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Abstract

Introduction Multidrug-resistant (MDR) Klebsiella pneumoniae is a critical healthcare challenge due to its extensive
resistance to antibiotics and role in causing severe infections. Bacteriophages offer a promising alternative for
targeting MDR pathogens. This study characterizes a novel phage, vbKpUKJ_2, isolated from hospital sewage water,
against clinical K. pneumoniae isolates.

Methods Phage vbKpUKJ_2 was isolated and purified using the double agar overlay method. Host range and
sensitivity were tested against 40 clinical K. pneumoniae isolates using growth inhibition assays. Morphological
characterization was performed using transmission electron microscopy (TEM). Genomic analysis was conducted
to evaluate the absence of antibiotic resistance genes and determine phylogenetic relationships. Stability assays
assessed the phage’s thermal and pH tolerance.

Results Phage vbKpUKJ_2 demonstrated broad range activity against clinical K. pneumoniae isolates. TEM revealed
it belongs to the Drexlerviridae family. Genomic analysis confirmed the absence of antibiotic resistance genes and
identified conserved functional regions shared with related phages. vbKpUKJ_2 exhibited broad pH stability (pH
4-10) and thermal stability between 30 °C and 60 °C. The one-step growth curve indicated rapid lytic activity, with a
burst size of 323 phage particles per cell.

Conclusion vbKpUKJ_2 shows promising therapeutic potential against MDR K. pneumoniae. Its stability, absence of
resistance genes, and rapid lytic cycle highlight its suitability for inclusion in phage therapy protocols, particularly as
part of combination therapies targeting MDR infections.

Key summary points

- A novel bacteriophage, vbKpUKJ_2, was isolated from hospital sewage and characterized for its therapeutic
potential against multidrug-resistant (MDR) Klebsiella pneumoniae isolates.
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treatments targeting MDR K. pneumoniae infections.

Genome analysis

- vbKpUKJ_2 demonstrated activity against 43.5% of tested clinical K. pneumoniae isolates, with no latent phase and
rapid lytic activity, achieving a burst size of 323 phage particles per cell.

- Genomic analysis confirmed the absence of antibiotic resistance genes, ensuring safety for therapeutic use, and
placed vbKpUKJ_2 in the Drexlerviridae family, closely related to other lytic phages.

- Stability assays showed that vbKpUKJ_2 remains active across a broad pH range (4- 10) and temperatures of
30-60 °C, supporting its robustness for diverse applications.

- These findings highlight vbKpUKJ_2 as a promising candidate for phage therapy, particularly in combination

Keywords Bacteriophage therapy, Klebsiella pneumoniae, Multidrug-resistant bacteria, Phage characterization,

Introduction
Klebsiella pneumoniae is an opportunistic pathogen,
causing infections such as pneumonia, urinary tract and
blood stream infections. Particularly in hospitalized and
immunocompromised patients these infections can prog-
ress to sepsis and septic shock [1]. It poses a considerable
challenge in healthcare settings, where its ability to cause
hospital-acquired infections such as ventilator-associated
pneumonia in ICU-patients is of great concern [2]. The
gastrointestinal tract serves as a primary reservoir for K.
pneumoniae colonization, including carbapenem-resis-
tant strains [3]. Colonization with carbapenem-resistant
K. pneumoniae significantly increases the risk of systemic
infections and associated mortality, particularly in high-
risk patient populations, such as those in critical care,
post-surgical patients, or individuals with immunosup-
pression [4]. Evidence suggests that the intestinal burden
of carbapenem-producing K. pneumoniae is a critical
factor for the subsequent risk of infection in hospital-
ized patients [5]. According to 2017 and 2024 report of
World Health Organization (WHO), K. pneumoniae has
been recognized as a critical pathogen due to its high
prevalence of resistance to commonly used third-gener-
ation cephalosporins and last-resort carbapenem antibi-
otics [6, 7]. K. pneumoniae strains have become highly
prevalent in both, community-acquired and nosocomial
infections, contributing to the global rise in multidrug-
resistant (MDR) pathogens [8], highlighting a critical
global demand for alternative therapeutic strategies [9].
Bacteriophages (phages) are viruses that infect bacteria
and offer a promising alternative to traditional antibiot-
ics. Phages exhibit an extremely high specificity, often
down to the strain level, without disrupting the host’s
essential microbiota [10]. The selective activity of phages
makes them ideal candidates for combating MDR bacte-
ria while reducing the risk of antibiotic-induced dysbio-
sis and secondary infections. In our recent studies, phage
treatment was successfully used in a Galleria mellonella
gut colonization model with K. pneumoniae and signifi-
cantly reduced bacterial loads, highlighting their poten-
tial as a viable treatment option [11].

In this study, we isolate and characterize a novel K.
pneumoniae phage, vbKpUK]_2, isolated from sewage
water at Jena University Hospital, Germany. The phage
was extensively characterized through phenotypic,
genomic analysis and host range determination to assess
its efficacy against 40 clinical K. pneumoniae isolates in
vitro.

Materials and methods

Phage isolation, purification, and storage

Phage vbKpUK]_2 was isolated from sewage water of the
Jena University Hospital using the double agar overlay
technique. The sewage sample was centrifuged at 10,000
rcf for 20 min, and the supernatant was collected and
sterile-filtered using a 0.2 um filter. The overnight culture
of K. pneumoniae isolate Kp419614 was grown in Luria-
Bertani (LB) broth (Oxoid Deutschland GmbH, Wiesel,
Germany) at 37 °C with shaking at 150 rpm. The filtered
supernatant was then incubated with an overnight cul-
ture with 108 CFU/mL of the K. pneumoniae isolate
Kp419614 in a shaking incubator at 120 rpm at 37 °C.
After overnight incubation, the culture was centrifuged
at 10,000 rcf for 20 min to pellet bacterial debris. The
supernatant was filtered through a sterile 0.2 pm mem-
brane filter to ensure sterility. Serial dilutions of the fil-
tered supernatant were prepared, and were used for the
double-layer agar assay to detect and quantify phage.
Luria-Bertani (LB) agar (Oxoid Deutschland GmbH,
Wiesel, Germany) plates were freshly prepared and used
as the base agar, with a freshly prepared 0.5% LB agar
top layer for the double-layer agar assay [12]. Plates were
incubated overnight and plaques were examined visually,
and individual plaques were selected based on size and
morphology for further characterization.

To ensure the purity of the phage, selected plaques
were picked using 1 mL pipette tips and subjected to
three rounds of proliferation using the double agar over-
lay method. Following the purification process, the phage
stock was titered using a serial dilution to reach a concen-
tration of at least 10'* plaque-forming units per milliliter
(PFU/mL). Once the desired titer was achieved, the puri-
fied phage was cryopreserved in cryotubes containing
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10% glycine. The cryotubes were labeled with the phage
titer and stored at -180 °C for long-term preservation.

Scanning of host range

To determine the host spectrum of the isolated phage,
growth curve experiments were conducted to assess
phage infection against 40 clinical isolates of K. pneu-
moniae with different antimicrobial resistance phe-
notypes, which were previously collected in studies
approved by the ethical committee of Jena University
Hospital (approval numbers 3852/07-13 and 3694-
02/13) (Supplementary Data, Table S1). Growth curve
experiments were conducted with a multiplicity of infec-
tion (MOI) of 1, corresponding to an initial concentra-
tion of 10% PFU/mL for the phage and 108 CFU/mL for
the bacterial cells. Growth was continuously monitored
over a 10 h by measuring optical density (OD) at 600 nm
at 37 °C and shaking using an Infinite 200 PRO micro-
plate reader (Tecan Group AG, Méinnedorf, Switzerland)
and experiment was conducted with three technical and
biological replicates (n=3). Bacterial isolates were cat-
egorized based on growth inhibition as “susceptible” if
inhibition persisted for 5 h or more, “intermediate sus-
ceptible” if inhibition lasted for less than 5 h, and “resis-
tant” if no inhibition was observed compared to the
control over the 10 h period.

Transmission electron microscopy (TEM) for morphological
characterization

The morphological characteristics of phage vbKpUK]J_2
were analyzed using negative staining technique utiliz-
ing a transmission electron microscope (TEM) model
EM 900 (Zeiss, Oberkochen, Germany) at an accelerating
voltage of 80 kV and a magnification of 250,000x. There-
fore, a droplet of purified phage solution with a concen-
tration of at least 10° PFU/mL was placed on a TEM grid
(type R2/1+2nm_C_Cu400, Quantifoil, Jena, Germany)
for 10 min to allow adsorption of phage particles onto
the grid. After removing the phage droplet the grid was
placed on a staining droplet of 2% (w/v) uranyl acetate for
1 min. Finally, the grid was washed twice with purified
water, air-dried, and studied by TEM. For image record-
ing, a 2 K slow scan CCD camera (TRS, Moorenweis,
Germany) was used.

Determination of optimal multiplicity of infection

The MOI, defined as the ratio of phage particles to host
bacterial cells at the initiation of infection, was estab-
lished by preparing inoculations across a range of MOIs
in sterile LB broth. Phage solutions and bacterial cultures
were prepared separately, with 100 pL of each, a phage
suspension (concentrations of 10%, 107, 10%, 10°, 10%, 10®
PFU/mL) and a bacterial suspension at 10®8 CFU/mL
added to 800 pL of sterile LB broth. This setup yielded
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MOIs of 1, 0.1, 0.01, 0.001, 0.0001, and 0.00001, respec-
tively. The mixtures were incubated at 37 °C with shaking
at 150 rpm for 5 hours to facilitate phage-host interaction
and infection. Post-incubation, the samples were centri-
fuged at 10,000 rcf for 10 min to pellet bacterial debris.
The supernatant was then carefully collected and passed
through a 0.2 pm sterile filter to eliminate residual bac-
terial cells, ensuring sterility in the phage-containing
supernatant. Phage titers in the filtered supernatant were
determined using the standard double agar overlay assay,
with each experiment conducted with three technical
and biological replicates (n=3). The MOI yielding the
highest phage titer was designated as the optimal condi-
tion for phage propagation.

One-step growth curve analysis

The host bacterium, Kp419614, was cultured in LB broth
until it reached the logarithmic growth phase. Subse-
quently, the phage was added to the bacterial culture
at a MOI of 0.01 (10° CFU/mL bacteria and 10° PFU/
mL phage), and the mixture was incubated at 37 °C for
10 min to allow adequate time for phage adsorption onto
the host cells. After the adsorption period, the culture
was centrifuged at 10,000 rcf for 10 min to pellet the
bacterial cells with adsorbed phages [13]. The superna-
tant was carefully discarded, and the bacterial pellet was
resuspended in fresh LB broth to continue the experi-
ment. Samples (100 uL) were taken at defined intervals of
0, 10, 20, 30, 40, 60, 90, 120, and 150 min post-resuspen-
sion. Each sample was subjected to 10-fold serial dilu-
tion in 1 x PBS, and the phage titer was determined using
the double agar overlay method. The number of PFU/
mL was recorded at each time point and experiment was
conducted with three technical and biological replicates
(n=3).

Thermal stability and pH tolerance of phages

The thermal stability of the phages was assessed by incu-
bating 10° PEU/mL phage samples in 1 x PBS buffer at 30,
40, 50, 60, 70, and 80 °C for 60 min. After incubation, the
phage titer was determined using the double-layer agar
method. The experiment was conducted with three tech-
nical and biological replicates (n=3) for each tempera-
ture. To evaluate the tolerance of 10° PFU/mL phages
to different pH levels, 1 x PBS with varying pH values of
2, 4, 6, 8, 10, and 12 were prepared. The buffer solutions
were sterilized by autoclaving at 121 °C for 20 min and
then cooled to room temperature. A 100 pL aliquot of the
phage solution was mixed with 900 pL of each pH buffer
and incubated at room temperature for 1 h. Phage titers
in each pH treatment were determined using the double
agar overlay method. The experiment was conducted
with three technical and biological replicates (n = 3).
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Library preparation

Phage capsid was lysed with proteinase K and phage
DNA isolation was performed using the ZymoBIOMICS
DNA Miniprep Kit (Zymo Research Europe GmbH,
Freiburg, Germany) according to the protocol, specifi-
cally optimized for long-read sequencing. Quantification
of the extracted DNA was conducted using the dsDNA
HS assay on a Qubit fluorometer (Invitrogen, USA) to
ensure accurate DNA concentration for library prepara-
tion. DNA samples were then size selected by cleaning
up with 0.45x volume of Ampure XP buffer (Beckman
Coulter, Brea, CA, USA), which helped in removing short
fragments, followed by elution in 50 uL EB buffer (Qia-
gen, Hilden, Germany). The library for sequencing was
prepared using 1 pug of DNA and the SQK-LSK114 kit
(Oxford Nanopore Technologies, Oxford, UK), follow-
ing the manufacturer’s protocol to ensure optimal library
quality and yield.

Nanopore sequencing and basecalling

Sequencing was conducted using the Oxford Nano-
pore Technology (ONT) platform to generate long-read
data. Basecalling of raw reads was performed with the
Dorado software (v7.3.11) (Oxford Nanopore Technolo-
gies), using the high super accuracy basecalling model to
ensure maximal read accuracy. Post-basecalling, reads
were assembled and polished through a pipeline involv-
ing Flye (v2.9.3) [14] for assembly, followed by polish-
ing steps using Medaka (v1.11.3) and Racon (v1.4.20) to
improve the accuracy and quality of the final consensus
sequence. These steps ensured high-quality assemblies
for downstream analyses.

Genome sequencing and bioinformatics analysis
Open reading frames (ORFs) and the complete phage
genome were predicted using PHASTEST (http://www.p
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hastest.ca) [15] and What the Phage [16]. Antimicrobial
resistance genes were identified using ARMFinder tool
[17]. Further, the genome annotation of vbKpUK]_2 was
refined using BLAST.

The whole genome of phage vbKpUK]_2 was analyzed
using the Mauve genome alignment tool [18]. A phyloge-
netic tree was constructed with MEGA11 [19] to assess
evolutionary relationships. Additionally, a proteome tree
based on the whole genome sequence was generated
using VipTree (https://www.genome.jp/viptree) [20].

Statistical and analytical tool

Microsoft Excel (Microsoft Corporation, Redmond,
USA) and GraphPad Prism 10 (GraphPad Software Inc.,
San Diego, USA) were employed for data calculations,
statistical analyses, and visualization. All experiments
were conducted in biological triplicates, with results
expressed as the meanzstandard deviation. For rate
analysis, the first derivative was calculated based on dis-
crete time points. Assuming x and y represent data arrays
and x" and y’ the derivative results, with t denoting time
points:

xt [t = (x[t + 1] +x]t]) /2
yratxs [t] = (y[t + 1] —y[t]) / (x[t + 1] —x[t]).

Results

Morphological characteristics and host range

Phage vbKpUK]_2 was isolated from hospital sewage
water and formed clear, circular plaques on the double
agar overlay assay (Fig. 1la), with an average diameter
of approximately 3 mm. The sharp, clear plaques sug-
gest that vbKpUK]_2 is a lytic phage, efficiently infect-
ing and lysing its ESBL producing K. pneumoniae host,
Kp419614. Transmission electron microscopy (TEM)

c)

Total=40

[ 42.50% 17 Susceptible/Intermediate
[ 57.50% 23 Resistant

Fig. 1 (a) Plaques formed by phage vbKpUKJ_2 on K. pneumoniae Kp419614 host using the double agar overlay method. The plaques are clear with an
average diameter of approximately 3 mm, indicating a lytic phage. Scale bar: 3 mm. (b) Transmission electron microscopy (TEM) image of phage vbK-
pUKJ_2. The phage was characterized by an icosahedral head (~50 nm diameter) and a long, flexible, non-contractile tail (~200 nm). Scale bar: 50 nm.
(c) Host range analysis of phage vbKpUKJ_2 against 40 K. pneumoniae clinical isolates. The pie chart represents the proportion of isolates classified as
susceptible/intermediate (43%) and resistant (57%) to phage infection. This distribution indicates selective efficacy of vbKpUKJ_2 against certain K.
pneumoniae strains
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imaging (Fig. 1b) revealed that phage vbKpUK]_2 charac-
terized by an icosahedral head measuring approximately
50 nm in diameter and a long, flexible, non-contractile
tail measuring about 200 nm. The repeated isolation
of uniform plaques with similar morphology and size
further supports the purity and stability of the phage
preparation.

Phage vbKpUK]J_2 was tested against 40 clinical iso-
lates of K. pneumoniae (Fig. 1c and Supplementary data,
Table S1). The results revealed varying levels of suscepti-
bility, with isolates classified as susceptible, intermediate
susceptible, or resistant to phage infection. Out of the 40
tested isolates, 11 were susceptible to phage vbKpUK]J_2.
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Six isolates showed intermediate susceptibility, with par-
tial lysis observed (Supplementary data, Table S1). In
contrast, 23 isolates were resistant to vbKpUK]J_2, show-
ing no signs of lysis (Supplementary data, Table S1).

Optimal MOI, one-step growth, thermal and pH stability

The proliferation of phage vbKpUK]J_2 was evaluated at
different MOIs to determine the impact of varying initial
phage concentrations on the final phage yield (Fig. 2a).
At an MOI of 1, where the initial concentrations of both
the phage and host were 10®° PFU/mL and 10° CFU/
mL respectively, the phage vbKpUK]J_2 achieved a high
final concentration of 2.02x10'® PFU/mL. This result
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Fig. 2 (a) Phage vbKpUKJ_2 proliferation at varying MOIs. At an MOI of 1 (10® PFU/mL phage, 10° CFU/mL host), the phage reached 2.02x 10 PFU/
mL, indicating efficient infection. An MOI of 0.1 yielded 2.50x 10" PFU/mL, suggesting effective amplification with abundant hosts. Lower MOlIs (0.0001,
0.00001) produced reduced yields (1.12x 10°% 1.42x 10® PFU/mL), showing limited final output due to lower initial phage concentrations. (b) One-step
growth curve of phage vbKpUKJ_2 infecting K. pneumoniae strain Kp419614, showing immediate titer increase post-infection with peak production at
105 min and a burst size of 323 phage particles per cell. The experiment was repeated thrice (n=3). The data points represent mean and the error bar
represent the standard deviation. Temperature (c) and pH (d) stability of phage vbKpUKJ_2. The phage remained active between 30 °C and 60 °C, with
minimal loss in titer, but showed significant reduction in titer and almost complete inactivation at 70 °C. The pH stability test revealed that vbKpUKJ_2 was
highly stable across a broad pH range of 4 to 10, with a noticeable decline in activity at pH values below 4 and above 10. The experiment was repeated
thrice (n=3). The data points represent mean and the error bar represent the standard deviation
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suggests a highly efficient infection process when the
phage and host are present in equal concentrations, lead-
ing to robust phage proliferation. At an MOI of 0.1, with
an initial phage concentration of 10’ PFU/mL, the phage
yielded an even higher final concentration of 2.50 x 10™°
PFU/mL. This indicates that a lower phage-to-host ratio
can still result in efficient phage amplification, likely due
to the abundant availability of susceptible host cells. Con-
trary, at the lowest MOIs tested, 0.0001 and 0.00001, the
final phage concentrations were 1.12x 10° PFU/mL and
1.42 x 10® PFU/mL, respectively. While phage replication
still occurred, the lower MOIs resulted in a reduced final
phage output, indicating that insufficient initial phage
concentration limits overall proliferation.

The one-step growth curve analysis of phage vbK-
pUKJ_2 demonstrated rapid replication kinetics, with
no observable latent period. The phage titer increased
almost immediately following infection, suggesting effi-
cient adsorption and swift lysis of the Kp419614 host
cells (Fig. 2b). The burst size of phage vbKpUK]_2 was
determined using two approaches. Based on the plateau
method, the burst size was calculated as 323+ 88 phage
particles per cell. Alternatively, using the first deriva-
tive method, it was calculated as 5 phage particles per
cell. Analysis of the first derivative of the growth curve
revealed peak phage production occurring at 105 min
post-infection. The plateau phase indicated that the
maximal phage concentration had been reached, mark-
ing the completion of the lytic cycle for infected cells.
The infection parameters included an incorporation rate
of 8.50 x 10~ phages/PFU, alongside an infected bacteria
count of 8.50 x 10~ bacteria/CFU. These metrics further
underscore vbKpUK]_2’s efficacy in initiating a rapid lytic
cycle, which, when combined with the absence of a latent
period, highlights its potential for swift and effective bac-
terial clearance.

The stability of phage vbKpUK]_2 was assessed across
a range of temperatures (Fig. 2c). The phage remained
active between 30 °C and 60 °C, with minimal loss in titer.
At 70 °C and above, there was a significant reduction in
phage titer, with almost complete inactivation. This sug-
gests that vbKpUK]J_2 is stable at wide range of tem-
peratures but loses viability at higher temperatures such
as 70 °C. The pH stability test demonstrated that phage
vbKpUKJ_2 was highly stable across a broad pH range
(Fig. 2d). The phage remained fully active between pH 4
and pH 10. At more extreme pH values, such as below
pH 4 and above pH 10, a significant reduction in phage
activity was noted.

Genome features and annotation

Phage vbKpUK]_2 genome was analyzed for the presence
of antibiotic resistance genes, and no resistance genes
were detected (Supplementary data, Table S2). This is a
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critical feature for its application in phage therapy, as the
absence of resistance genes reduces the risk of horizontal
gene transfer, ensuring that the phage does not contribute
to the spread of antibiotic resistance. The negative results
for various antibiotics, including amikacin, p-lactams,
aminoglycosides, and many others are mentioned.

The whole genome of phage vbKpUKJ_2 was
sequenced and analyzed. The genome consists of several
open reading frames (ORFs) encoding hypothetical pro-
teins, transcriptional regulators, structural proteins, and
lysis-associated proteins (Fig. 3). Notably, key structural
proteins such as the tail fiber, major head, and terminase
proteins were identified. A detailed list of predicted ORFs
and their functions is presented in the attached file (vbK-
pUKJ_2_genes_prediction). Additionally, lysis-related
proteins such as lysozymes and holins were identified,
emphasizing the phage’s lytic capacity. However, no pre-
diction for endolysin was observed.

A comparative genomic analysis of phage vbKpUK]J_2
against closely related Klebsiella phages MKP-1, Mas-
sivegloo, mtp25, and phil_146047 (Fig. 4) was performed
using Mauve alignment. This analysis revealed extensive
conservation in genomic regions, particularly in the cen-
tral and terminal portions of the genomes, suggesting
that these areas are likely critical for core phage functions
such as replication and packaging. However, significant
variability was observed in the early genomic regions of
vbKpUKJ_2, with noticeable gaps in alignment, possi-
bly indicating unique sequences or structural variations
specific to vbKpUK]J_2. Furthermore, multiple structural
rearrangements, including inversions and translocations,
were evident, especially in the mid-genome and termi-
nal regions. These structural differences highlight evo-
lutionary divergence between vbKpUK]_2 and its closely
related phages, suggesting that vbKpUK]J_2 may have
undergone distinct evolutionary pressures leading to
these genomic alterations.

Genome comparison and phylogenetic tree

A maximum likelihood phylogenetic tree was con-
structed to assess the evolutionary relationships between
Klebsiella phage vbKpUK]J_2 and its closest relatives
identified via BLAST. The analysis revealed that vbK-
pUKJ_2 is closely related to Klebsiella phages MKP-1
and mtp25, forming a distinct clade with relatively short
branch lengths, suggesting a recent common ancestor
(Fig. 5). In contrast, more distantly related phages, such
as phil_146047 and Massivegloo, formed separate clus-
ters with longer branch lengths, indicating greater evo-
lutionary divergence. The phylogenetic clustering aligns
with the genomic similarities observed in the Mauve
alignment and highlights the genomic diversity among
Kilebsiella phages. These results suggest that vbKpUK]_2
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and its closely related phages share significant genomic
features.

A detailed proteome phylogenetic analysis was con-
ducted using VipTree to examine the evolutionary rela-
tionships of Klebsiella phage vbKpUK]J_2 and its related
phages. The analysis, based on whole proteome similar-
ity, placed vbKpUK]J_2 firmly within the Drexlerviridae
family, as indicated by its location in the purple clade in
the circular proteomic tree (Fig. 6a). The tree showcases
the evolutionary distance between phage families, with
vbKpUKJ_2 clustering closely with other Drexlerviridae
phages. In contrast, phages from other families, such as
Autographiviridae (represented in orange) and Schito-
viridae (represented in blue), form distinct clusters in
the circular tree, showing much greater evolutionary

divergence from vbKpUK]_2. This divergence is likely
due to differences in host specificity, genomic architec-
ture, or environmental adaptation.

The rectangular phylogenetic tree provides a more
zoomed view of vbKpUK]J_2 and its close relatives within
Drexlerviridae (Fig. 6b). The shorter branch lengths
between vbKpUK]J_2 and other members of the family
suggest a high degree of genomic and proteomic similar-
ity, reinforcing the idea that these phages have evolved
from a common ancestor relatively recently. This group-
ing within Drexlerviridae also points to shared structural
or functional elements that are key to their evolutionary
success and host specificity, particularly toward Klebsi-
ella species.
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Discussion

Wastewater, particularly from hospitals, is a highly selec-
tive environment due to increased concentration of anti-
biotics. It serves as a reservoir for multidrug-resistant
bacteria [21], especially Enterobacteriaceae such as K.
pneumoniae that are often resistant to the commonly
used antibiotics. Since phages are natural companions of
bacteria, the likelihood increases to find phages targeting
K. pneumoniae in wastewater [22].

Based on morphological, genomic, and phylogenetic
analyses, we could assign the isolated phage vbKpUK]J_2
as a member of the Drexlerviridae family, which are
known for their ability to infect Gram-negative bacteria
such as K. pneumoniae [23]. Drexlerviridae family phage
(e.g. T1 phage) are non-enveloped and possess a head-
tail structure with a Sipho-type morphology, featuring
an icosahedral head approximately 60 nm in diameter
and a non-contractile, highly flexible tail approximately
150 nm long and 8 nm wide, ending in four short, kinked
terminal fibers. The TEM-morphology of the phage
vbKpUKJ_2 aligns well with the Drexlerviridae fam-
ily. Genomic sequencing revealed conserved genomic
elements shared with other Klebsiella phages, such as
phil_146047, mtp25, MKP1, and Massivegloo. Com-
parative genomic analysis using Mauve alignment high-
lighted these conserved regions, particularly in essential
functional genes, while unique regions likely contribute
to its host specificity. Phylogenetic analysis further sup-
ported vbKpUK]J_2 close evolutionary relationships
with phages MKP-1 and mtp25, suggesting a shared

evolutionary history. Additionally, proteome analysis
comparing vbKpUK]_2 protein profiles with other related
phages revealed its classification within the Drexlerviri-
dae family, demonstrating its evolutionary proximity to
other clinically significant phages and providing a solid
foundation for its potential therapeutic application. The
genomic analysis of vbKpUK]_2 aligns with findings from
similar studies on lytic K. pneumoniae phages, such as
vB_KpnM-VAC66 and vB_KpnM-VACI13, which also
demonstrated the absence of antibiotic resistance genes
and the presence of conserved structural proteins essen-
tial for lytic activity [24]. These conserved genomic fea-
tures underscore the potential of vbKpUK]J_2 as a safe
and effective candidate for phage therapy. In terms of
infection mechanisms, phage structural proteins, such as
tail fibers and capsid proteins, play a crucial role in host
specificity and infection efficiency [25]. The presence
of holin and lysozyme genes indicate a lytic lifecycle as
these proteins facilitate bacterial cell wall degradation
and host cell lysis during the phage infection process
[26]. The presence of putative tail depolymerase, which
is associated with enzymatic degradation of capsular
polysaccharides and might be the reason of halo pheno-
type observed in plaque assays. However, further experi-
mental validation is needed to confirm its depolymerase
activity. The identification of similar structural elements
in vbKpUK]J_2 suggests that its host recognition and lytic
capabilities are consistent with other well-characterized
therapeutic phages.
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The stability of phage vbKpUK]J_2 across a broad range
of temperatures (30-60 °C) and pH conditions (pH 4—10)
indicates it has robust resistance to harsh conditions, a
valuable feature for formulating phage preparations for
oral, local, or even systemic application. The presence
of genes encoding DNA helicase, DNA repair exonucle-
ase, and DNA methyltransferase has likely contributed
to maintaining genomic integrity, while the structural
proteins such as the major capsid protein, portal protein
and intrinsic physiochemical properties of capsid and
tail structure are likely involved in maintaining capsid
integrity under stress conditions. While the pH stabil-
ity of vbKpUK]_2 suggests potential for survival in envi-
ronments like the intestines, direct passage through the
highly acidic stomach (where pH can fall below 4) may
require additional encapsulation techniques to ensure
delivery to the gut. The physiochemical stability sup-
ports the phage’s potential for gut decolonization of K.
pneumoniae in patients at high risk of infection, such as
those preparing for invasive procedures. Additionally,

vbKpUK]J_2 could serve in local therapeutic applications
on infected tissues or as a prophylactic adjunct to stan-
dard treatments in healthcare environments to minimize
pathogen persistence and spread without disrupting the
host’s beneficial microbiota.

Phage vbKpUK]J_2 demonstrated lytic activity against
43.5% of the tested, non-clonally related, clinical K. pneu-
moniae isolates, suggesting it may be effective against a
relevant proportion of K. pneumoniae strains, including
some MDR variants. Notably, the phage exhibited no
latent phase and showed rapid lysis, with a maximum
lytic efficiency of 5.25x10% PFU/mL per minute. This
fast lytic activity confirms its virulence, further support-
ing its potential as a therapeutic candidate, although its
efficacy may be limited by the strain-specific nature of
the phages. However, we used randomly selected clini-
cal K. pneumoniae isolates representing the prevalence
in our hospital rather than selected serotypes, as serotyp-
ing is not part of our routine diagnostic pipeline. There-
fore, it is possible that vbKpUK]_2 may exhibit specificity
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for certain serotypes, a factor that should be explored in
future studies to optimize its therapeutic potential. This
study did not assess the frequency of phage-resistant
mutant emergence, a critical factor for long-term efficacy,
which warrants investigation in future studies. Personal-
ized bacteriophage therapy has been shown to be highly
effective when phages are tailored to specific bacterial
strains [27]. Studies on clinical phage therapy outcomes
highlight the importance of ensuring phages have activ-
ity against relevant clinical isolates, as well as the absence
of resistance genes [27]. The broad host range and robust
lytic activity of vbKpUK]_2, coupled with its stability
across diverse conditions, position it as a promising can-
didate for addressing multidrug-resistant K. pneumoniae
infections.

Phage cocktails against K. pneumoniae tested in vitro
often mix different phage families (such as Podoviridae
(e.g., T7) and Myoviridae (e.g., T4)) [28] to broaden the
spectrum of activity and avoid competition for receptors.
Mixing phages with different and known receptor speci-
ficities reduces the likelihood of cross-resistance and
enhances effectiveness against diverse strains, including
MDR variants [29]. However, one of the limitations of the
phage cocktail is the potential competition among phages
for the same bacterial receptors, which could reduce the
overall efficacy of the cocktail. Nonetheless, incorporat-
ing vbKpUK]_2, a phage from the Drexlerviridae family,

into such a cocktail could complement phages from other
families, improving therapeutic potential.

A recent study demonstrated promising results for
phage-antibiotic synergy (PAS) against MDR K. pneu-
moniae in a mouse model, indicating that combining
phages with antibiotics could significantly improve thera-
peutic outcomes [30]. The research showed that phages
Pharr (from the Podoviridae family) and OKpNIH-2
(from the Siphoviridae family), isolated from wastewater,
were effective in reducing bacterial load. Their efficacy
was maximized when used alongside antibiotics, sug-
gesting enhanced effectiveness against resistant strains
and better infection control. This approach underscores
PAS’s potential to target difficult MDR pathogens more
robustly than single-agent treatments alone. Such syn-
ergy can be especially beneficial for applications like gut
decolonization, where localized, non-invasive treatments
are preferable. Adding this phage to the antibiotics used
in selective digestive decolonization (SDD), that is used
in ICU patients to decrease the risk of ventilator-associ-
ated pneumonia and other endogenous infections, may
potentate the effect of SDD in patients that are colonized
with phage-susceptible but multi-drug resistant K. pneu-
moniae strains [31]. This combination approach may also
reduce the likelihood of resistance development, as bac-
teria are exposed to multiple attack mechanisms, low-
ering their chances of survival and adaptation. Future
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studies should focus on validating these findings in rel-
evant animal models to assess efficacy, safety, and the
dynamics of phage-bacteria interactions in vivo.

Conclusion

Phage vbKpUK]J_2 shows promising activity against a
relevant proportion of non-clonally related, clinical K.
pneumoniae strains including MDR-strains. Its effec-
tive lytic action, lack of antibiotic resistance genes, and
genomic stability highlight its potential for therapeutic
use. Although vbKpUK]_2’s host range is somewhat lim-
ited, it could serve as a component in a targeted phage
therapy approach. This study adds to the literature sup-
porting phages as viable antibiotic alternatives for MDR
bacterial infections.

Future research could explore genetic adaptation to
broaden its host specificity and conduct in vivo models
to further assess vbKpUK]J_2’s therapeutic potential and
safety in treating resistant K. pneumoniae.
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