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Carbapenem-resistant Klebsiella pneumoniae is one of the primary bacterial pathogens that pose a significant threat to global public health because of the lack of available therapeutic options. Phage therapy shows promise as a potential alternative to current antimicrobial chemotherapies. In this study, we isolated a new Siphoviridae phage vB_KpnS_SXFY507 against KPC-producing K. pneumoniae from hospital sewage. It had a short latent period of 20 min and a large burst size of 246 phages/cell. The host range of phage vB_KpnS_SXFY507 was relatively broad. It has a wide range of pH tolerance and high thermal stability. The genome of phage vB_KpnS_SXFY507 was 53,122 bp in length with a G + C content of 49.1%. A total of 81 open-reading frames (ORFs) and no virulence or antibiotic resistance related genes were involved in the phage vB_KpnS_SXFY507 genome. Phage vB_KpnS_SXFY507 showed significant antibacterial activity in vitro. The survival rate of Galleria mellonella larvae inoculated with K. pneumoniae SXFY507 was 20%. The survival rate of K. pneumonia-infected G. mellonella larvae was increased from 20 to 60% within 72 h upon treatment with phage vB_KpnS_SXFY507. In conclusion, these findings indicate that phage vB_KpnS_SXFY507 has the potential to be used as an antimicrobial agent for the control of K. pneumoniae.
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Introduction

Klebsiella pneumoniae is a gram-negative bacterium that belongs to the Enterobacteriaceae family. It is a part of the healthy microbiome of individuals and colonized in gastrointestinal tract, respiratory tract, urogenital tract, skin, and, nasopharynx (Bengoechea and Sa Pessoa, 2019; Reyes et al., 2019). However, this microorganism attacks immunocompromised individuals and causes diseases, such as pneumonia, liver abscess, urinary tract infection, wound infection, and sepsis (Paczosa and Mecsas, 2016). Carbapenems are widely used to treat infections caused by K. pneumoniae, but with the widespread use of such antibiotics, the carbapenem-resistant K. pneumoniae (CRKP) appeared (Yigit et al., 2001). Currently, CRKP has disseminated globally and become one of the major bacterial pathogens that pose a significant threat to global public health because of the lack of available therapeutic options (McKenna, 2013; Chen et al., 2014).

Phages are viruses that exclusively infect bacteria with high host specificity, and they are found in all environments where bacteria would generally thrive. Phage therapy is a century-old method that was used for the treatment of bacterial infections. Given the development and spread of MDR K. pneumoniae, phage therapy shows promise as a potential alternative to current antimicrobial chemotherapies (Herridge et al., 2020). Klebsiella phage can be isolated from a variety of sources, including medical sewage, wastewater, and human intestinal samples (Herridge et al., 2020). However, the current phage database remains limited (Parmar et al., 2017). The isolation and investigation of new phages can enrich the phage database and provide biological options for the treatment of infections caused by multidrug-resistant bacteria.

The Galleria mellonella larvae model has been widely used to assess the efficacy of phage therapy (Tsai et al., 2016). Treatment with phage KP1801 significantly reduced the level of K. pneumoniae in larvae and improved the survival of G. mellonella (Wintachai et al., 2020). Phage BUCT541 significantly increased the survival rate of K. pneumoniae-infected G. mellonella larvae (Pu et al., 2022b). A similar result was acquired from the assessment of the efficacy of phage BUCT610 against K. pneumoniae K1119 in the G. mellonella larvae model (Pu et al., 2022a).

In this study, we isolated phage vB_KpnS_SXFY507 against K. pneumoniae from hospital sewage. The physiological characteristics of phage vB_KpnS_SXFY507 were investigated, and the genome analysis was performed. The efficacy of phage vB_KpnS_SXFY507 against strain SXFY507 was assessed in vitro and the G. mellonella larvae model.



Materials and methods


Bacterial strain and identification

Carbapenem-resistant K. pneumoniae SXFY507 was isolated from a patient in a public hospital in Taiyuan City, China. The strain was incubated in Luria–Bertani (LB) broth at 37°C with shaking at 200 rpm and stored at −80°C in 30% glycerol (v/v).

Bacterial species identification was performed by 16S rRNA gene sequencing (Frank et al., 2008) and by PCR detection of the K. pneumoniae-specific khe gene (Yin-Ching et al., 2002). The modified CarbaNP test was used to determine the activity of Ambler class A/B/D carbapenemases in bacterial cell extracts (Feng et al., 2017). The major plasmid-borne extended-spectrum beta-lactamase and carbapenemase genes were screened by PCR and Sanger sequencing. The PCR primers used for PCR amplicons were described in previous reports (Chen et al., 2015).



Phage isolation and purification

The untreated sewage sample was collected from a public hospital in Taiyuan, China. Phage isolation and purification were performed as previously described (Feng et al., 2021; Li F. et al., 2022). Briefly, the sewage sample was centrifuged, and then the supernatant was filtered through a sterile 0.22 μm filter (Millipore, PES membrane). Next, the filtered lysate was co-cultured with K. pneumoniae SXFY507 in BHI broth and incubated at 37°C with shaking at 160 rpm for 5 h. After centrifugation, the supernatant was filtered by a sterile 0.22 μm filter. A tenfold dilution series (10−1–10−8) of the filtered lysate was prepared in SM buffer and then mixed with K. pneumoniae SXFY507 followed by incubating at room temperature for 5 min. The mixture was added to 5 ml of top agar (BHI with 0.75% agar), and then poured onto a plate (1.5% agar), and incubated overnight at 37°C to form phage plaques. For phage purification, a single plaque was picked and then resuspended in the SM buffer. Double-layer agar method was performed for forming and screening the phage plaques. The experiment of phage purification was repeated three more times to obtain the purified phage. The purified phage preparation was stored at 4°C for further studies.



Transmission electron microscopy

The purified phage (4.3 × 1016 PFU/ml) was spotted onto a carbon-coated copper grid and then negatively stained with 2% phosphotungstic acid for 5 min. The morphology of phage vB_KpnS_SXFY507 was examined by transmission electron microscopy (JEM-1200EX, JEOL, Japan) at an acceleration voltage of 80 kV.



Optimal multiplicity of infection determination

The multiplicity of infection (MOI) determination was carried out as previously described (Li F. et al., 2022). Phage vB_KpnS_SXFY507 was incubated with the log-phase culture of K. pneumoniae SXFY507 at various proportions (10, 1, 0.1, 0.01, and 0.001) followed by incubation at 37°C 160 rpm for 5 h. The mixture was centrifuged to remove bacterial cells, and the supernatant was filtered by a 0.22 μm filter. The titer of the phage was determined by the double-layer agar method. The proportion that generated the highest phage titer was considered as the optimal MOI.



One-step growth curve

The one-step growth curve was determined to measure the incubation period and the burst size of the phage (Li F. et al., 2022). Phage vB_KpnS_SXFY507 was incubated with K. pneumoniae SXFY507 at an MOI of 0.001. After adsorption at room temperature for 5 min, the mixture was centrifuged at 5,000 × g for 10 min at 4°C to remove the unabsorbed phage in the supernatant. The centrifuged precipitation was then resuspended in BHI broth followed by incubation at 37°C 160 rpm. Samples were taken at 10 min intervals within 120 min and then centrifuged the samples to obtain the supernatant. The supernatant was filtered through a 0.22 μm filter and then titrated by the double-layer agar method. The experiment was repeated three times.



Stability assessment of phage vB_KpnS_SXFY507

To investigate the effect of different thermals and pH on the activity of phage vB_KpnS_SXFY507, the phage was treated with different temperatures and pH values. Briefly, phage vB_KpnS_SXFY507 was incubated at different temperatures (40, 50, 60, 70, and 80°C) and pH values (2.0–12.0) for 60 min, respectively. Then the titers of the treated phage were determined via the double-layer agar method.



Host range analysis

The host range of phage vB_KpnS_SXFY507 was determined by a spot test using 27 K. pneumoniae strains (25 clinical strains, ATCC BAA-2146, and, ATCC BAA-1705; Li F. et al., 2022). Briefly, 100 μl of log-phase cultures of each strain was mixed with 5 ml of top agar (BHI with 0.75% agar), and then poured onto individual plates containing solid medium to form a double-layered plate. The plate was incubated at room temperature for a few minutes. Subsequently, 10 μl of phage vB_KpnS_SXFY507 (108 PFU/`) was spotted onto the double-layered plate, and then quiescence the plate at room temperature until the phage suspension was absorbed. The plates were incubated overnight at 37°C to allow the formation of plaques.



Phage genomic DNA extraction, sequencing, and genome analysis

The genomic DNA of phage vB_KpnS_SXFY507 was extracted using the protease K/SDS method as previously described (Li F. et al., 2022). The NEBNext Ultra II FS DNA Library Prep Kit (NEB) for Illumina was used for library preparation. The genome sequencing of phage vB_KpnS_SXFY507 was performed using the Illumina Novaseq sequencer. Trimmomatic V0.36 program was used to remove adapter regions and the low-quality reads, while using SPAdes v3.13.0 to assemble the complete genomic sequence of phage vB_KpnS_SXFY507.

Open-reading frames (ORFs) were predicted using RAST (Rapid Annotation using Subsystem Technology) 2.0 (Overbeek et al., 2014) combined with BLASTP/BLASTN searches against the UniProtKB/Swiss-Prot (Accessed on 8 July 2022; Consortium, 2021) and RefSeq (https://www.ncbi.nlm.nih.gov/refseq/, Accessed on 8 July 2022) databases. The putative transfer RNA (tRNA)-encoding genes were searched using tRNA scan-SE (Lowe and Chan, 2016). The predicted virulence genes were searched against the virulence factors database (VFDB; Liu et al., 2022), and the antibiotic resistance was analyzed in the comprehensive antibiotic resistance database (CRAD; Alcock et al., 2020) and ResFinder database (Zankari et al., 2012; Bortolaia et al., 2020). Multiple and pairwise sequence comparisons were performed using MUSCLE 3.8.31 (Edgar, 2004) and BLASTN, respectively. Gene organization diagrams were drawn in Inkscape 1.1.



Phylogenetic analysis

The amino acid sequences of the terminase large subunit (TerL) of indicative phages were aligned using MUSCLE 3.8.31 (Edgar, 2004). Unrooted neighbor-joining trees were generated from the aligned TerL sequences using MEGA7 (Kumar et al., 2016), and evolutionary distances were estimated using the neighbor-joining method with a boot-strap iteration of 1,000.



Assessment of the efficacy of vB_KpnS_SXFY507 against Klebsiella pneumoniae SXFY507 in vitro

Phage vB_KpnS_SXFY507 was mixed with the log-phase (OD600 = 0.6) K. pneumoniae SXFY507 at MOI of 1 and 0.001, respectively. The mixture was incubated at 37°C 160 rpm for 5 h. The OD600 and bacterial CFU of the mixture were detected every 1 h within 5 h. The experiment was repeated three times.



Therapeutic effect of phage vB_KpnS_SXFY507 in the Galleria mellonella larvae

Galleria mellonella larvae model was used to assess the potential in vivo efficacy of phage against K. pneumoniae (Thiry et al., 2019). A total of 210 larvae weighting 250–350 mg were selected and divided into seven groups of 10 larvae with technical triplicates. 10 μl of K. pneumoniae SXFY507 (1 × 105 CFU/ml) was injected into the last right proleg of larvae by a microsample syringe, and an hour after infection, 10 μl of phage vB_KpnS_SXFY507 was injected into the last left proleg of larvae for treatment at MOI of 100, 10, 1, and 0.001. The other three groups were injected with PBS (10 μl/each), phage vB_KpnS_SXFY507 (10 μl/each, 1 × 107 PFU/ml), and K. pneumoniae SXFY507 (10 μl/each, 1 × 105 CFU/ml) on the right last proleg of larvae, respectively. The number of surviving G. mellonella larvae was observed and recorded every 8 h for 72 h. The survival curves were plotted using the Kaplan–Meier method, and differences in survival rates between groups were calculated using the log-rank test. Statistical analysis was performed with SPSS statistics software (version 27.0).



Nucleotide sequence accession number

The complete sequence of Klebsiella phage vB_KpnS_SXFY507 genome was submitted to GenBank under accession number ON045001.




Results


Molecular characteristics of Klebsiella pneumoniae SXFY507

Strain SXFY507 harbored K. pneumoniae-specific khe gene and demonstrated class A carbapenemase activity. The PCR screening assay of carbapenemase and extended-spectrum beta-lactamases genes detected blaKPC, blaCTX-M-9G, and blaSHV (but none of the other bla genes tested) in K. pneumoniae SXFY507.



Phage isolation and morphology

Phage vB_KpnS_SXFY507 was successfully isolated from hospital sewage using clinically isolated K. pneumoniae SXFY507 as the indicator bacterium. Phage vB_KpnS_SXFY507 formed large, clear plaques on the double-layer plate (Figure 1A). Transmission electron microscopy showed that phage vB_KpnS_SXFY507 exhibited a symmetrical head and a long, non-contractile tail (Figures 1B,C). The head diameter of vB_KpnS_SXFY507 was approximately 55.6 nm, and the tail length was about 174.7 nm. Based on the taxonomic proposal of the International Committee on Taxonomy of Viruses (ICTV), phage vB_KpnS_SXFY507 was considered to belong to the Siphoviridae family.

[image: Figure 1]

FIGURE 1
 Plaque morphology of bacteriophage vB_KpnS_SXFY507. (A) Phage plaques formed of phage vB_KpnS_SXFY507 on the lawn with Klebsiella pneumoniae SXFY507. (B,C) Transmission electron microscopy of phage vB_KpnS_SXFY507.




Physiological characterization of phage vB_KpnS_SXFY507

The titer of phage vB_KpnS_SXFY507 reached maximum value when the MOI was 0.001, indicating that 0.001 was the optimal MOI for the growth of vB_KpnS_SXFY507 (Table 1). The growth parameter of phage vB_KpnS_SXFY507 was determined by one-step growth curve experiment. The latent period of phage vB_KpnS_SXFY507 was approximately 20 min, and the rising phase was about 80 min. The average burst size of this phage was about 246 phages/cell (Figure 2A). Thermal stability tests showed that the titer of phage vB_KpnS_SXFY507 slowly declined from 40 to 70°C, while nearly no phages survived when the temperature reached 80°C (Figure 2B). Phage vB_KpnS_SXFY507 had good lytic activity from pH4.0 to pH11.0. When pH < 4.0 or pH > 11.0, the titer of phage was significantly decreased, and the phage was completely inactivated when pH = 2.0 or pH = 12.0 (Figure 2C). A total of 27 strains of K. pneumoniae were collected for host range analysis of phage vB_KpnS_SXFY507. The phage could lyse 23 out of 27 strains, indicating that the lysed range of phages was relatively wide (Supplementary Table S1).



TABLE 1 Optimal MOI assays of phage vB_KpnS_SXFY507.
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FIGURE 2
 Physiological characterization of phage vB_KpnS_SXFY507. (A) One-step growth curve of phage vB_KpnS_SXFY507; (B) Thermal stability of phage vB_KpnS_SXFY507; and (C) pH stability of phage vB_KpnS_SXFY507. All assays were performed in triplicate.




General genomic features of the genome of phage vB_KpnS_SXFY507

Genome sequencing showed that the genome of phage vB_KpnS_SXFY507 was a 53, 122-bp circular double-stranded DNA molecule with an average G + C content of 49.1%. According to RAST and BLASTp analysis results, a total of 81 ORFs were predicted in the phage vB_KpnS_SXFY507 genome. Based on the function of ORF, these ORFs in the genome of phage vB_KpnS_SXFY507 were divided into five groups: phage replication and regulation (nine ORFs), morphogenesis (16 ORFs), lysis (two ORFs), DNA-packing protein (two ORFs), and, hypothetical protein (52 ORFs; Figure 3; Supplementary Table S2). In addition, no tRNA, virulence, or antimicrobial resistance gene was discovered in the genome of phage vB_KpnS_SXFY507.

[image: Figure 3]

FIGURE 3
 Schematic maps of phage vB_KpnS_SXFY507 genome. Genes are denoted by arrows and colored based on function classification (blue: morphogenesis; green: replication and regulation; orange: DNA packing protein; red: lysis; and black: hypothetical protein). The innermost circle presents GC-skew [(G − C)/(G + C)], with a window size of 500 bp and a step size of 20 bp. The next-to-innermost circle presents GC content.




Comparative genomic analysis

BLASTN analysis of phage vB_KpnS_SXFY507 genome against the NCBI database showed that vB_KpnS_SXFY507 shared the highest homology (coverage: 93%, identity: 96.9%) with the Klebsiella phage KL3 (GenBank accession number OK019720), followed by the Klebsiella phage KMI8 (GenBank accession number MN101222) shared 93% coverage and 86.2% identity. The average nucleotide identity (ANI) values between phage vB_KpnS_SXFY507 and phage KL3, phage KMI8 were 96 and 86.33%, respectively. The result indicated that phage vB_KpnS_SXFY507 and phage KL3 but not KMI8 belong to the same group (Goris et al., 2007). Further comparative genomic analysis showed that these three phages displayed two major modular differences: (i) the ORF encoding phage tail fiber protein was different from each other; (ii) some hypothetical proteins were unique in these phages (Figure 4).

[image: Figure 4]

FIGURE 4
 Linear comparison of the genomes of phage vB_KpnS_SXFY507, KL3 (GenBank accession number OK019720), and KMI8 (GenBank accession number MN101222). Genes are denoted by arrows. Genes are colored based on function classification (blue: morphogenesis; green: replication and regulation; orange: DNA packing protein; red: lysis; and black: hypothetical protein). Shading denotes regions of homology (red: >90% nucleotide identity; blue: >85% nucleotide identity).


A phylogenetic tree was constructed based on the TerL amino acid sequence of phage vB_KpnS_SXFY507 and 26 TerL sequences from other phages. The result showed that the TerL of phage vB_KpnS_SXFY507 was closely related to the TerL of Klebsiella phage KL3 (Figure 5).

[image: Figure 5]

FIGURE 5
 Phylogenetic tree constructed based on the terminase large subunit of phage vB_KpnS_SXFY507. The amino acid sequences of the related phages were downloaded from NCBI.




Assessment of the efficacy of phage vB_KpnS_SXFY507 against SXFY507 in vitro and in vivo

Phage vB_KpnS_SXFY507 could effectively inhibit the growth of strain SXFY507 in vitro. From 0 to 2 h, the OD600 and bacterial CFU of the mixture were sharply decreased and maintained at a very low level in 2–5 h compared to the positive control (Figures 6A,B). Galleria mellonella larvae model was used to assess the efficacy of phage vB_KpnS_SXFY507 against SXFY507 in vivo. We first determined that the optimal inoculum concentration for strain SXFY507 infection was 105 CFU/10 μl, which could induce a mortality rate of 80% in 72 h. In the control group, 20% of larvae inoculated with strain SXFY507 survived. Survival rates of larvae were 60, 50, 40, and 30% when treated with phage at MOI of 100, 10, 1, and 0.001, respectively. Log-rank test revealed that protection of G. mellonella larvae by phage at MOI of 100 was significant (value of p < 0.05). Both the group of larvae inoculated with phage and the PBS control group were all survived (Figures 7, 8).

[image: Figure 6]

FIGURE 6
 Assessment of the efficacy of phage vB_KpnS_SXFY507 against SXFY507 in vitro. (A) The variation of OD600 when different titers of phage vB_KpnS_SXFY507 were co-cultured with SXFY507. (B) Quantification of bacterial CFU when different titers of phage vB_KpnS_SXFY507 were co-cultured with SXFY507.


[image: Figure 7]

FIGURE 7
 Kaplan–Meier survival curves of Galleria mellonella larvae after treatment with phage vB_KpnS_SXFY507 at different MOIs or PBS. Log-rank test was used to determine significance, **p < 0.001, *p < 0.05.


[image: Figure 8]

FIGURE 8
 Morphology of Galleria mellonella after treatment with phage vB_KpnS_SXFY507.





Discussion

Carbapenem-resistant K. pneumoniae is one of the significant multidrug-resistant bacterial pathogens that pose a severe threat to global public health (Li et al., 2020). Klebsiella pneumoniae SXFY507 has class A carbapenemase activity, and harbored blaKPC, blaCTX-M-9G, and blaSHV. In China, blaKPC is the most common carbapenemase resistance gene in the carbapenemase-producing K. pneumoniae isolates (Li C. et al., 2022). It is necessary to find alternative strategies for treating infections caused by KPC-producing K. pneumoniae. Therefore, it is meaningful to use K. pneumoniae SXFY507 as host bacterium to isolate phage and furtherly assess the efficacy of the isolated phage against SXFY507 in vitro and in vivo.

Phages are highly host-specific, safe, and ubiquitous in the environment (Keen, 2015), so it has been considered as a potential therapeutic approach against highly drug-resistant pathogens, including Carbapenem-resistant K. pneumoniae strains (Corbellino et al., 2020). Here, we have isolated a lytic phage vB_KpnS_SXFY507 from hospital sewage using strain SXFY507 as the indicator bacterium. The result suggested that medical sewage may be a better resource for isolating phage against clinical Carbapenem-resistant K. pneumoniae strains. For a phage to be useful for phage therapy, it should be better to have a relatively broad host range (Hyman, 2019). Phage vB_KpnS_SXFY507 could lyse 23 out of 27 K. pneumoniae strains, indicating that the lysed range of vB_KpnS_SXFY507 was relatively broad.

The physiological characterizations of phages are necessary for their employment. Phage vB_KpnS_SXFY507 had a short latent period of 20 min and a large burst size of 246 PFU/cell. When the MOI was 0.001, the titer of phage vB_KpnS_SXFY507 reached the maximum value. Different pH or temperature conditions may influence the activity of phages, which were intended to be biocontrol agents (Jończyk-Matysiak et al., 2019). Phage vB_KpnS_SXFY507 has a broad range of pH tolerance and good thermal stability. These characteristics make phage vB_KpnS_SXFY507 have the potential to be used as an antimicrobial agent (Jończyk-Matysiak et al., 2019).

Phage vB_KpnS_SXFY507 genome length is 53,122 bp, with G + C content of 49.1%. A total of 81 ORFs were involved in the phage vB_KpnS_SXFY507 genome. Among them, 29 ORFs encoded proteins related to phage replication and regulation, morphogenesis, lysis, and, DNA packing. There were nine ORFs encoded proteins associated with phage replication and regulation. ORF26, ORF28, ORF29, and, ORF31 were predicted as single-stranded DNA-binding protein (SSB), exonuclease, DNA primase, and DNA helicase, respectively. SSBs bind with high affinity to single-stranded DNA, and DNA exonuclease is a multifunctional hydrolase, which plays a role in DNA replication, DNA mismatch repair, and DNA double-strand break repair (Keijzers et al., 2016; Salas et al., 2016). DNA primases catalyze the synthesis of short RNA molecules used as primers for DNA polymerases, and are associated with replicative DNA helicases (Frick and Richardson, 2001).

Phage vB_KpnS_SXFY507 has 16 ORFs encoded proteins that might engage in phage morphogenesis. ORF3 encoded portal protein, which acted as DNA sensors that facilitate packaging and release of the genome (Isidro et al., 2004; Lokareddy et al., 2017; Dedeo et al., 2019). Meanwhile, the proteins encoded by ORF4, ORF5, ORF13, ORF16, and ORF25 were head morphogenesis protein, major capsid protein, tail tube protein, tail length tape-measure protein, and tail fiber protein, respectively.

ORF42 and ORF43 encoded holin and lysin were involved in the lysis module. The DNA-packing proteins in phage vB_KpnS_SXFY507 were terminase small subunit (TerS) encoded by ORF1 and terminase large subunit (TerL) encoded by ORF2. When the TerS recognizes the concatemeric viral DNA, the step of packing phage DNA into procapsids is initiated. Then, the TerL assembles onto the TerS:DNA complex. TerL possesses ATPase and nuclease activity, therefore the TerL can cut the DNA and package it in an ATP-dependent process (Alam and Rao, 2008; Rao and Feiss, 2015).

The remaining 52 ORFs encoded hypothetical proteins, and further study is required. Moreover, no antibiotic resistance or virulence related genes were detected in the genome of phage vB_KpnS_SXFY507, suggesting that phage vB_KpnS_SXFY507 might be theoretically safe for the control of K. pneumoniae. Comparative genomic analysis and phylogenetic tree showed that phage vB_KpnS_SXFY507 has a close evolutionary relationship with KL3, and the two phages belong to a new group.

In vitro, phage vB_KpnS_SXFY507 showed significant antibacterial activity at MOI of 1 and 0.001, suggesting that it could be used as a biocontrol agent to control the spread of K. pneumoniae SXFY507 in vitro. Galleria mellonella is a flexible and rapid tool to assess phage efficacy (Thiry et al., 2019). Hence, we used G. mellonella larvae model to assess the efficacy of phage vB_KpnS_SXFY507 against SXFY507 in vivo. In the G. mellonella larvae model, the survival rate of larvae inoculated with K. pneumoniae SXFY507 was 20%. Based on the in vitro experiment, phage at MOI of 1 and 0.001 was chosen for assessing the efficacy of phage vB_KpnS_SXFY507 against SXFY507 in vivo. Survival rates of larvae were 40 and 30% when treated with phage at MOIs of 1 and 0.001, respectively. Next, the higher doses (MOI = 10 and 100) of phage vB_KpnS_SXFY507 were used for the treatment experiments. The survival rates were increased to 50 and 60% upon treatment with phage vB_KpnS_SXFY507 at the MOI of 10 and 100. The result was consistent with the previous study that the higher doses of phage led to higher survival rates of G. mellonella larvae (Wintachai et al., 2020), but was different from the efficacy of vB_KpnS_SXFY507 against K. pneumoniae SXFY507 in vitro. We speculate that the difference may be caused by the immunity system of the larvae. The survival rates of phage only and PBS control groups were 100%, demonstrating the safety of the phages in this model. These data showed that Phage vB_KpnS_SXFY507 could efficiently treat K. pneumoniae SXFY507 infection.

In conclusion, a lytic phage, named vB_KpnS_SXFY507, against K. pneumoniae was isolated and characterized. The physiological characteristics, bioinformatics analysis results, and G. mellonella larvae experiment results indicate that the phage vB_KpnS_SXFY507 can be used for phage therapy and is a promising tool for control of K. pneumoniae.
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