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ABSTRACT Persistence — i.e., the ability to exist in a metabolically inactive form — allows bacteria to accu-
mulate genetic advantages. The evolution of the pathogenic potential of Klebsiella pneumoniae has led to the
emergence of strains simultaneously characterized by increased aggressiveness (virulence) and prolonged
survival in the host organism. This combination of properties contributes to the emergence of “superbugs,”
necessitating the search for specific markers that would make it possible to prevent the spread of highly
adaptive clones. Hypervirulent K. pneumoniae (hvKp) strains represent a growing global health threat, since
they combine high invasiveness and antibiotic resistance. An analysis of 92 K. pneumoniae clinical isolates
was conducted to assess the prevalence of the key hypervirulence genes (iroB, peg-344, rmpA, rmpA2, and
iucA) and investigate their association with the bacterial persister formation gene ptsH. It was found that
64.1% (59/92) of the isolates carried at least one hvKp gene, iucA being the most frequent one (62.0%). The
full set of five hvKp genes was identified in only one case (1%). The strains of sequence types ST23, ST268,
ST86, ST534, ST219, ST101, and ST395 accumulated virulence genes, whereas ST512 and ST14 rarely harbored
hvKp genes. A key finding was the detection of a significant association between the presence of the ptsH
gene (found in 50% of the strains) and the accumulation of hvKp genes: the ptsH-positive strains were sta-
tistically more likely to harbor the complete aerobactin operon (iucABCD), in combination with one or more
additional hypervirulence genes, compared to the ptsH-negative strains (p < 0.05). Our findings indicate that
the ptsH gene is crucial in the formation of polygenically determined hypervirulence, and that its role in con-
trolling bacterial persistence creates evolutionary advantages under stress induced by antibiotics or immune
factors, thus promoting evasion of their actions. The phosphotransferase system (PTS), to which the ptsH
gene belongs, can potentially become a novel source of molecular targets for the therapy of infections caused
by hypervirulent K. pneumoniae strains.

KEYWORDS K. pneumoniae, hypervirulence, persister formation, PTS system, ptsH gene, aerobactin, sequence

typing.

INTRODUCTION

Persistence is defined as the ability of a microorgan-
ism to enter a non-replicating, metabolically quiescent
state and survive in this form over extended peri-
ods of time. This capacity provides bacterial popula-
tions an ecological niche facilitating the preservation
and accumulation of genetic determinants, which may,
under certain conditions, confer selective advantag-

es to them. Persister cell formation is also a feature
of Klebsiella pneumoniae, a bacterial species whose
pathogenic potential has undergone substantial evolu-
tion, having transformed from a classical opportunistic
pathogen to a global health threat [1]. The combina-
tion of traits that simultaneously enhance aggressive-
ness and long-term survival within a macroorganism
promotes the emergence of the so-called “superbug.”
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K. pneumoniae has long been viewed as a clas-
sic opportunistic pathogen, primarily associated
with nosocomial infections in healthcare settings.
However, in the late 20™ and early 21% centuries, se-
vere community-acquired K. pneumoniae infections
began to emerge in immunocompetent individuals
[2-7]. This phenomenon has been attributed to the
appearance of hypervirulent K. pneumoniae (hvKp)
strains, which are now widely distributed globally
[8]. Hypervirulence is defined as enhanced functional
activity of a bacterial strain toward the human host,
driven by activation of a complex array of bacterial
genetic determinants. Hypervirulent K. pneumoniae
(hvKp) strains are characterized by a specific set of
genetic determinants. It is believed that the full de-
ployment of hypervirulence requires the concurrent
presence of five key genes [9], two of which (iucA and
iroB) belong to clusters involved in bacterial sidero-
phore biosynthesis. The tucA gene is a component of
the aerobactin operon (iucABCD) and a reliable mark-
er for the presence of the entire operon, whereas iroB
is a component of the salmochelin (enterobactin) oper-
on [10]. The other two genes, rmpA and rmpA2, fulfill
a regulatory function by controlling the hypermucoid
phenotype formation in the bacterial cell [11]. Finally,
this set includes the peg-344 gene coding for the me-
tabolite transport system on the inner membrane of
the microorganism [12, 13]. Using a murine model of
sepsis [14], together with comprehensive virulence
profiling based on several pathogenetically relevant
criteria, including the induction of the pathological
state in mice via subcutaneous inoculation of differ-
ent K. pneumoniae strains, as well as by evaluating
siderophore production and the mucoid phenotype, it
was proved that the concurrent presence of the five
genes iucA, iroB, peg-344, rmpA, and rmpA2 allows
us to characterize the K. pneumonice strain as hy-
pervirulent. The presence of all five biomarkers, iucA,
iroB, peg-344, rmpA, and rmpA2, came with the high-
est accuracy (94%), whereas the presence of at least
four of them provided the greatest sensitivity (100%)
to the method [15]. From the perspective of functional
competitive advantages, this genetic repertoire makes
hvKp strains capable of efficient iron scavenging un-
der iron-limiting conditions, formation of a protective
mucous capsule, and optimized intracellular nutrient
transport.

The acquisition and stable maintenance of func-
tionally significant genes within the genome is a cru-
cial aspect of the evolution of bacterial pathogens.
Thus, accumulation of plasmid-borne genes enhanc-
ing virulence [16] enables K. pneumoniae to gain a
competitive advantage over wild-type strains [17]. Of
particular interest is the so-called “plasmid paradox”
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[18], which refers to the stabilization of plasmids car-
rying hypervirulence genes within a strain, although
there is no direct energetic benefit associated with
their maintenance. Numerous studies and the diverse
hypotheses about the mechanism of this phenomenon,
including plasmid—bacterial co-adaptation, enhanced
horizontal gene transfer (including cross-species in-
tergeneric transmission), mobile genetic elements fa-
cilitating optimal adaptation, and optimization of the
transfer of pathogenicity factors, emphasize that this
significant issue remains unresolved [19-21].

Dewar et al. demonstrated that in pathogenic
broad-host-range bacteria, plasmids were more likely
to carry virulence-associated genes [22]. These find-
ings are consistent with the horizontal transfer of
hvKp genes in K. pneumoniae [16, 23], which are also
widely distributed among mammals, including ani-
mals that are in contact with humans: dogs, cats, and
livestock.

The global prevalence of hvKp genes among both
nosocomial and community-acquired K. pneumoniae
strains is high and tending to rise and is associat-
ed with multidrug resistance [24—28]. This trajectory
makes the search for novel strategies to combat ag-
gressive strains more pressing [29, 30]. Yet, the mech-
anisms underlying the development of hyperviru-
lence — which requires the full complement of five
genes, iucA, iroB, peg-344, rmpA, and rmpA2 to be
fully manifested — remain poorly understood. We hy-
pothesize that under stress and antibiotic exposure,
the plasmids carrying these genes may preferentially
accumulate in bacteria characterized by low metabolic
activity, high antibiotic tolerance, and immune eva-
sion capabilities. Such criteria are met by bacteria in
the persistent state: antibiotic-tolerant, non-replicat-
ing bacteria that are optimally adapted to withstand
stress factors, including immune defense and antibiot-
ic pressure [3, 6, 29, 30—32]. These non-replicating yet
viable persister bacteria, which survive despite life-
threatening stress conditions (antibiotics, adaptive and
innate immune factors, and pH fluctuations), could
maximize those benefits by exiting the persister state
through expression of the hvKp genes. Therefore, it
seems fair to expect that hvKp genes will accumulate
in strains concurrently with the genes governing per-
sister formation. Under this scenario, the hyperviru-
lence resulting from the accumulation of hvKp genes
in a single strain would be coupled with a genetically
determined enhanced capacity for persister formation.

Among the genes associated with the properties
typical of bacterial persistence, the ptsH gene encod-
ing the histidine-containing phosphocarrier protein
(HPr) of the phosphotransferase system (PTS) has
been studied the best. The PTS products are involved
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in carbohydrate metabolism, stress responses, and in-
teractions with transcription factors. A recent study
has proved that the ptsH gene plays a crucial role in
the generation of persister forms of K. pneumoniae
upon exposure to the levofloxacin antibiotic [33].
Transcription of the ptsH gene was found to be acti-
vated during persister formation and suppressed upon
resumption of bacterial growth. Using CRISPR-Cas9
to generate a K. pneumoniae AptsH knockout strain, it
was revealed that ptsH promoted persister formation,
reduced the accumulation of reactive oxygen species
and enhanced antioxidant activity via downregulating
of the cAMP levels. The reduced metabolic activity
characteristic of the persistent state can possibly in-
directly contribute to the increased plasmid stability
by alleviating competition for replication-associated
resources, thereby enhancing the likelihood of plasmid
retention in bacterial persisters. It seems safe to ex-
pect that following the removal of stress and the reso-
lution of the persistence period, ptsH-carrying bacteria
that have survived stress exposure would be capable
of outcompeting other bacteria, provided that they
have acquired the hvKp genes conferring enhanced
adaptation of bacteria to host invasion.

In the present study, we searched for a potential
association between the ptsH gene and the accumu-
lation of hvKp genes among clinical K. pneumoniae
strains responsible for severe nosocomial and commu-
nity-acquired infections.

EXPERIMENTAL
To test our hypothesis, we examined bacterial cul-
ture samples obtained by the Reference Center for
Monitoring of Healthcare-Associated Infections (HAIs)
during a period from 2022 to 2023. DNA was extract-
ed using a RIBO-prep reagent kit (Central Research
Institute of Epidemiology, Russia). DNA samples for
subsequent high-throughput sequencing were pre-
pared using the Illumina Nextera DNA Library Prep
Kit and the Illumina Nextera Index Kit (Illumina,
USA). Sequencing was carried out on an Illumina
NextSeq2000 platform (Illumina). Genome assemblies
were generated from the short-read sequencing data
using the SPAdes software version 3.15.4 [34] on de-
fault parameters. Quality assessment and filtering
of the resulting assemblies, verification of bacterial
species identification against the initial data, and ge-
nome annotation were performed using a bioinfor-
matics pipeline developed previously [35, 36]. Isolate
typing was conducted based on multilocus sequence
typing (MLST) using the BIGSdb database [37] (ac-
cessed May 20, 2024).

Antimicrobial resistance genes were identified us-
ing the ResFinder database version 4.5.0 [38] (accessed

May 20, 2024); the virulence factors were identified
using the Virulence Factor Database (VFDB) [39] (ac-
cessed May 20, 2024). Plasmid contig detection and
typing within the genomes were performed using the
MOB-suite software package [40] on default param-
eters (mob_typer version 3.1.2).

The study included samples obtained from pa-
tients older than 18 years (n = 92) admitted to the
intensive care units of medical facilities in Moscow,
Russia. Statistical analysis was carried out using the
StatTech v. 4.8.5 software (StatTech OJSC, Russia).
Differences were considered statistically significant
at p < 0.05.

RESULTS AND DISCUSSION

The prevalence of individual hypervirulence genes
among the isolates (irrespective of co-occurrence with
other hvKp genes) was as follows: iroB was detect-
ed in 5 (5.4%) isolates; peg-344, in 10 (10.9%) isolates;
rmpA, in 12 (13.0%) isolates; rmpA2, in 24 (26.1%) iso-
lates; and iucA, in 57 isolates (62.0%). At least one hy-
pervirulence gene was found in 59 samples (64.1%),
which was indicative of the high overall prevalence
of hvKp-associated genes within the study cohort.
Meanwhile, Samoilova et al. [27] reported substantial-
ly higher detection rates of hypervirulence genes in
their cohort of K. pneumoniae isolates. Thus, rmpA
and rmpA2 were identified in 49.3% and 58.7% of iso-
lates, respectively; the iuc and iro loci were detected
in 73.3% and 14.7%, respectively.

A critical parameter for assessing the virulence of
hvKp isolates is the number of hypervirulence genes
accumulated per isolate. In our cohort, two and/or
more hypervirulence genes were identified in 26
(28.9%) isolates; among these, combinations of any
two hvKp genes were observed in twelve isolates;
combinations of three genes, in six isolates; and four
genes, in seven isolates. The concurrent presence of
all five hypervirulence genes was detected in only
one K. pneumoniae isolate (the capsular serotype K1,
international sequence type ST23, which is character-
istic of hvKp strains found among healthcare-associ-
ated infections).

The ptsH gene, which is implicated in the stabili-
zation of plasmid-borne hypervirulence genes and is
a key determinant of the formation of bacterial per-
sister populations [33], was identified in 46 (50%) of
the 92 strains examined. Among ptsH-positive isolates,
the complete tucABCD operon, in combination with at
least one pLVK plasmid-derived hypervirulence gene
(iroB, rmpA, rmpA2, and peg-344), was detected in 18
cases. Statistical analysis revealed a significant associ-
ation between the ptsH gene and the concurrent pres-
ence of the complete iucABCD operon, in combination
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Fig. 1. Contribution of the ptsH gene to the accumulation
of hypervirulence genes

with at least one additional hypervirulence gene (iroB,
rmpA, rmpA2, and peg-344) (Fig. 1).

The association between the ptsH gene and hvKp
genes reached statistical significance in the subgroup
of patients under 70 years of age (n = 70), with the
odds ratio of 3.74 (95% CI 1.135-12.327; p = 0.043).
No such association was observed in patients over 70
years of age, likely because of the limited statistical
power of the sample (p = 0.7; n = 22) (Fig. 2).

The identified association between the gene en-
coding bacterial persister formation and hyperviru-
lence genes can be attributed to two mechanisms. On
the one hand, plasmid replication and segregation are
ATP-dependent processes. Mutations in and/or the ab-
sence of the ptsH gene impair carbohydrate trans-
port, leading to reduced ATP synthesis and destabili-
zation of plasmids, in particular the large ones, such as
pLVPK, in K. pneumoniae. The reason is that ATP de-
ficiency renders the maintenance of additional genetic
elements energetically unfavorable, so they are gradu-
ally eliminated from the bacterial population [41]. On
the other hand, the hypervirulence of K. pneumoniae
strains may exacerbate oxidative stress, to which the
pathogens per se are also exposed. The functioning
of adaptation systems is mediated by HPr-dependent
processes, including superoxide dismutase activation,
colony formation, and biofilm development [42]. Gao et
al. [42] demonstrated that ptsH in Bacillus cereus plays
a pivotal role in the production of Mn-dependent su-
peroxide dismutase, biofilm development, and surface
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colonization. Similar mechanisms are likely to exist
in K. pneumoniae, where the PTS system may con-
tribute to linking of the metabolic state of the cell to
its capacity to retain hypervirulence plasmids under
stress conditions that, in persister cells, are associated
with reduced metabolic activity (Fig. 3).

The rmpA and rmpA2 genes encode regulators en-
hancing the production of a dense mucous capsule.
This thick physical barrier effectively shields the
bacterium from phagocytic uptake by immune cells,
making it “invisible” to the host’s first line of defense.
The iucA and iroB genes encode components of the
siderophores aerobactin and salmochelin, respectively.
These molecules act as molecular scavengers as they
actively sequester essential iron from host proteins
(transferrin and lactoferrin) and deliver it to the bac-
terial cell. The transporter encoded by peg-344 com-
plements this system, thus ensuring the delivery of
additional nutrients across the membrane.

The ptsH gene is a key determinant of bacterial re-
silience. Under stress conditions, such as antibiotic ex-
posure or immune response, it triggers the transition
of a subset of the bacterial population into the bacte-
rial persistence state (metabolically inactive dormant
cells). These persisters are invulnerable to most an-
tibiotics, which target actively proliferating bacteria.

Figure 4 schematically depicts the interaction be-
tween the products of hypervirulence genes and the
ptsH gene in ensuring bacterial culture survival un-
der stress conditions.
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The uniqueness of the proposed scheme lies in the
fact that the ptsH component of the PTS system was
shown to function as an oxygen-sensitive switch. The
CRP-cAMP complex is activated under anaerobic
conditions, upregulating the expression of virulence
genes, whereas under aerobic conditions, the system
shifts toward the persistence mode to ensure long-
term bacterial survival within the host. This integra-
tive model explains the ability of K. pneumoniae to
rapidly shift between active infection and persistence,
which is a feature of critical importance in the devel-
opment of chronic infections.

Hence, the combined activity of hypervirulence
gene products enables the bacterial cell to exert pleio-
tropic effects that provide protection against host
immune defenses, while persistence factors trigger
mechanisms facilitating prolonged survival in the host
organism.

A notable pattern was observed between the iden-
tified sequence types (ST) of K. pneumoniae and
the number of hypervirulence genes detected. Thus,
ST23, ST268, ST86, ST534, and ST219 in our cohort
consistently harbored > 2 hypervirulence genes (100%
of cases) [39], whereas ST101 and ST395 also dis-
played a strong propensity for hypervirulence, with
two or more hvKp genes identified in 7 out of 10
ST101-positive samples and in 10 out of 18 ST395-

positive samples. Conversely, ST512, ST14, ST109,
ST17, and ST491 appeared to consistently harbor few-
er than two hvKp genes (100% of cases) and ST39
rarely contained any hypervirulence genes at all (only
1 out of 14 cases).

Various sequence type (ST) and capsular type
(KL) combinations were identified among the
K. pneumoniae isolates examined; the most fre-
quent ones were ST39/KL23 (n = 13), ST395/KL39
(n = 9), ST512/KL107 (n = 9), ST395/KL2 (n = 9),
and ST101/KL17 (n = 9). An analysis of the sub-
groups based on ST/KL combinations stratified by
the presence or absence of ptsH revealed no sta-
tistically significant differences (Table 1). Seven
ST/KL combinations were found in both the ptsH-
positive and ptsH-negative groups: ST101/KL17, ST14/
KL2, ST147/KL64, ST39/KL23, ST395/KL2, ST395/
KL39, and ST512/KL107. The remaining combina-
tions were identified as singletons, restricted to a
set subgroup: 14 ptsH-positive samples had the fol-
lowing ST/KL combinations: ST86/KL2, ST336/
KL25, ST109/KL30, ST39/KL62, ST1805/KL48,
ST29/KL63, ST1878/KL125, ST2567/KL10, ST252/KL51,
ST219/KL114, ST107/KL103, ST11/KL23, ST1393/KL3,
and ST23/KL1; whereas 11 ptsH-negative samples dis-
played the combinations ST1726/KL81, ST4041/KL30,
ST377/KL102, ST4337/KL39, ST3601/KL151, ST395/K1.108,
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Fig. 4. Convergent regulation of virulence and persister formation in K. pneumoniae: the role of the PTS System (ptsH)

and oxygen-dependent mechanisms

ST17/KL25, ST23/KL57, ST534/KL164, ST520/KL2,
and ST491/KL118. The ST and/or KL types could not
be determined for the remaining ten samples.

A comparison of findings across different studies
reveals considerable variety in the association be-
tween phenotypic and genotypic hypervirulence traits
and sequence type [24-27]. This may be indicative
of the heterogeneity in plasmid prevalence and ac-
cumulation of plasmid-borne hypervirulence genes
in strains belonging to different sequence types.
Interestingly, in our study, the only strain carrying
the ptsH gene in combination with all five hvKp genes
— ST23 — has also been reported in other publications
to exhibit phenotypic features and the fullest genetic
repertoire of hypervirulence [24-27]. It is quite pos-
sible that passaging of this particular strain at condi-
tions favorable to persister cells formation may have
allowed it, through several rounds of co-evolution, to
acquire the enhanced invasive capacity and surviv-
ability upon antibiotic therapy across different geo-
graphic regions. It is noteworthy that the cited studies
report this sequence type to be a multidrug-resistant
strain. We hypothesize that the presence and trans-
fer of the ptsH gene, as prerequisites for persister
formation in K. pneumoniae, may have contributed
to the emergence and stable maintenance of hvKp
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Table 1. Characterization of K. pneumoniae strains based
on their sequence type (ST) and capsular (K-locus, KL)
type depending on the ptsH gene

Number Number
(n=abs) | P tsH ST KL pisH (n = abs.)
4 - ST101 | KL17 + 5
1 - ST14 | KL2 F 1
3 - ST147 | KL64 + 1
8 - ST39 | KL23 A 5
4 - ST395 | KL2 + 5
3 - ST395 | KL39 4 6
6 - ST512 | KL107 + 3

genes within plasmids, thereby equipping the bacte-
rium with a “symbiotic arsenal” conferring enhanced
adaptability to stressful microenvironments, includ-
ing in the diverse host niches. Lim et al. have recently
corroborated the essential role played by plasmid-en-
coded genetic virulence factors in the manifestation of
the K. pneumoniae infection across various organ and
tissue niches [43, 44].
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CONCLUSIONS

The present study revealed a high prevalence of hy-
pervirulence genes in clinical K. pneumoniae isolates,
reaching 64.1%. However, the full set of five “classical”
hypervirulence genes was detected in fewer than 1%
of the strains isolated in adult ICU patients. A sig-
nificant convergence between hvKp genes and the
ptsH gene encoding bacterial persister formation was
identified in K. pneumoniae strains. We demonstrat-
ed for the first time that, in the presence of the full
spectrum of aerobactin siderophore genes, the ptsH
gene, which governs bacterial persister formation, can
promote the accumulation of hypervirulence genes
within the K. pneumoniae population. Hence, these
findings suggest that the ptsH gene and HPr protein

encoded by it may constitute an important element in
the complex regulatory network ensuring the stable
maintenance of plasmids carrying the hypervirulence
genes in K. pneumoniae. Our findings point to the
potential role played by bacterial persistence in the
emergence of hypervirulent strains. Future research
in this area may pave the way for developing novel
therapeutic strategies targeting the PTS system and
the metabolic pathways associated with it as new mo-
lecular targets for combatting infections caused by
hypervirulent K. pneumoniae strains. ®
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