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Introduction

Carbapenems are B-lactam antibiotics that were initially
reserved for the treatment of severe multidrug-resistant
(MDR) infections, including nosocomial outbreaks of K.
pneumoniae. They effectively acylate most known [3-
lactamases (BLs), including extended-spectrum -
lactamases (ESBLs), which became an issue in the late
1990s. CRKp strains are usually resistant to all f-lactams
(including their combinations with BLs inhibitors), and to
most other major groups of antibiotics as well. Additional
terms in this context have become increasingly used:
extended drug resistance (XDR), which defines isolates
with acquired non-susceptibility to at least one agent in all
but two or fewer antimicrobial categories; and pan-drug
resistance  (PDR), which defines acquired non-
susceptibility to all agents in all antimicrobial categories.
Epidemic spread of CRKp, accompanied by multispecies
CR outbreaks with increased mortality rates in healthcare
associated environment in the 2000s significantly limits
treatment options for nosocomial infections caused by
Gram-negative pathogens worldwide. In 2017 the World
Health Organization included CRKP in a list of priority
pathogens for which new antibiotics are urgently needed

[1].

The European Surveillance of Carbapenemase-
Producing Enterobacteriaceae (EUSCAPE) study shows
that the degree of resistance correlates with the propensity
to spread within the hospital environment and certain
lineages of carbapenemase-positive Kp isolates
demonstrate the highest transmissibility [2].

Between 2019 and 2023, situation with CR isn't
getting better [3] . The incidence of CRKp bloodstream
infections (BSI) in Europe increased by 57.5%.

Currently, there are no publicly available statistics
on nosocomial infections in Ukraine, but several
independent reports suggest an alarming situation.
Extremely high levels of carbapenemase producers,
including Kp (clones ST147 and ST395) and Pseudomonas
aeruginosa (clone ST773), have been detected among
Ukrainian patients undergoing hospital transfer to Europe
and the US [4-7]. Isolation of a PDR hyper-virulent (HV)
Kp from Ukrainian war victims has also been reported [8].
The convergence of these two phenotypes, which have the
highest clinical relevance and have, until recently, been
observed in distinct, non-overlapping parts of the Kp
population [9], is another reason for deep concern.

Taxonomy and population structure

The Kp genome is approximately 5-6 Mbp in size,
encoding 5,000-6,000 genes, of which about 1,700 are
conserved among all members of the species and referred
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to as the core genome (cg). The remaining set, known as
the accessory genome, is represented mostly by unique or
rare genes, originating from a wide range of other species,
including distantly related. The pangenome (the sum of all
core and accessory genes) is extremely diverse and likely
exceeds 100,000 protein-coding sequences [10].

Within microbial species, horizontal gene transfer
(HGT) and homologous recombination (HR) events
promote a more rapid divergence of independently
evolving lineages than in eukaryotes. Kp represents
apparent confirmation of this concept. As was shown by
whole genome sequencing (WGS) data analysis, a
substantial proportion of isolates, identified as Kp by
routine bacteriological methods, belong to closely related
species, forming a group, referred to as 'K.pneumoniae
species complex' (KpSC) with 95-96% average nucleotide
identity (ANI) (and ~ 90% ANI with other Klebsiella
species) [ibid].

Seven major phylogroups inside KpSC were
designated: K.pneumoniae subsp. pneumoniae (Kpl), that
is, K. pneumoniae sensu stricto and include the majority of
clinically relevant strains; K. quasipneumoniae subsp.
quasipneumoniae (Kp2); K. variicola subsp.variicola
(Kp3); K. quasipneumoniae subsp. similipneumoniae
(Kp4); K. variicola subsp. tropica (Kp5); K. quasivariicola
(Kp6); K. africana (Kp7). Two Klebsiella subspecies
(subsp. rhinoscleromatis, which causes a progressive and
chronic granulomatous infection, and subsp. ozaenae,
which causes atrophic rhinitis) actually represent the clonal
groups (CGs) of Kp (CG3 and CG90) [11].

For epidemiological surveillance  purposes,
different WGS-based schemes have been proposed.
Multilocus  Sequence Typing (MLST) of seven
housekeeping genes (rpoB, gapA, mdh, pgi, phoE, infB,
and tonB) is the most successful, portable and widely used
variant. More advanced schemes have been developed,
such as a dual barcoding system based on the 629-loci core
genome MLST (scgMLST) that combines multilevel
single linkage (MLSL) clustering and life identification
numbers (LINs) [12]. It is implemented in a taxonomy
identification tool that is publicly accessible through a
community-curated platform hosted by the Pasteur
Institute  (https://bigsdb.pasteur.fr/klebsiella),  which
enables the upload and identification of genomic sequences
by external users. The website also provides access to
genomic data and genotypic definitions for isolates of
KpSC based on seven-gene MLST, core genome MLST
(cgMLST), ribosomal MLST (rMLST), capsular typing
(wzc and wzi sequencing), and MLST of virulence gene
clusters.

Genomes differing by more than 190 cgMLST loci
generally correspond to distinct phylogenetic lineages and
are assigned as discrete sublineages (SLs). For clonal
groups (CGs), which are usually referred to as ‘clones' or
'lineages' and labeled according to the commonly used 7-
gene MLST scheme, the threshold was defined as 43 allelic
mismatches. An inheritance algorithm allowing the
mapping of 7-gene MLST identifiers onto SL and CG
partitions has been developed and built in. Using this tool
to analyze a dataset of over 7,000 Kp genome sequences
demonstrates that more than 90% of clinically relevant



4 P.- Annals of Mechnikov Institute. 2025. N 1
www.imiamn.org.ua /journal.htm

strains belong to the Kp1 phylogroup, forming 705 SLs and
1,147 CGs. [12].

Although MLST alone could be used to clone's
identification, it has limited ability to distinguish CGs
whose recent ancestry is affected by chromosomal
recombination [10]. And this is an issue, considering the
abundant evidence of between-clone horizontal gene
transfer (HGT) and the proven fact that large-scale
recombination events and capsule switches are major
drivers of variation within at least some epidemiologically
successful clones [13]. For instance, the CR strain
described in Poland and identified by 7-gene MLST as
ST23 (a classic HV clone that causes liver abscesses with
metastatic spread in otherwise healthy hosts) [14], was
mentioned in a 2021 ECDC report as a case of
‘hypervirulent Klebsiella pneumoniae ST23 carrying
carbapenemase genes' [15]. However, as was noted [16]
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the strain has atypical for ST23 polysaccharide loci (KL57
and O2v2 instead of usual for ST23 KL1 and O1v2), and
currently there is no evidence to suggest that it can cause
severe CA infections [17].

The global Kp population likely comprises
thousands of distinct phylogenetic lineages or clones.
MDR and HV isolates are usually overrepresented in
clinical strain collections. As has been shown, a significant
portion of the global Kpl dataset consists of multiple
closely related genomes within certain clonal groups
(CGs). These genomes contribute disproportionately to the
global disease burden and are commonly referred to as
'high-risk' (HiR) or 'global problem' clones. In reduced
form (based on a relatively small dataset), the whole-
genome phylogeny and schematic Kp population structure
are represented in Fig. 1 (reproduced from Ref. 10).
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Fig.1 | Klebsiella pneumoniae population structure and global problem clones.

(a) The maximum-likelihood tree was inferred from a core-genome alignment constructed from 83 genomes randomly
selected from a global diversity study and 41 genomes representing problem clones;

(b) schematic representation Kp population (distribution map).

Selective pressure definitely facilitates the
acquisition of transient MDR phenotypes, which have
evolved many times in hundreds of distinct Kp lineages,
though this has had limited or no effect on their further
dissemination. The loss of acquired mobile genetic
elements (MGE) is a natural and predictable process,
considering the fitness cost usually associated with their
maintenance. Much less explainable are the factors
contributing to the epidemiological success of certain
clones and their ability to accumulate and maintain a large
number of plasmids. Some of these, as was shown, have
been maintained throughout decades of clonal expansion,
diversification, and widespread dissemination [10]. For

DOI: 10.5281/zenodo.15011907

example, Kp ST258 has carried the FiBK blakPC plasmid
pKpQiL47 since its emergence in the mid-1990s [18].

Irregularities in the distribution of the accessory
genome within the Kp population also remain unexplained,
such as the bimodal distribution of resistance-associated
MGEs observed between CGs and even within some of
them (particularly in CG20 and CG37), where most
isolates either carry multiple MGEs (up to 10) or none at
all [10]. The commonly acknowledged divergence of
resistance and virulent traits, especially noticeable in
global problem clones (Fig. 2, image reproduced from ref.
[10]), could be a part of this phenomenon.
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Fig. 2. Distribution of virulence and resistance determinants in global problem clones of Kp

Distribution based on published data of geographically and
temporally diverse set of 1,092 genomes from 28 clones (n
>10 genomes per clone) and n =95 CG307; clb, colibactin
locus; iro, salmochelin locus; iuc, aerobactin biosynthesis
locus; rmpA/A2, regulators of mucoid phenotype genes;
ST, sequence type; ybt, yersiniabactin locus; ESBLsS -
extended spectrum f-lactams (e.i. oxyiminocephalosporins
or the 'expanded-spectrum cephalosporins)).

Although the convergence of resistance and
virulence phenotypes has often been reported (including
the appearance of HV in some isolates of CRKpST11 [19,
20] and CR in some isolates of HVKpST23 (as mentioned
above ST23KL57 [14]), it has not been a common
phenomenon so far [17].

Antibiotic resistance

Kp carries the chromosomally encoded class A f-
lactamase HSV (core gene blasuy), which makes it
intrinsically resistant to ampicillin. Notably, this gene was
repeatedly captured from the Kp chromosome by the
transposase 1S26, and HSV became one of the first
described mobile B-lactamases [21]. The acquisition of
certain point mutations allows some MGE-associated
variants of HSV to hydrolyze oxyiminocephalosporins (the
‘expanded-spectrum cephalosporins' introduced in the
early 1980s), resulting in the ESBL phenotype. Since then,
numerous mobile homologs of the blasuv gene have been
widely distributed among different species, present in a
wide range of plasmids, and in Kp can co-occur along with
their chromosomal ancestor.

Mobilized forms of another Kp core loci fosA
(glutathione S-transferase) and oqxAB (efflux pump),
being expressed at higher levels than their chromosomal
counterparts, can confer clinically relevant resistance to
fosfomycin and quinolones, respectively [10].

Certain core genome mutations affecting the
functioning of outer membrane porins or efflux pumps
(ogxAB and acrAB) can result in resistance to
fluoroquinolones, nitrofurantoin, tigecycline,
chloramphenicol, colistin, and carbapenems. For example,
a specific mutation in OmpK36, combined with the loss of
OmpK35, enables Kp isolates bearing the MGE-associated
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class D B-lactamase OXA-48 to gain clinically relevant
levels of carbapenem resistance [10].

Nevertheless, the predominant cause of resistance
in Kp is the acquisition of accessory AMR genes mainly
via large conjugative plasmids, rather than chromosomal
mutations alone. For example, in a single ST258 Kp
isolate, four plasmids containing 24 different resistance
genes were identified [22]. The presence on plasmids of
other antibiotic resistance determinants, as well as other
genetic elements that mitigate the fitness cost or confer
other advantages, provides an easy mechanism for the
spread of carbapenemase genes even in the absence of
carbapenem selection. Over 400 acquired AMR genes are
present in the Kp genomes, which is twice the number
found in E. coli [23].

Since the late 90s, the most influential group, in
terms of impact on Kp population structure, has been (-
lactamases (BLs) (ESBLs and carbapenemases, in
particular). Probably just because B-lactams remain the
most prescribed class of antibacterial agents in clinical
settings, and carbapenems are still the last-resort antibiotics
in the treatment of severe nosocomial infections caused by
Gram-negative pathogens.

p-lactamases

The first variants of B-lactamases (BLs) were described in
the early 1970s, and since then, their number has been
growing rapidly. At the 'Beta-Lactamase Database'
(www.bldb.eu [24]), which compiles available information
on all known B-lactamases, the total number had reached
8,273 by July 2024. According to the Ambler
classification, BLs are divided into four distinct classes,
termed A, B, C, and D. Based on active site structure,
classes A, C, and D fall into the category of 'serine B-
lactamases' (SBLs). Class B comprises a heterogeneous
group of zinc metalloenzymes, or 'metallo-B-lactamases’
(MBLs) [25]. Within each class, a few enzyme families
have been more successful and widely disseminated than
others. Most of them belong to Class A [ibid]:

- TEM (the first plasmid-borne BL identified in Gram-
negative bacteria);

- SHV (an allelic variant of the chromosomal B-lactamase
gene of K. pneumoniae);
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- CTX-M (cefotaximase, which is inherently active against
oxyiminocephalosporins);

- KPC (K. pneumoniae carbapenemase, an exceptionally
successful enzyme that will be discussed later).

New Delhi MBL (NDM) and Verona integron-
encoded MBL (VIM) represent Class B MBLs, while
CMY and ADC belong to Class C. All key enzyme families
in Class D are referred to as oxacillinases (OXA), as they
typically hydrolyze oxacillin, methicillin, and cloxacillin
more effectively than benzylpenicillin [ibid].

The evolutionary success of BLs is determined by
their quick adaptation to new types of substrates and their
association with a variety of MGE that mediate effective
inter-replicon and cell-to-cell  dissemination. The
acquisition of certain point mutations enables TEM and
SHV to hydrolyze oxyiminocephalosporins (the
‘expanded-spectrum cephalosporins' introduced in the
early 1980s), resulting in the so-called ‘extended-spectrum'’
phenotype, [ibid]. Soon after the introduction of imipenem
in combination with cilastatin, new BLs with carbapenem-
hydrolyzing activity emerged: class B MBLs NDM, which
hydrolyze penicillins, cephalosporins, and carbapenems
(except aztreonam), and class A KPC, which hydrolyzes all
the antibiotics listed, including aztreonam. It is worth
noting, both (NDM and KPC) was first identified in Kp, as
well as carbapenemase OXA-48 (which along with
quinolone resistance genes gnrA and gnrB was mobilized
from marine bacteria Shewanella) and ESBL gene CTX-M
(mobilized from environmental Enterobacteriaceae
Kluyvera) [23].

KPC-2, one of the most successful variants of KPC
enzymes, exhibits a 20,000-fold increase in diacylation rate
compared to the common TEM-1 B-lactamase [26]. KPC-
3 differs from KPC-2 by one H274Y mutation and has
activity similar to that of KPC-2 [24]. The appearance of
these two enzymes has facilitated the global spread of the
first recognized MDR 'high risk' Kp clone ST258, as well
as inspired the development of new BL inhibitors (i.e.,
avibactam, vaborbactam, and relebactam) with excellent
KPC-degrading activity in vitro. However, the
commercialization of the combination ceftazidime-
avibactam (CAZavi) in 2015-2016 confirms the notorious
evolutionary potential of this enzyme family. By mid-
2022, 65 KPC variants resistant to CAZavi have been
described [27].

This new substrate adaptation comes at a cost.
Many of these enzymes have decreased stability or reduced
activity against other beta-lactams. However, the latter
could be easily compensated for by the simultaneous
presence of ESBLs, which are often observed in Kp.

Global problem clones

The mutual benefit relationships between Kp ST258 (one
of the first 'global problem' clones) and one of the first
carbapenemases, clearly reflect impact of carbapenem
resistance on population structure of Kp. Gen blakec in a
non-ST258 Kp was first identified in 1996 in the US, but
large outbreaks due to this strain were not reported [28]. At
the beginning of 2000, several hospital outbreaks with
CRKp occurred in the USA (nineteen isolates of Kp
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producing KPC-2 enzyme were recovered from seven
hospitals in New York City) [29].

Outside the US, CRKP with blakpc was first
isolated in France in 2005 from a patient who had
previously been hospitalized in New York. This was
followed by reported outbreaks of difficult-to-treat XDR
Kp infections in Israel, Greece, Colombia, and China. At
the Tel Aviv Sourasky Medical Center, Kp bearing blakpc-
3 was found to be related to strains isolated in New York
[30]. In 2009, these strains were identified by MLST as
ST258 [29]. Phylogenetic analysis demonstrates that the
ancestor of ST258 emerged from its diverse parental clonal
group around 1995 and likely acquired blakec prior to
dissemination [18].

The population of ST258 Kp is represented by two
well-defined lineages: clade | (associated with KPC-2) and
clade Il (associated with KPC-3) [31]. Clade Il of ST258 is
a 'hybrid’ clone created by a large recombination event
between ST11 (80% of the genome) and ST442, from
which it obtained a 1.1-Mbp area, comprising the
integrative  conjugative element 1CEKp258.2. The
ICEKp258.2 contains gene clusters for a type 1V pilus (i.e.,
pilV) and a type Il restriction-modification system [32].
Clad I diverged from clade Il by acquiring a 215-kb area of
capsule polysaccharide biosynthesis region (cps) from
ST42 [ibid]

In 2010, almost all KPC outbreaks in Europe were
caused by this Kp clone [33]. Overall, the outbreaks
associated with ST258 CRKP have been reported in more
than twenty-five countries from four continents [32].

In 2015 blakpc was found in >100 different KpSTs,
but pandemic was still driven primarily by the members of
CC 258 (a large group, containing dozens of different STs,
representing single-locus variants (SLVs) of ST258 [22].

blakec in ST 258 is usually associated with IncF-
type plasmids and the transposon Tn4401. This means that
in addition to clonal expansion and plasmid propagation,
blakec can disseminate through transposon mediated HGT
(including transmission between different types of
plasmids across multiple genera). In other (hon ST258 Kp
isolates, or in non Kp species) blakpc has been found in
other (non-Tn4401) MGEs, which, nevertheless contain
genetic remnants of Tn4401 [31].

The global spread of Kp CG258 has been
accompanied by the rapid dissemination of KPC among
other clinically relevant species, including E. coli,
Citrobacter sp., Enterobacter sp., Serratia marcescens,
Proteus mirabilis, and Morganella morganii, as well as in
non-fermentative Gram-negative bacilli. According to the
Annual ECDC Report published in 2022, KPC was
detected even more often in Pseudomonas aeruginosa and
Acinetobacter baumannii than in Kp [34].

A typical outbreak of multispecies, plasmid-borne
blakKPC carbapenemase in Enterobacterales (KPC-E) was
monitored and well described in the UK [35]. Two large
teaching hospitals in Manchester (formerly known as
CMFT and UHSM) have experienced KPC-E cases since
2009. Sequencing of archived isolates collected between
2009 and 2011 demonstrates that the earliest CR strains in
the collection were KPC-producing Kp ST258 and ST11 in
both hospital settings, followed by multiple diverse clones
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and species emerging in 2010 and 2011, with blaKPC in at
least 30 new species-ST groups per year. Following a
blaKPC-2-ST216-Escherichia coli outbreak on two cardiac
wards in 2015, intensive infection prevention and control
(IPC) measures were implemented (e.g., closure of wards,
terminal cleaning with hypochlorite, decontamination with
hydrogen peroxide vapor, and plumbing infrastructure
replacement). Screening of at-risk patients, along with the
separation of CRE-positive individuals in a cohort ward,
was conducted after reopening. However, these measures
had only a transient effect. Early environmental sampling
suggested rapid recolonization of wastewater sites with
KPC-E and patient CRE acquisitions, and the first CR
species to reappear was K. pneumoniae [36]. The sampling
undertaken in 2016-2017, showed a decline in CR E.coli,
but similar polyspecies polyclonal colonization. Thirteen
KPC-E species and 109 strains were identified, including
Klebsiella spp. (n = 34), Enterobacter spp. (n = 25), and E.
coli (n=11) [37].

In addition to CG258 (represented mostly by ST11,
ST340, ST512, and probably ST395 [13], related to
ST258) other unrelated high-risk clones currently causing
MDR and XDR outbreaks worldwide belong to CG15,
CG20 (CG17), CG29, CG37,CG147, and CG307.

Situation in Ukraine

Currently, there is no data on the molecular surveillance of
Kp in Ukraine; however, an XDR isolate of ST147, bearing
the carbapenemase genes blanpm-1 and blaoxa-as, linked to
the transfer of a Ukrainian patient, has been described in
Spain [5]. CG147 (which includes ST147, ST273, and
ST392) comprises pandrug-resistant and extensively
resistant isolates, carries multiple MGEs and diverse
resistance genes, including chromosomal blanom-s [38].

WGS of 37 isolates collected from Ukrainian
patients between February and September 2022 was
performed at Lund University (Sweden) [8]. Four of them
were identified by 7-gene MLST as ST23 (HV clone), nine
as ST147, seven as ST307, seventeen as ST395 (which is
widely reported in Russia), and one as ST512 (belonging
to CG258). All isolates possess blaoxa-1, blaoxa-s, blacTx-
m-15, blanpm-1, and blanpms in different combinations,
including ST23, which demonstrates a PDR phenotype and
virulence in the G. mellonella infection model.

Hospital admission screening of a single Ukrainian
patient (with extensive combined injuries and a history of
prior treatment in Ukraine) in Germany revealed eight
XDR pathogens from six different species, including
Acinetobacter baumannii  (ST78, ST2), Klebsiella
pneumoniae (n = ST395), Pseudomonas aeruginosa (n = 1;
ST1047), Escherichia coli (n = 1; ST46), and Enterobacter
cloacae complex (n=1; ST231), as well as six different
acquired carbapenemase genes (blave-1, blanom-1, blaoxa-
48, blanoms, blaoxa-72, b|ao)(A.z3). Both Kp isolates shared a
7-gene MLST sequence type and resistance genes on an
IncR plasmid (blacrx-r-1s, blaoxa-1, and catB3) but differed
in cgMLST (by 126 out of 2358 alleles) and
carbapenemases (OXA-48 or NDM-1).

All this indicates a somewhat worrying situation
within the Ukrainian healthcare system regarding CR
nosocomial infections and CRKP in particular. Advanced
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epidemiological monitoring and the implementation of
intensive prevention and containment measures are
urgently required.

Carbapenem resistance shapes the
structure of Klebsiella pneumoniae
Svitlana Krestetska, Olena Peretyatko, Nadia Sklyar,
Yulya Yagnuk

Klebsiella pneumoniae (Kp) is an ubiquitous and highly
versatile species from the family Enterobacteriaceae.
Remarkable genetic and phenotypic plasticity determines
its success in adapting to a wide range of environmental
and host-associated niches (e.g., fresh and salt
waterwater, soil, plants, insects, birds, and animals,
including humans, where it usually persists as a gut
commensal, but also can colonize other mucosal surfaces
and skin). Certain lineages can cause severe invasive
community-acquired (CA) infections, but the majority
behave as a typical opportunistic pathogen, persisting
asymptomatically till the moment of the host
vulnerability. One of the most concerning aspects of Kp's
recent evolution is its adaptation to the environment of
healthcare facilities. The species is one of the major
nosocomial pathogens, and the most frequent cause of
neonatal sepsis worldwide. Distinguishing clinical feature
of Kp infections is propensity for the development of
bacteremia and metastatic spread to unusual and often
multiple locations (e.g., hepatic, and non-hepatic
abscesses, meningitis, endophthalmitis, necrotizing
fasciitis, etc.). Despite such a prominent clinical relevance
per se, Kp has been recognized as a global healthcare
threat primarily due to its contribution to the current crisis
of carbapenem resistance (CR). Certain epidemiologically
successful lineages turned out to be incredibly effective in
the accumulation, maintenance, and spread of resistance-
associated mobile genetic elements (rMGES) among other
clinically relevant Gram-negative organisms. The
aggregation of numerous resistance genes (including
those, encoding ESBL's and/or carbapenemases) within a
specific Kp genetic background has led to the emergence
of global hospital outbreak CRKp clones, followed by
multispecies outbreaks of difficult-to-treat CR healthcare
associated infections (HAI) worldwide. Recent
surveillance efforts and molecular epidemiology studies
demonstrate a complex population structure of Kp,
characterized by hundreds of deeply branching
phylogenetic lineages. These lineages exhibit significant
differences in the distribution of genes conferring
antibiotic resistance and virulence, as well as variable
transmissibility within the hospital environment. This
review focuses on understanding the evolution of
clinically relevant genetic variants of CRKp, which is
crucial for the development of effective control strategies.
Keywords: Klebsiella pneumoniae, Carbapenem
resistance, population
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