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Purpose: Klebsiella pneumoniae is a globally prevalent pathogen responsible for severe hospital- and community-acquired infections, 
and presents significant challenges for clinical management. Current therapeutic strategies are no longer able to meet the clinical 
needs; therefore, there is an urgent need to develop novel therapeutic strategies. This study aimed to evaluate the efficacy of phage 
therapy in treating bacterial infections.
Methods: Isolated phage vB_Kpn_HF0522 and phage morphology were observed using transmission electron microscopy. Analysis 
of vB_Kpn_HF0522 characteristics, including optimal multiplicity of infection (MOI), one-step growth curve, host range, stability in 
different environments, and adsorption capacity. The phage genomic sequence was analyzed to explore evolutionary relationships. The 
effect of phage vB_Kpn_HF0522 on biofilms was assessed using crystal violet staining assay. The Galleria mellonella (G. mellonella) 
infection model and mouse infection models were established to evaluate the practical application potential of the phage and the fitness 
cost of phage-resistant bacteria.
Results: Phage was isolated from hospital sewage for experimental studies. Genome analysis revealed that vB_Kpn_HF0522 is 
a double-stranded linear DNA virus. Biological characterization demonstrated that this phage specifically targets serotype K1 
K. pneumoniae with an optimal multiplicity of infection (MOI) of 0.01, effectively disrupting biofilms and inhibiting bacterial growth. 
The bacterial growth rate remained largely unchanged after the phage resistance mutation, but mice infected with the mutant strain 
showed significantly higher survival rates than those infected with the wild-type strain. vB_Kpn_HF0522 increased the survival rate of 
infected G. mellonella from 12.5% to 75%, inhibited incisional surgical site infections and alleviated inflammatory response in mice.
Conclusion: These findings indicate that vB_Kpn_HF0522 has significant potential for treating specific bacterial infections, and may 
serve as an antimicrobial agent for research and clinical anti-infective therapy.
Keywords: phage vB_Kpn_HF0522, phage therapy, Klebsiella pneumoniae, phage resistance, incisional surgical site infection, 
biofilm

Introduction
K. pneumoniae is widely distributed in the environment and is a typical opportunistic pathogen. K. pneumoniae can cause 
infections in some parts of the body, such as the lungs, abdominal cavity, urinary tract, bones, muscles, skin, and soft 
tissues, and some strains can lead to primary bacteremia in healthy people.1–3 In recent years, there has been an increase 
in the detection rate of multidrug-resistant Klebsiella pneumoniae (MDR-KP), which further limits the effectiveness of 
existing antimicrobial agents and complicates treatment efforts.4,5 A key cause of K. pneumoniae pathogenicity is its 
capsular polysaccharide (CPS), which allows it to evade the host immune system and hinders the penetration of 
antibacterial drugs.6,7 One of the most prevalent serotypes among K. pneumoniae is the K1 capsular type, exhibiting 
stronger resistance to phagocytosis by macrophages and greater resistance to extracellular and intracellular killing by 
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neutrophils, thus facilitating systemic dissemination, and its wide spread has become a significant public health issue.8–12 

Antibiotic therapy is commonly used to treat bacterial infections, but treatment can still fail even when the bacteria are 
sensitive to antibiotics. Studies have shown that factors such as biofilm formation, patient immunocompromise, 
insufficient drug penetration at the site of infection, and bacterial retention may all contribute to poor treatment 
outcome.13–16 As a result, pure antibiotic therapies are no longer sufficient to meet clinical demands, emphasizing the 
pressing need for innovative antimicrobial approaches.

Bacteriophages (phages) are viruses that selectively target bacteria, and some phages recognize and induce host 
bacterial death without disturbing the normal microbiota.17–19 A clinical case report indicated that compared with 
systemic antibiotic treatment, bacteriophage treatment caused minimal damage to the patient’s gut microbiota.20 Given 
their abundance in nature, potent antimicrobial capacity, and low toxicity to humans, phages show potential as a viable 
alternative or adjunct therapy to antibiotics, enhancing anti-infection treatments.21,22 Current studies have confirmed the 
efficacy of phages in eliminating K1 K. pneumoniae, with some findings showing that phages can significantly improve 
the survival rates of infected mice or Galleria mellonella (G. mellonella).22–25 However, research on the therapeutic 
potential of phages in treating surgical wound infections remains limited. The development of novel phages can enable 
personalized treatments and provide an effective strategy to manage the emergence of phage-resistant bacteria.26

Numerous clinical studies have demonstrated the excellent potential of phages in infection. For instance, in 2019, 
Saskia Kuipers et al reported phage therapy for chronic recurrent urinary tract infection in a kidney transplant patient.27 

In 2021, Apurva Virmani Johri et al documented successful phage therapy for chronic bacterial prostatitis in which 
multiple antibiotic treatments failed.28 In 2022, Anaïs Eskenazi et al reported a case in which phage therapy combined 
with antibiotics successfully treated a fracture-related infection caused by antibiotic-resistant K. pneumoniae.29 These 
cases offer empirical evidence supporting the utilization of phage therapy as an alternative treatment approach for 
bacterial infections. Some countries and regions have established clear guidelines and standards for phage therapies. For 
example, the European Union and the United States require phage production to adhere to Good Manufacturing Practice 
(GMP) standards to ensure the quality and safety of phage products.30 It is believed that with the continuous advance-
ment of biotechnology and the deepening of phage research, phage therapy will become an even more important part of 
anti-infective therapy in the future.

In this study, we isolated a phage capable of lysing the K1 K. pneumoniae strain from hospital sewage, named 
vB_Kpn_HF0522. According to genomic analysis, this phage is a double-stranded DNA virus that belongs to the genus 
Drulisvirus. To characterize its biological traits, we investigated its one-step growth curve, adsorption onto host bacteria, 
and its environmental resilience. Using a crystal violet staining assay, we assessed their ability to inhibit or disrupt 
bacterial biofilms. We also isolated phage-resistant mutant bacteria and examined whether these mutations affected the 
efficacy of phage therapy using a mouse infection model. Additionally, by monitoring the bacterial growth curves and 
survival rate of infected G. mellonella, we studied the ability of the phage to lyse bacteria both in vitro and in vivo.

Surgical site infection (SSI), caused by bacterial invasion through surgical incisions, threatens the lives of patients and 
is a highly prevalent healthcare-associated infection (HAI) worldwide.31,32 Research has examined the efficacy of phage 
therapy for wound infections, however, studies on the treatment of incisional surgical site infections remain limited.33–35 

Therefore, we established a mouse incisional surgical site infection model to simulate human surgical wound infection 
and healing processes and evaluated the application potential of vB_Kpn_HF0522. In conclusion, we discovered and 
characterized phage vB_Kpn_HF0522, investigated its genetic information and biological features, and verified its effects 
on host bacteria in vivo and in vitro.

Materials and Methods
Animals
All animals used in this study were reviewed and approved by the Institutional Animal Care and Use Committee of 
Anhui Medical University (approval number LLSC20240703), and all experiments were performed in accordance with 
the guidelines. 6–8-week-old female BALB/c mice purchased from Henan Skbex Biotechnology Co., Ltd. (Anyang, 
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China) were selected for the study. The mice were housed under specific pathogen-free conditions with free access to 
food and water that did not contain antibacterial agents.

Isolation and Identification of Bacteria
The bacterial strains used in this study were derived from clinical diagnostic samples routinely stored in the Department of 
Clinical Laboratory at the Second Affiliated Hospital of Anhui Medical University. The study was approved by the ethics 
committee of the hospital (approval number KYLL20240200). The bacterial species were identified using a Microflex LT 
mass spectrometer (Bruker Corporation, Germany). The DNA of the strains was amplified using wzi type primers (forward: 
5′-GTGCCGCGAGCGCTTTCTATCTTGGTATTCC-3′; reverse: 5′-GAGAGCCACTGGTTCCAGAATTACCGC-3′) and 
the PCR products were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). The wzi type and the corresponding 
capsular serotype were identified using a database (https://bigsdb.Pasteur.fr/klebsiella/).36

Phage Isolation and Purification
Isolation and purification of bacteriophages followed the methods described in previous studies, with minor 
modifications.23 Collected 50 mL of untreated sewage from the Second Affiliated Hospital of Anhui Medical 
University and removed impurities and bacteria from the sewage by centrifugation and a 0.22 μm filter (Sangon 
Biotech Co., Shanghai, China). KP1049 (K1 K. pneumoniae) was selected as the host bacterium, single colony was 
picked with a sterile inoculation loop, inoculated into LB medium, and incubated into the logarithmic growth phase at 37 
°C and 160 rpm. The filtrate was added to the KP1049 bacterial suspension and incubated overnight. The mixture was 
filtered and the phage was purified using a double-layer plaque assay. The filtrate was diluted with SM buffer and 10 μL 
of the diluted filtrate was added to 400 μL of the KP1049 bacterial suspension. The solution was incubated at 37 °C for 
15 min, after which 3 mL of LB medium containing 0.7% agar was added, mixed well, and poured onto LB agar plates. 
The plates were incubated overnight at 37 °C. Single plaques from these plates were picked and cultured in LB medium 
supplemented with the host bacteria over night at 37 °C and 160 rpm. The culture was filtered to remove bacteria and 
subjected to a double-layer plaque assay to isolate the phage. This process was repeated until uniform plaques appeared 
on the plate, indicating that the filtrate was a purified phage suspension, and the phage was named vB_Kpn_HF0522.

Genomic Sequence Analysis
In order to gain a deeper understanding of the genetic information and evolutionary relationships of the phage, we 
extracted the genes of the phage and performed gene sequencing analysis. Phages were concentrated using a previously 
described polyethylene glycol (PEG) precipitation method.37 Phage DNA was extracted using a Viral RNA/DNA 
Extraction Kit (Takara, Japan) according to the manufacturer’s instructions. The phage genome was sequenced using 
the Illumina NovaSeq platform and assembled with A5-MiSeq v20160825 (https://arxiv.org/abs/1401.5130) and SPAdes 
v3.12.0 (http://cab.spbu.ru/files/release3.12.0/manual.html).38,39 Open reading frame (ORF) prediction was performed 
using a database (https://www.ncbi.nlm.nih.gov/orffinder/), while tRNAscan-SE2 (http://lowelab.ucsc.edu/cgi-bin 
/tRNAscan-SE2.cgi) was used to detect the presence of tRNA.40 Virulence and resistance genes were identified using 
VirulenceFinder (https://cge.cbs.dtu.dk/services/VirulenceFinder/) and ResFinder (https://cge.cbs.dtu.dk/services/ 
ResFinder/).41 The phylogenetic tree was constructed using the amino acid sequences of the DNA polymerase and 
major head proteins, applying the neighbor-joining method with 1000 bootstrap replications in MEGA 11.42 BLAST 
analysis and BLAST Ring Image Generator were used to compare the sequences of the genomes.43

Transmission Electron Microscopy
The phage morphology was analyzed using transmission electron microscopy (TEM). The purified vB_Kpn_HF0522 
(20 μL) was placed on a carbon-coated copper grid and left to stand for 5 min. Next, 2% (w/v) phosphotungstic acid 
(PTA) was used to stain the sample negatively and was observed under a transmission electron microscope (Hitachi 
HT7800, Japan).
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Host Range
The host range of vB_Kpn_HF0522 was confirmed by the double-layer plaque assay, which was used to determine 
whether the lysis of the phage was specific. The 47 nonrepetitive K. pneumoniae strains used in this study were collected 
from routine clinical samples at the hospital. All strains were preserved in LB medium supplemented with 20% glycerol 
and stored at −80°C for long-term storage. The bacterial suspension in the logarithmic growth phase was spread evenly 
on LB agar plates, 5 μL of phage suspension was dropped onto the plates, and the plates were incubated at 37 °C 
overnight. The host range of vB_Kpn_HF0522 was preliminarily determined based on the presence or absence of 
plaques.44 To further review the lysing ability of the phage, we examined the efficiency of plating (EOP) of the phage 
using the double-layer plaque assay for strains that can interact with phage and form plaques. The EOP was calculated as 
the ratio of plaques formed on target bacteria to those formed on host bacteria (KP1049).45

Multiplicity of Infection (MOI) and One-Step Growth Curve of vB_Kpn_HF0522
The bacterial suspension (1×108 CFU/mL) was prepared, and equal volumes of the diluted phage suspension were added 
at different MOIs, mixed well, and incubated at 37 °C for 15 min. 10 mL of LB medium was added to the mixture, 
followed by incubation at 37 °C and 160 rpm for 6 h. The suspensions were obtained by filtration and the phage titer was 
determined. The optimal MOI was determined by choosing the group with the highest phage titer, and the experiment 
was repeated thrice.44

Equal volumes of vB_Kpn_HF0522 and KP1049 bacterial suspensions were mixed at the optimal MOI, incubated at 
37 °C for 15 min to allow binding, and centrifuged at 10,000 rpm for 5 min, and wash off the unbound phage with 
phosphate buffer solution (PBS). The pellet was resuspended in 20 mL of LB medium and cultured at 37 °C and 160 rpm 
for 80 min.25 Samples were taken every 5 min, and the phage titer was determined by the double-layer plaque assay. The 
experiment was repeated thrice, and the average value was used to plot the one-step growth curve.

Temperature and UV Stability
1mL of phage was placed in a water bath at different temperatures, incubated for 60 min, and then quickly placed on ice 
to cool down after the water bath. The phage titer was detected by the double-layer plaque assay, and the stability of the 
phage to temperature was analyzed.

To test the sensitivity of the phage to ultraviolet light, 10 mL of phage suspension was added to a sterile Petri dish and 
exposed to continuous UV irradiation (254 nm) for 2 h. Samples were collected every 20 min to measure the phage 
titer.44 Three replicates were performed for each experiment.

Adsorption Assay
A mixture of phage and KP1049 bacterial suspensions was incubated at 37 °C for 15 min at the optimal MOI. The 
samples were collected every 5 min and centrifuged at 10,000 rpm for 5 min. The supernatant was serially diluted with 
SM buffer to measure the titer of the unadsorbed phage. The adsorption ability of the phage was assessed over 15 min, 
with each experiment performed in triplicates.23

Antibacterial Activity of vB_Kpn_HF0522 Against KP1049 in vitro
To initially assess the antibacterial activity of vB_Kpn_HF0522, we examined the growth curves of the bacteria in vitro. 
The phage and KP1049 suspensions were mixed at different MOIs (MOI = 10, MOI = 1, MOI = 0.1, MOI = 0.01, MOI = 
0.001, MOI = 0.0001) and incubated at 37 °C and 160 rpm for 12 h. Analyses of the phage’s inhibitory effect on bacterial 
growth were analyzed by collecting samples every 1 h and measuring the absorbance at 600 nm.23

Evaluation of the Ability of Phage to Disrupt and Inhibit Biofilms
To determine whether the phage was capable of disrupting preformed biofilms, 200 μL of KP1049 suspension 
(1×106 CFU/mL) was added to a 96-well plate and incubated at 37 °C for 48 h. The bacterial suspension was 
carefully discarded, and the planktonic bacteria were washed away with PBS. 200 μL different titers of phage 
suspensions (MOI = 10, MOI = 1, MOI = 0.1, MOI = 0.01, MOI = 0.001, and MOI = 0.0001) were added to the 
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wells, and LB medium was added to the control group. After 12 h of incubation, the wells were washed thrice with 
PBS and stained with crystal violet. The staining solution was rinsed with PBS at the end of the staining process and 
200 μL of ethanol was added to dissolve the stain. A microplate reader was used to measure absorbance at 570 nm to 
evaluate the effects of different phage titers on biofilm disruption.23

To inhibit biofilm formation, 100 μL of KP1049 (1×106 CFU/mL) and different titers of phage suspensions (MOI = 
10, MOI = 1, MOI = 0.1, MOI = 0.01, MOI = 0.001, and MOI = 0.0001) were added to a 96-well plate. The plate was 
incubated at 37 °C for 48 h, and biofilm formation was assessed by the crystal violet staining assay.46 The results of the 
phage and control groups were compared to determine whether the phage inhibited biofilm formation.

Growth Curve and Pathogenicity Determination of Phage-Resistant Mutant Bacteria
To clarify the effect of phage resistance mutations on the therapeutic efficacy of phage, we isolated phage-resistant 
mutant bacteria in vitro and monitored the growth curve and virulence of the bacteria. The host bacteria and phage were 
co-cultured at 37 °C for a period of time, and the bacterial suspension was collected after the liquid changed from clear to 
turbid. The strains were inoculated onto LB agar plates using a sterile inoculation loop and placed at 37 °C for overnight 
incubation. The isolated mutant strain was named as P-mut-KP1049.

KP1049 and P-mut-KP1049 were cultured in LB medium until logarithmic growth stage, respectively, and 400 μL of 
bacterial suspension (1×108 CFU/mL) was taken and added to 40 mL of LB medium, mixed well, and then incubated at 
160 rpm at 37 °C for 12 h. During this period, the suspension was taken out to detect its absorbance at 600 nm every hour 
and the bacterial growth curve was plotted based on the average of the results of three replicated experiments.

To validate the pathogenicity of P-mut-KP1049 in a mouse infection model, 6–8-week-old female BALB/c mice were 
selected for the study. The mice were randomly divided into five groups of eight mice each. Mice in group A were 
injected intraperitoneally with 100 μL of PBS. Mice in groups B and C were injected with different doses of KP1049 
bacterial suspension, in which group B was injected with 1×107 CFU and group C was injected with 1×106 CFU; mice in 
groups D and E were injected with different doses of P-mut-KP1049 bacterial suspension, in which group D was injected 
with 1×107 CFU and group E was injected with 1×106 CFU. The experiment was repeated three times, the survival rate 
of mice was recorded continuously for 7 days, and the pathogenicity of the mutant strain was analyzed based on the 
survival rate of mice.

Therapeutic Potential of vB_Kpn_HF0522 in the G. mellonella Infection Model
To analyze the ability of vB_Kpn_HF0522 to eliminate pathogens in vivo, a G. mellonella infection model was 
constructed. G. mellonella approximately 25 mm in length and vigorous, was selected for this study. To determine the 
optimal bacterial infection dose, G. mellonella was randomly divided into eight groups, including a PBS group and 
groups with different concentrations of bacteria (1×104, 1×105, 1×106, 1×107, 3×107, 6×107, and 1×108 CFU/mL). Based 
on survival after injection, a concentration of 3×107 CFU/mL was selected as the final experimental dose.

Each group contained eight larvae, which were subsequently placed in sterile petri dishes. The groups included 
experimental group, blank group, and phage treatment groups at different doses. In the blank group, G. mellonella was 
injected with 10 μL of PBS on the right second hindfoot. In the experimental group and phage treatment groups, 
G. mellonella was injected with 10 μL of KP1049 bacterial suspension (3×107 CFU/mL) in the logarithmic growth 
phase. The G. mellonella were placed in a humidified chamber at 37 °C in the dark for 1 h. After 1 h, the phage treatment 
groups were injected with phage suspensions at different MOIs (MOI = 10, MOI = 1, MOI = 0.1, MOI = 0.01, MOI = 
0.001, and MOI = 0.0001), while the other groups received 10 μL of sterile PBS. Three replicate experiments were 
conducted to determine the average survival of G. mellonella over a five-day period and the results were used to plot the 
survival curve.

Efficacy of vB_Kpn_HF0522 in an Incisional Surgical Site Infection Model
An incisional surgical site infection model was constructed to simulate human wound healing, and the therapeutic effect of 
the phage on surgical wound infections was analyzed.47 6–8-week-old female BALB/c mice were selected for this test and 
the mice were divided into groups of 8 each. The mice were anesthetized via intraperitoneal injection of tribromoethanol 
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(0.2 mL/10 g body weight in a 1.2% solution). After the dorsal hair was shaved and disinfected with 75% ethanol, a 1 cm 
incision extending to the deep fascia was created on one side of the spine using a sterile scalpel. A surgical thread was used to 
suture the wound. KP1049 suspension (50 μL, 1×105 CFU/mL) was inoculated into the suture site. After 1 h, 50 μL of 
vB_Kpn_HF0522 suspension (1×107 PFU/mL) was injected subcutaneously at the surgical wound site, whereas the blank 
group was injected with an equal volume of PBS. The efficacy of phage treatment was evaluated by monitoring the wound 
recovery over time. The experiment was repeated three times to ensure the accuracy of the results.

Statistical Analysis
The data were statistically analyzed using GraphPad Prism 9.5.0 and SPSS 27.0, and are presented as mean values and 
standard deviations. Comparisons of differences in means between groups affected by a single variable were analyzed by 
one-way ANOVA, and P < 0.05 was considered to indicate statistical significance. The Cox proportional hazards model 
was used to analyze the effects of the variables on the survival rates of G. mellonella and mice.

Results
Phage Isolation and Morphological Analysis
KP1049 was used as the host bacterium to isolate phage vB_Kpn_HF0522 from the hospital sewage. Clear plaques with 
halos were observed on the KP1049 lawn (Figure 1A). TEM revealed that the phage had an icosahedral head with 
a diameter of 59.33±2.04 nm and a tail with a diameter of 20.02±1.56 nm (Figure 1B).

Genomic Analysis
Genomic analysis revealed that vB_Kpn_HF0522 possessed a linear double-stranded DNA sequence of 42,437 bp, with 
a GC content of 54.17%. The sequences were uploaded to the NCBI database (GenBank accession number PP836776.1). 
Bioinformatics analysis revealed 50 open reading frames (ORFs), 24 of which encoded functional proteins, whereas the 
rest were hypothetical proteins. Further analysis revealed that no virulence or antibiotic resistance genes were present, 
indicating that this phage can be used in various ways. The phage genome does not contain tRNA genes. BLASTn 
analysis revealed that vB_Kpn_HF0522 was similar to Klebsiella phage P284 (PP934444.1), Klebsiella phage Henu1_1 
(PQ133006.1), Klebsiella phage Phi_K2044 (PP442062.1), Klebsiella phage pKP-M212-2.1 (OQ734493.1), Klebsiella 
phage Henu1_2 (PQ133005.1), Klebsiella phage xx20 (OQ871562.1), Klebsiella phage RCIP0049 (OR532843.1), and 
Klebsiella phage vB_Kp_XP4 (PP663283.1), with >95% identity; these phages belong to the genus Drulisvirus 
(Figure 2), and the host bacteria of these phages are all K. pneumoniae.

Evolutionary analysis of conserved DNA polymerase genes (Figure 3A) and major head proteins (Figure 3B) 
suggested that vB_Kpn_HF0522 is closely related to Klebsiella phage P284 (GenBank: PP934444.1) and Klebsiella 
phage KP_NC6 (GenBank: PQ530295.1), which belong to the genus Drulisvirus. Based on the genomic information and 
the results of TEM analysis, vB_Kpn_HF0522 should be classified under the genus Drulisvirus.

Figure 1 Characteristics of phage vB_Kpn_HF0522. (A) Plaques formed by phage vB_Kpn_HF0522. (B) Morphology of phage vB_Kpn_HF0522 under TEM. The scale bars 
represent 200 nm.
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Physiological Characterization of Phage vB_Kpn_HF0522
vB_Kpn_HF0522 was mixed and cultured with KP1049 at different MOIs, and phage titer was detected after 6 h. The phage titer 
in the group with an MOI = 0.01 was significantly greater than that in the other groups, indicating that an MOI of 0.01 was the 
optimal MOI for vB_Kpn_HF0522 (Figure 4A). vB_Kpn_HF0522 and KP1049 were mixed in LB medium, and a one-step 
growth curve was generated according to the change in the phage titer. The vB_Kpn_HF0522 titer increased more slowly at 
0–15 min and then increased rapidly after 15 min until it reached a plateau at approximately 60 min, indicating that its latency 
period was approximately 15 min, and its lysis period was approximately 45 min (Figure 4B). By testing the adsorption capacity 
of vB_Kpn_HF0522, it was found that more than 90% of the phage was adsorbed onto the host bacteria after 15 min of co-culture 
with the bacteria (Figure 4C). The presence of active phages was still detected after incubation of phage at below 60 °C for 1h, but 
all phages died after incubation at 70 °C (Figure 4D). UV stability tests revealed that phage titers decreased with increasing UV 
irradiation time (Figure 4E).

Host Range
The 47 strains used in this study included types K1, K2, K16, K19, K20, K24, K28, K30, K38, K41, K47, K51, K62, 
K63, and K64. The results showed that the phage formed clear plaques on plates inoculated with K1 K. pneumoniae 
bacterial suspension, surrounded by a translucent halo. This phage had lytic activity against nine strains of K1 
K. pneumoniae but no lytic activity against the remaining K. pneumoniae strains. Thus, it can be inferred that the 

Figure 2 Characteristics of the complete genome of phage vB_Kpn_HF0522. Comparative genomic analysis of vB_Kpn_HF0522 with other highly similar phages. Taking the 
complete sequence of vB_Kpn_HF0522 as a reference, the white and colored regions in the circles indicate absence and presence. The circles from inside to outside indicate 
the GC content of vB_Kpn_HF0522, the GC skew of vB_Kpn_HF0522, vB_Kpn_HF0522 (PP836776.1), Klebsiella phage P284 (PP934444.1), Klebsiella phage Henu1_1 
(PQ133006.1), Klebsiella phage Phi_K2044 (PP442062.1), Klebsiella phage pKP-M212-2.1 (OQ734493.1), Klebsiella phage Henu1_2 (PQ133005.1), Klebsiella phage xx20 
(OQ871562.1), Klebsiella phage RCIP0049 (OR532843.1), Klebsiella phage vB_Kp_XP4 (PP663283.1) and the CDS of vB_Kpn_HF0522.
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phage specifically lyses K1 K. pneumoniae (Table 1). This property makes phages promising for application in the 
characterization of the bacterial capsular type.

Antibacterial Activity of Phage Against KP1049 in vitro
KP1049 and vB_Kpn_HF0522 were co-cultured at different MOIs for 12 hours. The OD600 values were measured to 
monitor bacterial growth, and growth curves were plotted based on the results. During the first 11 h of co-culture, the 
absorbance of bacteria in the phage-treated group remained consistently lower than that of KP1049. However, starting 

Figure 3 Phylogenetic analyses of vB_Kpn_HF0522. The phylogenetic trees of phage vB_Kpn_HF0522 were constructed in MEGA 11 via the neighbor-joining method with 
1000 bootstrap repeats based on the amino acid sequence composition of its DNA polymerase (A) and major head protein (B). The amino acid sequences of the relevant 
phages were downloaded from NCBI.

Figure 4 Biological characteristics of phage vB_Kpn_HF0522. (A) Optimal MOI assays of vB_Kpn_HF0522 (*P < 0.05, ** P < 0.01 indicate a significant difference compared 
with MOI = 0.01). (B) One-step growth curve of vB_Kpn_HF0522. (C) Adsorption curve of vB_Kpn_HF0522. (D) Temperature stability of vB_Kpn_HF0522. (E) Ultraviolet 
stability of vB_Kpn_HF0522.
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from the 9th hour, the absorbance of the phage-treated group gradually increased, reaching levels comparable to those of 
KP1049 by the 12th hour. This likely resulted from bacterial mutations induced by phage pressure, which allowed the 
bacteria to resist phage invasion (Figure 6A).

Evaluation of the Ability of Phage to Disrupt and Inhibit Biofilms
To determine whether vB_Kpn_HF0522 could disrupt biofilms, KP1049 was cultured for 48 h to form biofilms, followed 
by the addition of various concentrations of vB_Kpn_HF0522 and further incubation for 12 h. Crystal violet staining 
indicated that vB_Kpn_HF0522 disrupted biofilms at various MOIs (Figure 5A). Furthermore, phage inhibited biofilm 
formation when mixed with KP1049 at different MOIs (Figure 5B). However, the groups did not exhibit a clear dose- 
dependent response to the phages, and it was may be due to the bacterial mutations induced by phages.

Table 1 Host Range of vB_Kpn_HF0522

K. pneumoniae strains Capsular type Plaques Halos EOP

KP42545 K1 + + 0.70

KP41164 K1 + + 0.91

KP46108 K1 + + 0.75

KP51186 K1 + + 0.38

KP47198 K1 + + 0.06

KP47783 K1 + + 0.64

KP27359 K1 + + 0.77

KP04943 K1 + + 0.82

KP1049 K1 + + 1

KP25915, KP26666, KP26328 K2 – – –

KP10429 K16 – – –

KP15380, KP86078, KP19057 K19 – – –

KP41665, KP29379, KP26154 K20 – – –

KP21756, KP22274, KP23347 K24 – – –

KP51072, KP81054, KP91019 K28 – – –

KP71062, KP62643, KP61130 K30 – – –

KP08696 K38 – – –

KP25632, KP19701, KP28371 K41 – – –

KP10471, KP15752, KP71017 K47 – – –

KP27098, KP30188, KP03507 K51 – – –

KP43200, KP41034, KP22849 K62 – – –

KP71019, KP14966, KP01070 K63 – – –

KP71023, KP01063, KP10533 K64 – – –

Notes: - no lysis; + showed plaques or halos. Phage efficiency was classified as high (EOP ≥ 
0.5), medium (0.1 ≤ EOP < 0.5), low (0.001 < EOP <0.1), or inefficient (EOP ≤ 0.001).
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Growth Curve and Pathogenicity Determination of Phage-Resistant Mutant Bacteria
After co-culturing the phage with bacteria, the medium transitioned from clear to turbid and the bacteria were collected 
for further experiments. Comparing the growth curves of KP1049 and P-mut-KP1049, it was observed that P-mut- 
KP1049 grew slower than KP1049 during the first 4 h, but growth rates converged thereafter (Figure 6B).

In the mouse infection model, the survival rate of mice infected with the mutant strain was significantly higher than 
that of mice those infected with KP1049, suggesting that the phage-resistant mutants may not compromise the therapeutic 
efficacy of the phage (Figure 6C).

Figure 5 Evaluation of phage disruption and inhibition of biofilms. (A) The biofilm disruption effect of phage vB_Kpn_HF0522. (B) The biofilm inhibition effect of phage 
vB_Kpn_HF0522. (**P < 0.01, *** P < 0.001 and **** P < 0.0001 indicate significant differences compared with the control group).

Figure 6 Bacterial growth curves and pathogenicity of KP1049 and phage-resistant mutant bacteria (A) Bacterial growth curves under various MOIs. (B) Growth curves of 
KP1049 and phage mutant bacteria. (C) Survival of mice infected with different doses of KP1049 or P-mut-KP1049.
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Antibacterial Activity of vB_Kpn_HF0522 in the G. mellonella Infection Model
To test the effect of the phage in vivo, we constructed a G. mellonella infection model and treated infected G. mellonella 
with different doses of the phage to observe its effect on the survival rate of G. mellonella. The survival rate of the 
experimental group decreased to 50% after 24 h of infection and to 12.5% after 4 days, whereas the phage-treated group 
(MOI = 10) achieved a five-day survival rate of 75% (Figure 7). This result demonstrates that vB_Kpn_HF0522 has the 
potential to fight infection in vivo.

Evaluation of Phage Therapeutic Potential in an Incisional Surgical Site Infection Model
An incisional surgical site infection model was established to simulate human wound recovery and to evaluate the 
therapeutic potential of vB_Kpn_HF0522 for surgical wound infections. Three days after infection, the wounds of 
untreated mice showed significant edema, pus accumulation, and deformity of the underlying fascia. In contrast, the 
phage treatment group presented no obvious redness or swelling, scab formation at the incision site, and clear 
subcutaneous tissues without adhesion or purulent exudate formation. The results of HE analysis indicated significant 
infiltration of inflammatory cells and disorganized fiber arrangement in the skin tissue of mice in the experimental group, 
suggesting strong inflammatory activity. In contrast, the skin tissue of mice in the phage treatment group showed less 
inflammatory cell infiltration, with an overall more intact structure and relatively mild inflammatory response. On the 
seventh day post-infection, a large accumulation of pus was still observed in the subcutaneous tissue of mice in the 
experimental group, whereas the skin tissue of mice in the phage treatment group and the control group showed good 
healing (Figure 8). This demonstrates that phage vB_Kpn_HF0522 has the potential to control surgical site infections.

Discussion
K1 K. pneumoniae is a highly pathogenic strain known to cause invasive community-acquired infections, such as liver 
abscesses, meningitis, and sepsis.5 This strain is particularly prevalent in Asia but has increased worldwide in recent 
years.48,49 Phage therapy is considered a supplementary or alternative treatment to antibacterial agents, and numerous 
clinical cases in recent years have suggested that phages possess antibacterial capabilities in vivo. Previous studies have 
analyzed the therapeutic potential of the K1 K. pneumoniae phage,23–25,50 but the effect of phage resistance mutation on 
disease treatment is still unclear, and surgical infection models that validate the effects of phages have not been 
adequately defined. The development of new phages can provide broader clinical application options, and studying 
their potential offers theoretical support for phage therapies.

Figure 7 Survival rate of G. mellonella in different groups. The five-day survival rate was 12.5% in the experimental group (group = KP1049) and 100% in the blank group 
(group = PBS). G. mellonella survival varied with different doses of phage, with a maximum of 75% (group = MOI = 10).
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In this study, we isolated a phage strain from sewage named vB_Kpn_HF0522. TEM revealed that the phage had an 
icosahedral head with a diameter of 59.33±2.04 nm and a tail with a diameter of 20.02±1.56 nm. Genomic analysis showed 
that vB_Kpn_HF0522 is a double-stranded linear DNA virus that lacks virulence and antibiotic resistance genes, demon-
strating that it is safe for in vivo therapeutic use. Bioinformatics analysis revealed 50 open reading frames (ORFs), 24 of 
which encoded functional proteins, whereas the rest were hypothetical proteins. Based on the genomic information and the 
results of TEM analysis, vB_Kpn_HF0522 should be classified under the genus Drulisvirus. Host range detection revealed 
that vB_Kpn_HF0522 specifically lysed the serotype K1 K. pneumoniae. Using this property, phage-targeted therapy as 
well as K. pneumoniae capsular serotypes identification can be carried out. Based on one-step growth and adsorption curve 
analysis, the phage had a latent period of approximately 15 min and a lytic period of approximately 45 min. Additionally, 
approximately 90% of the phages were able to adsorb onto host bacteria within the first 15 min. These results show that 
vB_Kpn_HF0522 is able to attach to host bacteria in a relatively short period of time, resulting in a rapid bactericidal effect.

The bacterial growth curves showed limited proliferation within the first 9 h of phage treatment. However, after 9 h, 
the bacterial numbers increased and approached those of KP1049 by the 12th hour, indicating the emergence of phage- 
resistant mutants during co-culture. During phage therapy, the emergence of phage-resistant mutant bacteria may occur, 
and such mutations are often accompanied by a fitness cost to the bacteria. Studies have shown that these mutations 
frequently result in a reduction in the bacteria’s virulence.51 To assess the effect of phage resistance mutations on therapy, 
we isolated a resistant mutant strain. First, to assess whether the mutation affects bacterial growth rate, we monitored the 
growth curves of the bacteria. The experimental results showed that within the first 4 hours, the growth rate of the phage- 
resistant mutant strain was slower than that of KP1049, but it gradually approached the growth level of KP1049 over 
time. These findings suggest that the phage resistance mutation has a minimal impact on bacterial growth rate. To further 
evaluate the impact of the phage mutation on therapeutic efficacy, we constructed a mouse infection model to investigate 
whether the virulence of the phage-resistant mutant strain had changed. In mouse infection models, the 7-day survival 
rate of P-mut-KP1049 infected mice was 100%, while KP1049 infected mice survived for less than 24 h. This result 
demonstrated that the mutation reduced the pathogenicity of the bacteria. Other similar studies have found that phage 
resistance mutations can result in bacteria that are less virulent and more adaptable This biological trade-off may impact 
the antibiotic resistance of these bacteria, leading to the loss of virulence factors and thereby making them more 
susceptible to recognition and clearance by the host immune system.52 Therefore, we hypothesize that mutation does 

Figure 8 The incisional healing conditions of the three groups of mice. HE-stained images were taken at a magnification of 10×.
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not significantly affect phage therapeutic efficacy. Biofilm formation is one of the key pathogenic mechanisms of 
K. pneumoniae, as it shields bacteria from antibiotics and the host immune system, leading to chronic and persistent 
infections.53,54 Therefore, we aimed to experimentally assess the ability of the phage to disrupt and inhibit biofilm 
formation. Although phages vB_Kpn_HF0522 effectively disrupted and inhibited biofilms, they did not completely 
eliminate biofilms, likely because of the development of phage-resistant bacterial mutants. One study also showed that 
phage-free tail fiber proteins can interact with bacterial capsules within biofilms, leading to capsule degradation. Because 
the capsule serves as a receptor for phage binding to bacteria, the absence of the capsule prevents the phage from 
effectively binding to and killing bacteria.55

To preliminarily evaluate the potential application of phages in treating infections in vivo, we established 
a G. mellonella infection model and treated it with phages at varying titers. The results showed that vB_Kpn_HF0522 
significantly increased the survival rate of infected G. mellonella, with the survival rate increasing from 12.5% to 75% at 
an MOI of 10, indicating that vB_Kpn_HF0522 could exert anti-infective effects in vivo. K. pneumoniae can cause SSI, 
posing a significant challenge to clinical care.56,57 In this study, we developed an incisional surgical site infection model 
to evaluate the therapeutic potential of phages in such infections, aiming to provide new insights and approaches for 
clinical treatment. In an incisional surgical site infection model, the group treated with phage showed significantly better 
outcomes than experimental group, displaying a normal healing cycle and less abscess formation, highlighting the 
potential of vB_Kpn_HF0522 in controlling incisional surgical site infections. In clinical practice, skin and soft tissue 
abscesses are typically treated with intravenous antimicrobial agents, necessitating multiple doses throughout the 
treatment cycle to maintain effective drug concentrations in the body.58,59 In this study, the phage was directly delivered 
in situ via subcutaneous injection, thereby reducing the necessity for invasive procedures throughout the entire treatment 
period. It is therefore concluded that phage vB_Kpn_HF0522 has significant therapeutic potential for the control of 
infections caused by these bacteria, and is expected to be applied in personalized clinical therapy.

Although this study demonstrated the effectiveness of phage therapy in combating bacterial infections, we must 
acknowledge certain limitations. The experiments were conducted in simplified models that do not fully replicate the 
complexity of human infections. Future research should focus on evaluating the efficacy of phage therapy in more clinically 
relevant models and developing phage cocktail therapies to provide stronger scientific support for its clinical application.

Conclusion
In this study, we successfully isolated and characterized phage vB_Kpn_HF0522, a promising candidate for combating 
K1 K. pneumoniae infections. The phage demonstrated robust lytic activity, the ability to disrupt biofilms, and 
therapeutic potential in both in vitro and in vivo models. Notably, the phage improved prognosis in incisional surgical 
site infections in mice, emphasizing its potential clinical applicability. Moreover, while phage-resistant mutants emerged 
during the experiments, these mutations were associated with reduced bacterial virulence, suggesting a biological trade- 
off that might mitigate their clinical impact. This study highlights the potential of phage vB_Kpn_HF0522 as a safe and 
effective therapeutic agent. Further exploration of phage therapy mechanisms and clinical verification are imperative for 
a comprehensive comprehension of its applicability and the resolution of potential challenges.
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