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Abstract

Objective:Proteus mirabilis (P. mirabilis)is an opportunistic pathogen associated with various human
infections, and the bacterium is a foodborne pathogen that seriously endangers human health, especially
food poisoning and urinary tract infection. Bacteriophages exist in large quantities in nature, and at a time
when the problem of antibiotic resistance is becoming increasingly severe, phages have shown unique
advantages in the treatment of multidrug-resistant bacterial infections, and bacteriophages have the
characteristics of high specificity, strong lysis ability, good safety, low drug resistance, large-scale
self-replication and low development cost, which bring hope for solving multidrug-resistant bacterial
infections. In this study, polydrug-resistant Proteus mirabilis from pigs was used as the research object, and
the lytic bacteriophages were isolated from the mixed samples of fecal sewage from pig farms, and their
biological characteristics and whole genome were analyzed, and their safety and therapeutic effects were
evaluated through animal tests, so as to provide a timely and effective solution to solve the problem of
multidrug-resistant P. mirabilis.

Method: (1) In this research, P. mirabilis was isolated from 216 samples including anal-nasal swabs,
lung tissues and pork in pig farms. The isolated strains were identified through morphology, biochemical
characteristics and PCR amplification. The drug sensitivity of the isolated bacteria was detected by the
Kirby-Bauer (K-B) method. The carriage rates of class I , Il and III integrons, resistance and virulence
genes were detected by PCR. The biofilm formation ability was measured by the 96-well microtiter plate
method, and the pathogenicity was evaluated by artificial infection of mice. (2) Using the isolated bacteria
as host bacteria, lytic phages were enriched and purified from the mixed samples of feces and sewage, and
their biological characteristics were analyzed. A phage with a wide lysis range was selected for
whole-genome analysis. Functional annotation of ORFs was carried out, the whole-genome map of the
phage was drawn, the presence of virulence and resistance genes was detected, and genetic evolution
analysis was conducted using the terminal large subunit gene to draw the genetic evolution tree of the
phage. (3) The safety and antibacterial effect of the phage were evaluated through in vitro and in vivo
safety tests. The safety was determined by observing the mental state and body weight changes of the test
mice injected with the phage and sterile tests. An MDR Proteus mirabilis-infected mouse model was
constructed, and the phage was used for prevention and treatment. The application effect of the phage in
infected mice under different administration times was evaluated based on the survival status, autopsy
pathological changes, organ bacterial load and serum inflammatory factor expression of the test mice.

Outcome: (1) A total of 42 strains of Pmirabilis were isolated from 216 samples, with an isolation rate
of 19.44% (42/216). The isolated strains were multi-drug resistant(MDR) and highly resistant to most of

the tested antibacterial drugs. Specifically, the resistance rates to sulfonamides, tetracyclines,



chloramphenicols, macrolides, polypeptides, and glycopeptide antibiotics all reached over 90.00%. A total
of 19 resistance genes belonging to 7 categories were detected in the isolated strains. Among them, the
detection rates of CTX-type and OXA-type ESBLs-related resistance genes reached over 30.00%. 95.24%
(40/42) of the isolated strains carried class I integron genes. A total of 9 virulence genes, such as ureC,
zapA, atfA, ucaA, pmfA, mrpA, rsbA, fliL, and hpmA, were detected in the isolated strains. 80.95% (34/42)
of the isolated strains had strong biofilm formation ability, and 14.29% (6/42) of the strains had moderate
biofilm formation ability. Correlation analysis showed that the drug resistance phenotype of
ESBLs-producing strains had a low positive correlation with the blaSHV resistance gene (r = 0.36) and a
low negative correlation with blaCMY (r= 0.31). There was a low positive correlation between
biofilm-forming strains and the atfA virulence gene (r=0.40). Pathogenicity tests showed that Pmirabilis
had certain pathogenicity to experimental mice.(2) Two phage strains were isolated from mixed fecal
samples from swine farms and were named vB_Pmc_P-07 (P-07 for short) and vB_Pmc_P-04 (P-04 for
short)Both phages showed an icosahedral symmetry structure and belonged to the family Podoviridae of
the order Caudovirales. The titers of phage P-07 and phage P-04 were 1.40 X 10®* PFU/mL and 1.08x10°
PFU/mL respectively. The two phages had strong specificity and a narrow host range, and the lysis rates for
porcine Proteus mirabilis were 21.42% and 11.90% respectively. The optimal multiplicity of infection was
0.001 and 1 respectively. The burst sizes of the one-step growth curves were 474.99 PFU/cell and 319.29
PFU/cell respectively. Phage P-07 maintained high activity at 40°C~60°C and pH 4~12; phage P-04 had
good activity at 40°C~60°C and pH 5~13 Both phages had a significant effect on removing the biofilm of
MDR Proteus mirabilis, and P-07 had a better removal effect. Whole genome sequencing of P-07 genome
was double-stranded DNA with a total length of 58582 bp and a GC content of 46.91 %. It encodes 63 open
reading frames (ORFs); 30 ORFs are known functional genes, and no virulence genes and antibiotic
resistance genes were detected; genetic evolutionary analysis showed that P-07 is most closely related to P.
mirabilis phage PM87 and pPMO01.(3) Phage P-07 was safe and reliable without toxic and side effects. The
results of in vitro antibacterial tests showed that different doses of phage P-07 could significantly inhibit the
growth of P. mirabilis 07 within 12 hours (P < 0.05). In the preliminary application of the phage, no death
occurred in the phage treatment group of mice. The lesions of tissue organs in experimental mice were
significantly reduced, the bacterial loads in the liver and spleen were significantly decreased (P < 0.01), and
the expression levels of inflammatory factors such as TNF-a, IL-6, and IL-1f in serum were significantly
down-regulated (P < 0.01).

Conclusion: The 42 porcine-derived P. mirabilis strains isolated in this study were all MDR strains.
They had a strong ability to form biofilms, carried multiple resistance genes and virulence genes, had a
high carriage rate of ESBLs genes, and had certain pathogenicity to mice. (2) Both phages showed

characteristics such as strong lysis ability, stable biological properties, and good biofilm removal effect.



Phage P-07 had good safety and could be used as a potential candidate phage for biological control of
porcine multi-drug resistant Proteus mirabilis infections. (3) The phage P-07 prepared in this study could
effectively prevent and treat infections caused by Proteus mirabilis, reduce the pathological damage of the

host bacteria to experimental mice, and had the potential to treat clinical MDR P. mirabilis.

Key words: Proteus mirabilis; Antimicrobial Resistance;Biofilm Formation; Bacteriophage; Evaluation

Of Application Effects.
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