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Abstract: [Objective] This study aims to improve the bactericidal ability of phages against
carbapenem-resistant Klebsiella pneumoniae, a major pathogen in clinical practice, and reduce
host resistance to phages by developing a novel method of phage training. [Methods] Phages
were isolated from municipal wastewater by the double-layer agar plate method with clinical
carbapenem-resistant K. pneumoniae strain Kp2092 as the host, and their host ranges were
analyzed. The morphological and genetic characteristics of a phage strain with strong lysis
ability and a broad host range were analyzed by transmission electron microscopy and
whole-genome sequencing. Phage training was performed by phage-host co-culture for
generations, and the phages before and after training were compared in terms of biological
properties such as bactericidal activity, optimal multiplicity of infection, one-step growth
curve, and stability under different stress conditions. [Results] A total of 9 phage strains were
isolated, in which P55anc was a short-tailed phage with the strongest lysis ability and the
broadest host range. The genome (40 301 bp) of P55anc included 51 coding sequences, of
which 27 showed possible functions involving nucleic acid metabolism, virion morphogenesis,
DNA packaging, and host lysis. Three evolved phages of P55anc were obtained after 9 days of
phage training. These evolved phages showed significantly enhanced bactericidal activities,
manifested by the increased burst size, broadened host range, and reduced host resistance.
Moreover, the evolved phages maintained stable when being exposed to heat, ultraviolet, and
serum treatments. [Conclusion] Phage training by phage-host co-culture can be employed to
obtain evolved phages with enhanced bactericidal effects. Furthermore, the evolved phages
reduced the host resistance and remained stable under different stress conditions.

Keywords: bacterial drug resistance; phage therapy; phage training; co-evolution
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Table 1  Antibiotic sensitivity of Kp2092
Antibiotics MIC (pg/mL) Sensitivity
Mero >64 R

IMP >64 R

AMP >32 R

AMC >32 R

TZP >128 R

Ccz >64 R

CTX >64 R

CRO >64 R

FEP >64 R

ATM >64 R

CIP >64 R

LEV >8 R

TGC 2 S

Cs 2 S

S: Sensitive; R: Resistant; Mero: Meropenem; IMP:

Imipenem; AMP: Ampicillin; AMC: Amoxicillin/Potassium
clavulanate; TZP: Tazobactam/Piperacillin, CZ: Cefazolin;
CTX: Cefquinome; CRO: Ceftriaxone; FEP: Cefepime; ATM:
Aztreonam;  CIP:  Ciprofloxacinhydrochloride;  LEV:
Levofloxacin tablets; TIG: Tigecycline; CS: Colistinsulfate.
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Figure 1

Lytic spectrum of phage to Klebsiella pneumoniae. The ordinate and abscissa are the name of phage

(phage ID) and bacteria (bacteria ID), respectively; The deeper color represents the stronger infection ability.
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50 nm

2 IEEF PSSanc FARFIBBERS
Figure 2 Plaque and morphology of phage P55anc. A: Phage plaque of P55anc on agar plate. B: Microscopic
graph of P55anc.
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Figure 3 Genomic map of phage P55anc.
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Figure 5 The dynamics of infection ability of phage during 9-day training. A: Infection rate of the phage to
Kp2092 during the co-evolutionary experiment. B: The plaque of three evolved phages at day 9.
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Figure 6 Determination of bactericidal ability of evolved phages. A: Comparison of the bactericidal ability of
evolved phages against Kp2092. B: Their comparisons by calculating the area under curve (AUC). C:
Comparison of the bactericidal ability of evolved phages against Kp2092evo. ****: Very significant difference
(P<0.000 1); ***: Very significant difference (P<0.001); **: Significant difference (P<0.01).
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Figure 7 Lytic spectrum of evolved-phages.
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Figure 8 Changes in phage MOI and one-step growth curve of evolved phages. A: Multiplicity of infection
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Figure 9 Comparison of bacteriophage stability under different treatments. A: Thermal stability comparison.
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