) strains, which account for 70–90%
of clinical carbapenem resistant Enterobacteriaceae (CRE) infections [1,2], pose urgent
threats to global public health because they are usually multidrug resistant (MDR), and
few antibiotics retain activity against them [3]. Infections caused by CRKP are associated
with greater disease severity, more complications, and higher mortality [4]. Especially for
severely ill patients, mortality could exceed 50% even with adequate antibiotic treatment [5].
Colistin is a critical last-resort antimicrobial for serious infections caused by CRKP in
clinics [6]. Although several novel drugs and combinations have been considered in the
therapy of MDR Gram-negative bacteria, colistin will still be considered as a fundamental
companion drug for the treatment of CRE [7]. However, the increasing and suboptimal
use of colistin has led to the emergence of colistin-resistant CRKP, which are identified as
extensively drug-resistant (XDR) strains [8], raising a significant challenge for healthcare.
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Hence, additional knowledge about the mechanism of drug resistance in CRKP is urgently
needed to aid in the development of more effective anti-infectious methodologies.

The precise mechanism of action of colistin remains unclear, but a number of models
have been proposed. Studies have shown that lipid A, a lipid component of lipopolysac-
charide (LPS) in the bacterial outer membrane (OM), is the primary target of colistin [6].
Colistin is a cationic antimicrobial peptide that binds lipid A and causes cell membrane
leakage [6]. The interaction between colistin and lipid A is affected when lipid A is modi-
fied with 4-amino-4-deoxy-l-arabinose (L-Ara4N) or phosphoethanolamine (PEtN), thus
resulting in colistin resistance [6,9]. There are two main mechanisms of modification of lipid
A: chromosome-mediated regulation pathways and plasmid-mediated mobile-resistance
genes (mcr-1 to mcr-10) [10–13]. In chromosomes, modifications of lipid A with L-Ara4N
or PEtN are achieved by the activities of the arnBCADTEF and pmrCAB operons, respec-
tively [10,11]. Mobile mcr genes can facilitate resistant gene transfer from one strain to
another and spread rapidly [12,13]. In addition, it has been reported that capsular polysac-
charide and multidrug efflux pumps can also confer tolerance to colistin, although their
impact is limited [11,14,15]. Currently, the steps toward the development new drugs cannot
keep up with the pace at which resistance is acquired by Klebsiella pneumoniae (K. pneumo-
niae). Significant improvements in the therapeutic strategies for XDR bacterial infections
are still very poor.

Proteomic analyses based on mass spectrometry and bioinformatics have provided
an opportunity to combat antibiotic resistance and reveal unknown functional relation-
ships [16]. In this context, the mining of specific proteins or proteome sets from clinically
useful drug-resistant (DR) K. pneumoniae strains is very important. The tandem mass tag
(TMT)-labeled quantitative proteomic approach is an in vitro labeling technology that can
detect differentially abundant proteins from up to 16 different samples at the same time, so
inconsistent conditions for the identification and separation of all samples can be avoided
and more accurate quantitative results can be obtained [17]. In order to gain insight into the
antibiotic resistance mechanisms of K. pneumoniae and identify potential drug targets, the
TMT-labeled proteomic technique was used to compare the proteomes of drug-sensitive
(DS), MDR, and XDR strains. Meanwhile, we also investigated the presence of mcr genes in
colistin-resistant XDR strains. Such strains were also examined for the presence of carbapen-
emases and hypervirulent genes, sequence types (STs), hypermucoviscosity phenotypes,
and their ability to form biofilms.

2. Results
2.1. Antimicrobial Susceptibility Profile and Molecular Characteristics of K. pneumoniae Isolates

The antimicrobial susceptibility profile showed that all DR isolates included in this
study were resistant to 13 out of the 16 tested antibiotics. The MIC values for colistin of the
XDR strains ranged from 32 to >64 µg/mL. The antibiotic susceptibility results for the nine
isolates are summarized in Table 1.

Table 1. Antimicrobial susceptibility of the DS, MDR, and XDR isolates.

Antibiotics
MIC of Strains (µg/mL)

DS-1 DS-2 DS-3 MDR-1 MDR-2 MDR-3 XDR-1 XDR-2 XDR-3

CST ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 32 >64 >64

AMK ≤2 ≤2 ≤2 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64

GEN ≤1 ≤1 ≤1 ≥16 ≥16 ≥16 ≥16 ≥16 ≥16

TOB ≤1 ≤1 ≤1 ≥16 ≥16 ≥16 ≥16 ≥16 ≥16

IPM ≤1 ≤1 ≤1 ≥16 ≥16 ≥16 ≥16 ≥16 ≥16

MEM ≤0.25 ≤0.25 ≤0.25 ≥16 ≥16 ≥16 ≥16 ≥16 ≥16
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Table 1. Cont.

Antibiotics
MIC of Strains (µg/mL)

DS-1 DS-2 DS-3 MDR-1 MDR-2 MDR-3 XDR-1 XDR-2 XDR-3

CAZ ≤1 ≤1 ≤1 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64

CRO ≤1 ≤1 ≤1 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64

FEP ≤1 ≤1 ≤1 ≥32 ≥32 ≥32 ≥32 ≥32 ≥32

TZP ≤4 ≤4 ≤4 ≥128 ≥128 ≥128 ≥128 ≥128 ≥128

AZM ≤1 ≤1 ≤1 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64

CIP ≤0.25 ≤0.25 ≤0.25 ≥4 ≥4 ≥4 ≥4 ≥4 ≥4

LVX ≤0.25 ≤0.25 ≤0.25 ≥8 ≥8 ≥8 ≥8 ≥8 ≥8

SXT ≤20 ≤20 ≤20 40 ≤20 ≤20 ≤20 ≤20 ≤20

SFP ≤16 ≤16 ≤16 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64

TGC 2 ≤1 ≤1 2 ≤1 ≤1 2 ≤1 2

CST, Colistin; AMK, Amikacin; GEN, Gentamicin; TOB, Tobramycin; IPM, Imipenem; MEM, Meropenem;
CAZ, Ceftazidime; CRO, Ceftriaxone; FEP, Cefepime; TZP, Piperacillin/Tazobactam; AZM, Aztreonam; CIP,
Ciprofloxacin; LVX, Levofloxacin; SXT, Trimethoprim/Sulfa; SFP, Cefoperazone/Sulbactam; TGC, Tigecycline.
Resistance is emphasized in bold.

All DR isolates were found to be positive for blaKPC. However, none of the plasmid-
encoded mcr genes were detected in the colistin-resistant XDR strains. According to
Multilocus Sequence Typing (MLST), all DR strains belonged to ST11 (Table 2). Hyper-
virulent genes peg-344, iroB, iucA, prmpA, and prmpA2 were reported to be the biomarkers
for defining hypervirulent K. pneumoniae (hvKP) (diagnostic accuracy >0.95), which is
an evolving pathotype with more virulence than classical K. pneumoniae, and it infects
healthy individuals in communities [18]. In our study, all DR isolates carried at least two
hypervirulent genes, indicating the cooccurrence of drug resistance and hypervirulence
in K. pneumoniae (Table 2). The MDR2 strain from ST11 harboring all five hypervirulent
biomarkers might have the highest virulence potential. Interestingly, a string test showed
that all MDR strains were positive and considered to have hypermucoviscosity, while all
XDR strains were negative. In addition, the mean OD590 nm values obtained with the
quantitative biofilm production assay are listed in Table 2. The XDR1 strain was a strong
biofilm producer. The DS1, DS3, and MDR1 strains were weak biofilm producers, and
the MDR3 strain showed no biofilm capabilities. The rest of the strains showed moder-
ate biofilm-forming capacities. The results showed that the colistin-resistant XDR strains
showed higher biofilm-forming capacities (0.59467 ± 0.14465) than the colistin-sensitive
MDR strains (0.26778 ± 0.08842).

Table 2. MLST and molecular characteristics of the DS, MDR, and XDR isolates.

Isolate
Housekeeping Genes

ST Carbapenemases Virulence Genes String
Test

Biofilm
Formation

(OD590 nm)gapA infB mdh pgi phoE rpoB tonB

DS1 2 2 1 1 3 3 3 ST5 - iucA, iroB, peg-344 - 0.2264

DS2 18 15 26 108 32 37 51 ST1304 - iucA, peg-344 - 0.5713

DS3 2 1 1 1 9 4 12 ST23 - iucA, iroB, peg-344,
prmpA, prmpA2 + 0.2334

MDR1 3 3 1 1 1 1 4 ST11 KPC iucA, peg-344,
prmpA2 + 0.28933

MDR2 3 3 1 1 1 1 4 ST11 KPC iucA, iroB, peg-344,
prmpA, prmpA2 + 0.36367
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Table 2. Cont.

Isolate
Housekeeping Genes

ST Carbapenemases Virulence Genes String
Test

Biofilm
Formation

(OD590 nm)gapA infB mdh pgi phoE rpoB tonB

MDR3 3 3 1 1 1 1 4 ST11 KPC iucA, peg-344,
prmpA2 + 0.15033

XDR1 3 3 1 1 1 1 4 ST11 KPC iucA, iroB, peg-344,
prmpA2 - 0.76367

XDR2 3 3 1 1 1 1 4 ST11 KPC iucA, peg-344,
prmpA2 - 0.41033

XDR3 3 3 1 1 1 1 4 ST11 KPC iucA, peg-344 - 0.61

2.2. Statistics of the Spectrum Data of the Proteome

In total, there were three groups in our experimental design, and TMT-labeling was
employed for protein quantification (Figure 1). LC-MS/MS analysis of the whole-cell-
lysate proteins (extracted at 4 ◦C) from nine K. pneumoniae isolates generated a total of
513,635 raw spectra. With an FDR of <1% for protein and peptide identification, we obtained
96,134 qualified spectra, including 95,529 unique spectra, which were associated with
34,739 peptides (34,548 unique peptides). These peptides were mapped to 3531 proteins
with at least one unique peptide per protein; there were at least two unique peptides for
3032 (85.9%) of the 3531 proteins identified (Figure 2A). The distribution of the peptide
length is shown in Figure 2B. A total of 87.4% of the peptides had 5 to 20 amino acids
after enzymatic hydrolysis, which indicated that the enzymatic hydrolysis was sufficient
and the identification results were reliable. The molecular masses of most proteins were
from 10 to 60 kDa, and 2% of the proteins with molecular masses >100 kDa were identified
(Figure 2C). The identification was more convincing with the expansion of the peptide
coverage distribution. In this study, 82.2% of the identified proteins had a peptide coverage
of more than 10% (Figure 2D).
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Figure 2. Profiles of the whole-cell-lysate proteins identified in nine K. pneumoniae isolates. (A) Quan-
titative distribution of unique peptides identified for individual proteins. (B) Length distribution of
the identified peptides. (C) Distribution of molecular mass among all identified proteins. (D) Propor-
tional distribution of the amino acid sequence of each identified protein covered by peptides.

2.3. Identification of Differentially Expressed Proteins (DEPs) for Each Compared Group

Based on the quantitative spectrum data, significantly, the DEPs between each com-
pared group were determined with a fold change of >2 and a p-value < 0.05 (Figure 3). When
compared to the DS strains, there were a total of 247 DEPs, including 194 up-regulated
and 53 down-regulated proteins, in the MDR strains (Figure 3A). A total of 346 DEPs were
identified between the XDR and DS strains, among which 270 proteins were significantly
increased, while 76 proteins were decreased in the XDR strains (Figure 3B). In addition,
there were a total of 67 DEPs, including 49 up-regulated and 18 down-regulated proteins,
between the XDR and MDR strains (Figure 3C). The details of the DEPs in the MDR vs. DS
strains, the XDR vs. DS strains, and the MDR vs. XDR strains are shown in Tables S1–S3.

2.4. Prediction of the Protein Functions of the DEPs between the MDR and DS Strains

The Gene Ontology (GO) classification of the 247 DEPs between the MDR and DS
strains resulted in three broad categories (biological processes, cellular components, and
molecular functions) and 24 GO terms (Figure 4A). In biological process category, 69 DEPs
were associated with metabolic processes, 62 DEPs with cellular processes, and 24 DEPs
with localization. In the cellular component category, 35 DEPs were detected in the mem-
brane, 32 DEPs in the membrane part, and 29 DEPs in the cell part. In addition, the
molecular functions associated with the DEPs were as follows: 111 DEPs were involved in
catalytic activity, 74 DEPs were involved in binding, and 17 DEPs were detected mainly in
transporter activity (Table S4). The functional enrichment analysis further determined the
significantly enriched GO classification of the DEPs according to the P-values. The results
indicated that the biological processes of the DEPs were related to transport, localization,
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and catabolic processes (Figure 4B). The molecular functions of the DEPs were concentrated
on oxidoreductase activity, DNA binding, and endonuclease activity (Figure 4C).
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Figure 3. Volcano plots of the DEPs for each compared group. (A–C) Volcano plots for the screening
of the DEPs in the MDR vs. DS strains (A), in the XDR vs. DS strains (B), and in the XDR vs. MDR
strains (C). The dashed line represents the applied threshold (p-value < 0.05, fold change >2). The
up-regulated and down-regulated proteins are shown in red and blue, respectively.
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(A) Numbers of the 247 DEPs in the biological process, cellular component, and molecular function
categories revealed by the GO annotations. (B,C) GO functional enrichment analysis of biological
processes (B) and molecular functions (C). (D) The KEGG pathway analysis of the 247 DEPs. (E) The
enrichment analysis of the KEGG pathway.

Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, the DEPs
were classified and annotated into metabolism, human diseases, genetic information pro-
cessing, environmental information processing, and cellular processes (Figure 4D). Carbohy-
drate metabolism, biosynthesis of other secondary metabolites, and amino acid metabolism
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were the most common annotations of DEPs in the metabolism category, with 33, 10, and
7 proteins, respectively. Importantly, 11 DEPs, including AcrB, WecH, Bm3R1, SapB, OppC,
OppA, OppF, and 4 β-lactamases (KPC-2, CTX-M-14, SHV-11, TEM-1), were enriched
in drug resistance (Table S5). The pathway enrichment analysis showed that the DEPs
were linked to beta-lactam resistance, streptomycin biosynthesis, polyketide sugar unit
biosynthesis, and galactose metabolism (Figure 4E).

2.5. Prediction of the Protein Functions of the DEPs between the XDR and DS Strains

The effects of the 346 DEPs between the XDR and DS strains on cellular processes were
clarified using GO annotation and KEGG pathway analysis (Figure 5). The GO annotation
of the 346 DEPs resulted in 27 GO terms (Figure 5A). The numbers of DEPs involved in
biological process were as follows: 110 proteins were associated with metabolic processes,
100 proteins with cellular processes, and 36 proteins with localization. The DEPs in cellular
components were mainly concentrated in the membrane (66 proteins), cell part (58 proteins),
and cell (58 proteins). In addition, the top three items of molecular functions associated
with DEPs were catalytic activity (176 proteins), binding (100 proteins), and transporter
activity (28 proteins) (Table S6). The enrichment analysis of the biological processes showed
that the DEPs were related to transport, localization, and establishment of localization
(Figure 5B). In the molecular functions, the DEPs were associated with oxidoreductase
activity and lyase activity (Figure 5C).
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enrichment analysis of the KEGG pathway.
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The KEGG pathway analysis for the DEPs between the XDR and DS strains showed
that carbohydrate metabolism, amino acid metabolism, and biosynthesis of other secondary
metabolites were still the most commonly annotated DEPs in the metabolism category
(Figure 5D). Importantly, 18 DEPs, including AcrA, AcrB, WecH, Bm3R1, OppC, OppA,
OppF, DegP, PmrD, 4 β-lactamases (KPC-2, CTX-M-14, SHV-11, TEM-1), and five enzymes
that are responsible for lipid A modification (ArnB, ArnC, ArnA, ArnD, ArnT), were
enriched in drug resistance (Table S7). The pathway enrichment analysis showed that the
DEPs were linked to two-component systems (TCSs), beta-lactam resistance, propanoate
metabolism, galactose metabolism, and cationic antimicrobial peptide (CAMP) resistance
(Figure 5E).

2.6. Prediction of the Protein Functions of the DEPs between the MDR and XDR Strains

We further analyzed the effects of the DEPs between the XDR and MDR strains,
which may offer an opportunity to find the potential mechanism of colistin resistance in
K. pneumoniae. In the GO analysis of the 67 DEPs, there were 10, 5, and 6 enriched GO
terms in the biological process, cellular component, and molecular function categories,
respectively (Figure 6A). The most abundant GO terms included metabolic processes
(17 proteins) in the biological process category, membrane (25 proteins) and membrane
part (23 proteins) in the cellular component category, and catalytic activity (30 proteins)
in the molecular function category (Table S8). The enrichment analysis of the biological
process showed that the DEPs were related to transport, localization, and establishment of
localization (Figure 6B). In molecular function, the DEPs were associated with transporter
activity and transmembrane transporter activity (Figure 6C).
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Figure 6. Functional and pathway enrichment analysis of the DEPs between the MDR and XDR
strains. (A) Numbers of the 67 DEPs in the biological process, cellular component, and molecular
function categories revealed by the GO annotations. (B,C) GO functional enrichment analysis of
biological processes (B) and molecular functions (C). (D) The KEGG pathway analysis of the 67 DEPs.
(E) The enrichment analysis of the KEGG pathway.
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The KEGG pathway analysis for the DEPs between the MDR and XDR strains showed
that most DEPs were annotated in carbohydrate metabolism in the metabolism category. In
particular, eight proteins (ArnT, ArnD, ArnA, ArnC, ArnB, PmrD, YddW, OmpK36) were
enriched in drug resistance (Table S9). The pathway enrichment analysis showed that a
majority of the DEPs were involved in TCS, CAMP resistance, amino sugar and nucleotide
sugar metabolism, propanoate metabolism, and phenylalanine metabolism.

The 67 DEPs were mapped onto the STRING database, and 50 of them were retained
to build a protein–protein interaction (PPI) network (Figure 7). Proteins that did not play
roles in the construction of the network were filtered out. In particular, PfeA, OmpN, and
YfeY, which had the largest number of interacting proteins, were the hubs of the network.
The closely interacting DEPs were mainly distributed in four modules, namely, propanoate
metabolism, phosphotransferase system (PTS), TCSs, and CAMP resistance.
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3. Discussion

Nowadays, K. pneumoniae has become a significant clinical concern in nosocomial envi-
ronments worldwide because of its remarkable abilities for drug resistance [1,2]. Worse still,
a combination of drug-resistant and hypervirulent genes in K. pneumoniae strains could exac-
erbate the scarcity of effective treatments, resulting in related fatal hospital outbreaks [19,20].
A comparative analysis of molecular characteristics and proteomic changes from clinical K.
pneumoniae isolates allowed us to reveal the unknown mechanism of antibiotic resistance
of this bacterial pathogen. In the present study, antibiotic resistance, virulence-associated
genes, STs, hypermucoviscosity phenotypes, biofilm-forming ability, and the proteomes
among DS, MDR, and XDR K. pneumoniae strains were investigated. All DR strains be-
longed to ST11, harboring blaKPC and hypervirulent genes. None of the plasmid-encoded
mcr genes were detected in the colistin-resistant XDR strains. The string test showed that
all MDR strains were positive and considered to display hypermucoviscosity, while the
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XDR strains were negative. The biofilm formation capacity of the colistin-resistant XDR
strains was higher than that of the colistin-sensitive MDR strains. Through the TMT-labeled
quantitative proteomic technique, we identified a total of 34,548 unique peptides associated
with 3531 proteins among the DS, MDR, and XDR strains. Compared to the DS strains,
there were 247 DEPs in the MDR strains and 346 DEPs in the XDR strains. The GO and
KEGG enrichment analysis revealed that various metabolic pathways in which the DEPs
participated were conducive to the evolution of DS strains into MDR and XDR strains. In
addition, a total of 67 DEPs were identified between the MDR and XDR strains, of which
49 were up-regulated and 18 were down-regulated. Notably, the DEPs related to drug resis-
tance were ArnT, ArnD, ArnA, ArnC, ArnB, PmrD, YddW, and OmpK36. Bioinformatic
studies such as KEGG enrichment and PPI network analysis showed their participation in
CAMP resistance and TCSs. Therefore, these DEPs are of great significance for exploring
effective control strategies against infections of CRKP.

Under antibiotic pressure, K. pneumoniae can rapidly evolve and develop resistance,
showing alterations in protein expressions, responsive signals, and cellular processes [21].
In our report, there were 247 DEPs identified in the MDR strains and 346 DEPs identified
in the XDR strains when compared to the DS strains. Notably, four β-lactamases, namely,
KPC-2, CTX-M-14, SHV-11, and TEM-1, were detected in all DR strains, and these comprise
the major mechanism of the resistance of K. pneumoniae to most β-lactam antibiotics. The
expression of efflux pumps in order to pump out an antibiotic is another common resistance
mechanism for many antibiotics. In our study, KexD, AcrA, and AcrB were up-regulated in
the DR strains compared to the DS strains. KexD is a component of an energy-dependent
efflux pump that belongs to the resistance nodulation division (RND) superfamily [22].
It could interact with other RND efflux components (e.g., the periplasmic protein AcrA
and the porin TolC) to efflux antibiotics, such as novobiocin or erythromycin, and it was
induced by crrB mutation to result in colistin resistance [23]. AcrA and ArcB are the
components of an archetypal RND multidrug efflux pump, AcrAB-TolC, which has a
critical role in resistance to multiple antibiotics, especially fluoroquinolones, tetracycline,
and beta-lactam antibiotics, in MDR strains of K. pneumoniae [24,25]. In addition, WecH,
Bm3R1, OppC, OppA, and OppF were the same DEPs in the MDR and XDR strains
compared to the DS strains, and they were enriched in drug resistance. WecH is an
O-acetyltransferase that is responsible for the incorporation of O-acetyl groups into the
enterobacterial common antigen (ECA) trisaccharide repeat units [26]. Bm3R1 is a TetR
family transcriptional regulator that acts as a chemical sensor to monitor the cellular
environmental dynamics, which mediate an adaptive response to toxic fatty acids in
Bacillus megaterium [27,28]. OppC, OppA, and OppF are oligopeptide permeases that have
been proved to play a variety of important roles in nutrition and virulence in several
bacteria [29]. Low expression of OppC, OppA, and OppF was associated with β-lactam
resistance in Streptococcus agalactiae [30]. Importantly, bacterial metabolism plays a crucial
role in mediating the cellular responses to antibiotic treatment [31]. Through the GO and
KEGG pathway analysis, a majority of the DEPs in the DR vs. DS strains were involved
in several metabolic processes, such as carbohydrate metabolism, amino acid metabolism,
metabolism of terpenoids and polyketides, and galactose metabolism. Studies have shown
that metabolism of carbohydrates, starches, sucrose, arginine, and its derivative, proline,
played an important role in biofilm formation and maintenance [32–34]. Biofilms are
communities of microorganisms that adhere to a surface, and they play a significant role
in persistent bacterial infections [31]. Compared with planktonic bacteria, the resistance
of bacteria within a biofilm to antibiotics is several orders of magnitude higher. Biofilm-
forming ability has been associated with antibiotic resistance in K. pneumoniae [35,36].
Consistently with these studies [35,36], we found that the colistin-resistant XDR strains
could have a strong biofilm-forming ability, which might make colonized K. pneumoniae
more difficult to treat.

More importantly, we further identified 67 DEPs between the MDR and XDR strains
and found that ArnT, ArnD, ArnA, ArnC, ArnB, PmrD, YddW, and OmpK36 were enriched
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in drug resistance. It is widely approved that colistin destroys the bacterial OM by binding
to lipid A of LPS, leading to osmotic imbalance and cell death [6]. Alterations in LPS helped
K. pneumoniae survive under colistin [6]. ArnT, ArnD, ArnA, ArnC, and ArnB, the gene
products of the arnBCADTEF operon, are the enzymes responsible for the biosynthesis
and addition of L-Ara4N to lipid A, which reduces the negative charge carried by LPS,
causing a decreased ability of colistin to combine with bacteria [6]. Constitutive expression
of the arnBCADTEF operon is achieved by the mutations in TCSs, mainly PmrA/PmrB
and PhoP/PhoQ, leading to colistin resistance [10,11,23]. PmrD is a connector protein that
conveys feedback between the PmrA/PmrB and PhoP/PhoQ TCSs [11,37]. Expression of
pmrD in K. pneumoniae was dependent on PhoP; the activated PmrD would then bind to
PmrA to inhibit its dephosphorylation and, eventually, turn on the expression of the arn-
BCADTEF operon for the resistance to colistin [11]. YddW is a divisome-localized glycosyl
hydrolase that cleaves peptide-free peptidoglycan glycans in the OM layer, promoting OM
constriction during cell division [38]. The overexpression of yddW alleviates the phenotypes
of Escherichia coli (E. coli) in a defective Tol-Pal system, a multiprotein system in the OM of
Gram-negative bacteria [38]. Inactivation of this system compromises the OM layer, result-
ing in hypersensitivity to many antibiotics [38]. In addition, porin loss could contribute
to phenotypes that are resistant against antibiotics such as β-lactams [39]. Studies have
shown that defects in K. pneumoniae porins OmpK35 and OmpK36 (the E. coli homologs are
OmpF and OmpC, respectively) could lead to reduced sensitivity to carbapenems [40,41].
Substitutions in the ompC gene mediated carbapenem resistance among Enterobacteriaceae
and were partly involved in colistin resistance [42]. In line with these studies [39–41], our
proteomic data also showed that OmpK36 was decreased in the XDR strains compared
to the MDR strains. In addition, we found that OmpN was also down-regulated in the
colistin-resistant XDR strains. The overexpression of OmpN enhanced the sensitivity of K.
pneumoniae to several antibiotics, such as cefuroxime, cefuroxime axetil, nitrofurantoin, and
ampicillin/sulbactam [43], indicating that the decrease in OmpN might be responsible for
drug resistance. However, the regulatory effect of OmpN on colistin resistance is unknown.
Moreover, the KEGG pathway analysis and the PPI network showed that the DEPs between
the MDR and XDR strains were mainly enriched in CAMP resistance and TCSs. In the
CAMP resistance pathway, ArnBCADT, PmrD, and YddW were highly expressed in the
colistin-resistant XDR strains, which indicated that lipid A modification is still the main
mechanism of colistin resistance in K. pneumoniae. TCSs, which are typically composed of
two proteins (a sensor kinase and a response regulator), are crucial for bacteria to maintain
homeostasis, and they effectively sense and respond to environmental changes, such as nu-
trition, osmotic pressure, and antibiotic exposure [44]. In the current study, KdpB, OmpK36,
PfeA, NasR, NarJ, and ArnB were involved in the TCS pathway. KdpB is a subunit of
potassium-transporting ATPase [45]. The KdpATPase is an inducible high-affinity K+ trans-
porter that maintains the desired concentration of internal K+ in bacterial cells [45]. The
porin protein OmpK36 is regulated by the EnvZ/OmpR TCS and plays an important role
in iron homeostasis [46]. PfeA is a ferric enterobactin receptor inducible by enterobactin
under the conditions of iron limitation, which is regulated by a TCS PfeR/PfeS [47]. NasR
and a TCS NARL/NARP regulate the synthesis of enzymes for nitrate/nitrite respiration
and assimilation [48]. NarJ is a system-specific chaperone required for the formation of the
respiratory nitrate reductase complex in Escherichia coli [49]. ArnB is the promoter region
of the arn operon, which binds to the PhoP/PhoQ response regulator and regulates the
modification of lipid A [50]. Studies have shown that multiple pathways might operate
together to cause drug resistance, such as a cross-talk between the PhoP/PhoQ TCS and
the Rcs system (regulator capsule synthesis) [51], as well as a cross-regulatory interaction
between a specific CroS/CroR TCS and the HPr protein of PTS [52]. Future work will focus
on understanding the detailed roles of these pathways in colistin resistance in order to
make the bacteria sensitive.

In conclusion, our data highlight that the co-existence of drug-resistant and hyperviru-
lent genes, as well as the strong biofilm-forming ability, will cause colistin-resistant CRKP
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to emerge as super-bugs. The proteomic results obtained the DEPs of DR strains, providing
insights for understanding the mechanism of resistance to colistin in K. pneumoniae. Func-
tional and pathway enrichment analyses of these DEPs laid a foundation for establishing
effective control strategies against infections of CRKP.

4. Materials and Methods
4.1. Bacterial Strains and Culture

Nine strains of K. pneumoniae were isolated from the clinical samples of inpatients in
our hospital. Among these strains, three (DS1, DS2, and DS3) were sensitive to all tested
drugs, three (MDR1, MDR2, and MDR3) were CRKP strains that were susceptible to colistin,
and the other three (XDR1, XDR2, and XDR3) were colistin-resistant CRKP strains. The
XDR strains were matched with the MDR strains from the same patient obtained before
the initiation of colistin treatment. All strains were identified using biochemical tests and
the IVD MALDI Biotype system. Bacterial cells were cultured at 37 ◦C overnight on Luri-
aBertani (LB) plates (Difco, Sparks, MD). Then, a single colony was selected and inoculated
under different culture conditions: The DS strains were inoculated in LB broth with no
antibiotic, while the DR strains were cultured in LB broth supplemented with meropenem
(16 µg/mL) and imipenem (16 µg/mL) and with or without colistin (4 µg/mL). The cul-
tures were grown at 37 ◦C with shaking at 180 rpm until the OD600 reached 04–06 (mid-log
growth phase), washed twice with cold PBS, and harvested for proteomic analysis.

4.2. Drug Sensitivity Test of Bacterial Strains

Routine antimicrobial susceptibility testing was performed with the Vitek-2 Compact
automatic microbiology system (bioMerieux, Inc., Durham, NC, USA). The minimum
inhibitory concentrations (MICs) were interpreted according to the breakpoints defined
by the Clinical and Laboratory Standards Institute (CLSI), as described previously [53].
Susceptibility testing for colistin was further confirmed for all strains with the microdilution
method outlined by the CLSI [54]. E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC
27853 were used as quality control organisms for the antimicrobial susceptibility testing.

4.3. Identification of mcr, Carbapenemases, and Hypervirulent Genes

The genomic DNA of each isolate was extracted using a DNA extraction kit (Tian-
gen, Beijing, China) according to the manufacturer’s protocol. The presence of antibi-
otic resistance genes, including mcr genes (mcr-1 to mcr-8) and carbapenemases (blaKPC,
blaNDM, blaVIM, blaIMP, and blaOXA-48 type), was analyzed with conventional PCR using
validated primers and methods, and the amplified products were confirmed through se-
quencing [55,56]. The frequency of five hypervirulent genes, namely, iucA, iroB, peg-344,
prmpA, and prmpA2, was determined through PCR with established primers and meth-
ods [18]. All analyses were performed with corresponding positive controls. All primer
sequences are listed in Table S10.

4.4. Multilocus Sequence Typing (MLST)

MLST was performed on all K. pneumoniae isolates by amplifying and sequencing the
seven standard housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB), as described
previously [57]. STs were assigned using the online database on the Pasteur Institute MLST
website (http://bigsdb.pasteur.fr/klebsiella/klebsiella.html, accessed on 28 July 2022).

4.5. Detection of the Hypermucoviscosity Phenotype

A string test was used to detect the hypermucoviscosity phenotype, as described
previously [58]. Briefly, an inoculation loop was used to stretch the bacterial colonies of K.
pneumoniae isolates on Columbia blood agar plates (Crmicrobio, Jiangmen, China) from an
overnight culture. Strains with the formation of viscous strings that were >5 mm in length
were considered to be positive for the string test.
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4.6. Biofilm Assay

Biofilm formation was determined by using the crystal violet staining method from the
previous literature with little modification [59,60]. Briefy, 100 µL of overnight-grown culture
with an optical density of OD600 = 0.1 was added into a 96-well plate. Sterile LB broth
served as a negative control. After static incubation at 37 ◦C for 24 h, each well was washed
gently with sterile PBS three times to remove the planktonic cells. After air drying, biofilms
were stained with 1% (w/v) crystal violet for 15 min and then washed again with sterile
PBS three times. Finally, the dye bound to adherent biomass was dissolved with 200 µL
of absolute ethanol. Absorbance was measured using an automated microplate reader
(Thermo Scientific, Waltham, MA, USA) at 590 nm. The tests were performed in triplicate,
and the results were averaged. The strains were classified into non-biofilm producers, weak
biofilm producers, moderate biofilm producers, and strong biofilm producers according to
a previous report [35].

4.7. Whole-Cell-Lysate Protein Extraction from Bacterial Strains

The cell pellets were suspended in 500 µL of lysis buffer (4% SDS, 7 M urea, 2 M
thiourea, 20 mM Tris-HCl, proteinase inhibitor cocktail, PH = 8.0) and lysed through
ultrasonic decomposition in an ice bath at a speed of 60 Hz for 2 min. The supernatants
were collected by centrifugation at 25,000× g at 4 ◦C for 15 min, reacted with 10 mM DTT
(1,4-Dithiothreitol) for 30 min at 37 ◦C, and alkylated with 55 mM IAA (iodoacetamide)
for another 45 min at room temperature in the dark. Then, the soluble proteins were
precipitated for 2 h at −20 ◦C by adding cold acetone to the protein solution in excess
(1:5 in volume). The precipitated proteins were collected by centrifugation (25,000× g,
4 ◦C, 20 min), air-dried, and then dissolved in an appropriate volume of lysis buffer
(without SDS). Samples were further treated with ultrasound (60 Hz, 2 min) in an ice bath
to promote protein dissolution. The collected whole-cell-lysate proteins were purified
through ultracentrifugation at 25,000× g for 15 min at 4 ◦C. The protein concentrations
were determined using the Bradford assay. The lysate proteins were identified with 12%
SDS-PAGE.

4.8. Peptide Digestion and TMT Labeling

Peptide digestion was performed by following a previously published protocol [61].
Briefly, 100 µg of each lysate protein sample was first diluted in an appropriate volume
of 0.5 M triethylamine borane (TEAB, Sigma-Aldrich, St Louis, MO, USA) to make a final
concentration of <2 M urea, and then digested with 5 µg of trypsin at 37 ◦C for 4 h. The
obtained peptide digests were desalted using a Strata-X column (Phenomenex, Torrance,
CA, United States) and freeze-dried after salt removal. Then, 100 µg of dried peptide
fragments were dissolved in 0.1 M TEAB (Sigma) to a final concentration of 3.74 µg/µL and
mixed with different TMT isotopes at room temperature for 2 h (Table S11). The labeled
peptides were pooled together for LC-MS/MS analysis.

4.9. LC-MS/MS Analysis of the Labeled Peptides

A total of 20 µg of pooled peptides were dried and then dissolved in 2 mL of Buffer A
(5% acetonitrile, pH 9.8). Fractionation was carried out in an HPLC system (LC-20AD, Shi-
madzu, Kyoto, Japan) using a Gemini C18 column containing 5 µm particles (Phenomenex,
Torrance, CA, USA). A total of 20 fractions were collected at a flow rate of 1 mL/min with
Buffer B (95% acetonitrile, pH 9.8) with a multi-step gradient system as follows: 5% for
10 min, 5–35% for 40 min, 35–95% for 1 min, 95% for 3 min, and 5% for 10 min. Then, the
fractions were freeze-dried, re-dissolved in Solvent A (2% acetonitrile, 0.1% formic acid),
and centrifuged at 20,000× g for 10 min. The supernatant was applied to an EASY-nLCTM

1200 system (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a 1.9 µm C18
column. Samples were separated using a 3 min gradient from 5 to 8%, 42 min from 8 to
44%, 5 min from 44 to 60%, 7 min from 60 to 100%, and 7 min maintained at 80% of Solvent
B (80% acetonitrile, 0.1% formic acid) at 200 nL/min. Separated peptides were analyzed
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using a tandem mass spectrometer (Orbitrap Exploris 480, Thermo Fisher Scientific, San
Jose, CA, USA) with its parameters set as a data-dependent acquisition mode with a full MS
scan (350–1600 m/z range) at a resolution of 60,000, followed by a full MS2 scan (100 m/z)
at a resolution of 15,000, charge of 2+ to 7+, and dynamic exclusion setting of 30 s.

4.10. TMT Protein Identification and Quantification

Raw MS/MS spectrum data were processed with Thermo Proteome Discoverer 1.4.1.14
(Thermo Fisher Scientific, Waltham, MA, USA) and searched with the MASCOT search
engine (Matrix Science, London, UK; version 2.3.02) against the K. pneumoniae database
(NCBI: txid573). The peptide identification was based on a mass tolerance of 20 ppm for in-
tact peptide masses and a mass tolerance of 0.05 Da for fragmented ions. Carbamidomethyl
(C), TMT10plex (N-term), and TMT10plex (K) represent fixed modifications, and Oxida-
tion (M), Deamidated (NQ), and TMT10plex (Y) represent variable modifications. All
unique peptides (at least one unique spectrum) were required for protein identification
and quantification. Then, labeled peptides were quantitatively analyzed with the IQuant
software [62] using the Mascot Percolator algorithm [63] in both the peptide spectrum
match (PSM) and protein- level with the chosen protein false discovery rate (FDR) strategy
(FDR = 1%) [64]. The significant DEPs between the comparison groups were identified by
fold change of >2 and p-values < 0.05.

4.11. Bioinformatics and Statistical Analysis

The GO and KEGG databases were used for functional and pathway annotations
of all identified proteins. Enrichment analyses for the GO and KEGG pathways were
carried out by using the hypergeometric distribution method to explore the biological
functions and enrichment pathways of the DEPs between the compared samples. Entries
with p-values < 0.05 were considered significant. The DEPs identified from the proteomic
results were mapped onto the Search Tool for the Retrieval of Interaction Genes/Proteins
(STRING) database (http://string-db.org/, accessed on 1 May 2022) to develop a PPI
network (confidence score > 0.7). The Cytoscape software was used to visualize the
PPI network.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11101341/s1, Table S1:The details of the DEPs between the MDR and DS strains;
Table S2: The details of the DEPs between the XDR and DS strains; Table S3: The details of the DEPs
between the MDR and XDR strains; Table S4: GO function analysis of the DEPs between the MDR and
DS strains; Table S5: KEGG pathway analysis of the DEPs between the MDR and DS strains; Table S6:
GO function analysis of the DEPs between the XDR and DS strains; Table S7: KEGG pathway analysis
of the DEPs between the XDR and DS strains; Table S8: GO function analysis of the DEPs between the
MDR and XDR strains; Table S9: KEGG pathway analysis of the DEPs between the MDR and XDR
strains; Table S10: The sequences of primers used in this study [18,55,56]; Table S11: TMT labeling
information of the DS, MDR, and XDR strains.
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