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Abstract
Proteus mirabilis is one of the most frequent causes of catheter-associated urinary tract infections (CAUTIs) owing to its 
capability to colonize and develop crystalline multidrug-resistant (MDR) biofilms. Here, we report the isolation and partial 
characterization of three novel bacteriophages, vB_PmiM-ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c, which were active 
against the planktonic form and biofilms of the MDR P. mirabilis strain ES01, isolated from CAUTIs in Egypt. The antibiotic 
susceptibility profile of the P. mirabilis isolates showed resistance to most of the antibiotics tested. The isolated phages were 
identified morphologically using TEM, and each appeared to have myovirus-like morphology. The three phages displayed 
strong lytic activity and a narrow host range, and they were stable at different ranges of temperatures and pH values. One-
step growth kinetics showed a lysis time of 180 min with a burst size of 99.6, 95, and 86 PFU/cell for phage vB_PmiM-
ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c, respectively. The three phages exhibited different digestion patterns using 
different restriction enzymes. The genome size was estimated to be 59.39 kb, 62.19 kb, and 52.07 kb for phage vB_PmiM-
ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c, respectively. A phage cocktail including the three phages showed a potential 
ability to reduce and eradicate a biofilm formed by the MDR Proteus mirabilis EG-ES1. Accordingly, a phage cocktail of 
vB_PmiM-ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c is considered a promising candidate for use as a biocontrol agent 
against MDR Proteus mirabilis bacteria.

Introduction

Proteus mirabilis is a Gram-negative bacterium of the order 
Enterobacterales that is a commensal component of the 
human gastrointestinal microflora [1]. It is also an opportun-
istic and common etiologic pathogen of catheter-associated 
urinary tract infections (CAUTIs), meningitis in neonates 
and infants, wound infections [2], diabetic foot infections 
[3], and rheumatoid arthritis [4, 5]. P. mirabilis infection 
frequently leads to accumulation and blockage of catheters 
in CAUTI patients through the formation of crystalline 
biofilms, which, if not noticed, can block the urine flow 

and result in reflux of the urine to the upper urinary tract, 
resulting in severe clinical manifestations including acute 
pyelonephritis and septicemia [6–8]. Catheter blockage is 
due to the ability of P. mirabilis to form dense crystalline 
biofilms [4, 9] and to produce the enzyme urease [10, 11], 
which hydrolyses urea in the urine and produces ammo-
nia, which in turn increases the urinary pH [12–14]. This 
alkaline environment stimulates magnesium and calcium 
phosphates to accumulate and generate microcrystalline 
aggregates [7, 14]. As these crystals continue to grow, they 
ultimately form a mineralized crystalline biofilm structure 
that blocks the urine [7, 14, 15]. Although some catheters 
have been designed to inhibit biofilm formation and prevent 
CAUTIs, they remain susceptible to encrustation and block-
age by P. mirabilis and are therefore considered ineffective 
for long-term use [8, 14, 16]. Moreover, P. mirabilis can 
cause chronic infections in long-term catheterized patients 
that remain even after catheter changes and multiple rounds 
of antibiotic treatment [14, 17].

Bacteria that inhabit urinary catheters are frequently 
resistant to various antibiotics, and consequently, biofilms 
generated by those indwelling bacteria are reservoirs of 
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antibiotic-resistant bacteria [18, 19]. Although antibiotic 
treatment is successful in most cases, the overuse and mis-
use of antibiotics has led to a marked increase in multid-
rug resistance (MDR) in CAUTI-causing bacteria [19, 20]. 
The first MDR P. mirabilis was reported in 1978 [21], and 
recently, the number of clinically isolated MDR P. mirabilis 
strains has increased dramatically [22–24]. This indicates 
that the current strategies to treat CAUTIs are not entirely 
effective, highlighting the need for new preventive alterna-
tives to solve this persistent and increasing problem. One of 
the novel strategies that are currently under investigation is 
the application of bacteriophages. Lytic phages disrupt bac-
terial metabolism and exponentially replicate in their hosts, 
irrespective of any multidrug resistance [25–27].

Bacteriophages infecting Proteus sp. were isolated and 
described for the first time in 1958 [28]. Later, Proteus 
phages were reported in several studies, and they were used 
to type P. mirabilis [29] and were tested as antibacterial 
agents [30]. The application of bacteriophages to combat 
MDR P. mirabilis and to eradicate their biofilms has been 
extensively investigated [14, 19, 24, 31–34]. In this paper, 
we report the discovery of three lytic P. mirabilis-specific 
bacteriophages infecting an MDR P. mirabilis isolate, and 
the ability of these phages to combat and eliminate biofilms 
of P. mirabilis was investigated.

Materials and methods

Bacterial strains and culture conditions

The current study was performed on five clinical isolates of 
P. mirabilis that had been obtained from patients at Benha 
University Hospital (Benha, Qualubia province, Egypt) 
with urinary tract infections. The complete list of different 
bacterial strains is provided in Supplementary Table S1. 
All isolates were stored in sterilized brain heart infusion 
medium supplemented with 20% (v/v) glycerol and were 
kept at − 80°C. Fresh overnight cultures were prepared by 
transferring a single pure colony into 5 ml of nutrient broth 
medium and incubation for 16 h at 37 °C with rocking at 200 
rpm. The isolates of Proteus mirabilis were identified mor-
phologically and biochemically (Supplementary Table S2). 
A VITEK® 2 COMPACT automated instrument was used to 
confirm the isolates.

Antibiotic susceptibility testing

Antibiotic susceptibility testing was performed on Mueller-
Hinton agar medium using the Kirby-Bauer disc diffusion 
method [35] for the following antibiotics (Oxoid, Hamp-
shire, UK): aztreonam (30 µg), amoxicillin (25 µg), nor-
floxacin (30 µg), tobramycin (10 µg), ciprofloxacin (5 µg), 

cefoxitin (30 µg), streptomycin (10 µg), cefaclor (30 µg), 
ceftriaxone (30 µg), imipenem (10 µg), ceftazidime (30 µg), 
cephalexin (30 µg), ofloxacin (5 µg), azithromycin (15 µg), 
trimethoprim-sulfamethoxazole (25 µg), and cefotaxime (30 
µg). The results were interpreted using the standards of the 
Clinical and Laboratory Standards Institute (CLSI) [36].

Quantitative evaluation of biofilm formation 
by Proteus mirabilis

The potential of P. mirabilis isolates to produce biofilms 
was estimated according to Stepanovic et al. [37] with some 
modification. In each well of a 96-well microtiter plate, fresh 
P. mirabilis cultures (final concentration, 4 log10 CFU/ml) 
were inoculated into tryptone soya broth (TSB), and the 
plate was then incubated for 24 h under static conditions at 
37 °C. Negative control samples containing bacteria-free 
TSB were included. Subsequently, the plates were decanted, 
washed three times with phosphate-buffered saline (PBS), 
and allowed to air-dry. The remaining attached bacteria 
were fixed for 10 minutes in 150 µl of 98% methanol, the 
methanol was removed, and the plates were air-dried. The 
plates were then stained with 1% crystal violet for 45 min 
and eluted using 33% acetic acid. A microplate reader (BMG 
LABTECH GmbH, Allmendgrun, Germany [38] was used 
to measure the optical density at 570 nm.

An optical density cutoff (ODc) was used to judge and 
classify biofilm-generating strains according to Stepanovic 
et al. [37] into non-biofilm producers (OD ≤ ODc), weak 
biofilm producers (2 × ODc ≥ OD > ODc), moderate bio-
film producers (4 × ODc ≥ OD > 2× ODc) and strong bio-
film producers (OD > 4 × ODc), where ODc = average OD 
of negative control + (3 × SD of negative control).

Mitomycin C induction to identify prophage‑free 
Proteus mirabilis

The MDR and strong biofilm producer P. mirabilis strain 
EG-ES1 was used for the isolation, purification, and prop-
agation of bacteriophages. Before the isolation of lytic 
phages, P. mirabilis EG-ES1 was tested for lysogens using 
a mitomycin C induction protocol [39]. In Brief, 5 ml of 
fresh P. mirabilis EG-ES1 culture was treated with 200 µg 
of mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) per 
ml and incubated under normal growth condition. Proteus 
growth was monitored by measuring the OD at 600 nm. 
At various time points, 500-µl aliquots of the culture were 
collected and centrifuged to remove residual bacteria. They 
were then tested for lysogenic phage induction by spotting 
10 µl of the supernatant onto a lawn of a marker host and 
incubating at 37°C for 24 h [25, 39].
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Bacteriophage enrichment and isolation

Bacteriophages were isolated from raw sewage water 
samples from different districts in Qalubiya governorate, 
Egypt, as described previously [40]. The collected sew-
age samples were processed to remove solids and cellular 
microorganisms, and lytic phages were isolated by the 
enrichment method [34]. Briefly, 5 ml of sterile 2× TSB 
and 150 µl of fresh P. mirabilis EG-ES1 culture were 
mixed with 5 ml of a 0.22-µm-filtered sewage sample and 
incubated at 37°C for 24 h with shaking at 200 rpm. The 
enriched samples were then centrifuged at 5000 × g for 
10 min, and the supernatants were filtered using 0.22-µm 
membrane filters (mixed cellulose ester, MF-Millipore, 
Burlington, MA, USA). To screen for phages, 10 µl of 
each supernatant was spotted onto a lawn of an indicator 
Proteus strain and incubated at 37°C for 24 h [25, 41]. 
The plates were inspected for the development of lysis 
zones, and any lysis zone was removed from the TSA 
plate using a sterile pipette tip, transferred to a fresh tube 
containing 200 µl of salt-magnesium (SM) buffer (0.05 
M Tris-HCl, 0.1 M NaCl, and 0.01 M MgSO4, pH 7.5), 
and incubated overnight at room temperature to permit 
the phages to disperse into the SM buffer.

Phages were purified by three rounds of single-plaque 
isolation, employing the double-layer agar (DLA) method 
[42]. Briefly, plaques with different dimensions and mor-
phologies were picked from the double agar overlay plates 
using sterilized toothpicks, individually resuspended in 
200 µl of SM buffer, and kept overnight at room tempera-
ture. Then, the resuspended plaques were plated again 
using the DLA technique, and the isolation of single 
plaques was repeated three times sequentially.

Preparation and purification of high‑titre phage 
stocks

The isolated bacteriophages were propagated as described 
previously [43]. One hundred milliliters of a mid-log 
culture of the indicator P. mirabilis EG-ES1 (OD600 = 
0.6) was infected with a purified phage suspension at a 
multiplicity of infection (MOI) of 1. The infected cul-
ture was incubated at 37°C for 24 h with shaking at 200 
rpm, phage particles were precipitated from the bacterial 
debris using polyethylene glycol (PEG), and the phage-
PEG complex was dispersed in SM buffer. Finally, phages 
were released from the PEG using chloroform extraction 
[24, 43]. Propagated phages were subsequently filter-
sterilized using 0.22-µm membrane filters and kept at 4 
°C until further analysis. The phage titer (PFU/ml) was 
determined using the DLA method.

Transmission electron microscopy (TEM)

Ten microliters of pure phage suspension was placed onto 
a 300-mesh copper TEM grid (Electron Microscopy Sci-
ences) supported by carbon-coated Formvar film [44]. The 
phage particles were fixed for 5 min and then were nega-
tively stained with 2% (w/v) phosphotungstic acid, pH 7.2, 
for 1 min and air-dried at room temperature for 1 h. Phage 
particles were imaged using a transmission microscope (A 
JEOL JEM-2100) at the Microscope Facility, Al-Azhar Uni-
versity, Egypt.

One‑step growth curve

The growth kinetics and burst sizes of the three isolated 
phages were determined as described previously [19, 25] 
with some modifications. Briefly, a fixed number of P. mira-
bilis EG-ES1 cells in mid-log-phase were inoculated with 
each phage at an MOI of 1. After 5 min of adsorption at 
37°C with shaking at 120 rpm, the mixture was centrifuged 
at 7000 × g for 5 min. The phage-bacterial pellets were 
washed twice to remove free unbound phage and redissolved 
in 10 ml of fresh TSB. Aliquots of infected cell supernatant 
were collected for 3 hours postinfection (p.i.). To determine 
the latent period and plot the growth kinetics, phage titers 
were calculated using a plaque assay [42]. The mean burst 
size (plaque-forming units per cell) was calculated and plot-
ted against time postinfection.

Determination of phage host range

The host range for the three isolated phages individually as 
well as for a cocktail of the three phages at a ratio of 1:1:1 
was investigated using nine Proteus strains and a cohort 
of 13 non-proteus strains (Table S1, Supplementary data) 
as described previously with some modifications [39, 45]. 
About 10 µl of each phage suspension at a concentration of 
108 PFU/ml was spotted, in duplicate, onto a lawn of the 
tested bacteria. The plates were incubated at 37 °C for 24 h 
before being tested for clear zones.

Thermal and pH stability

The thermal and pH stability of the selected phages was 
evaluated as described previously [25]. For thermal stability, 
100 µl of each phage suspension (1010 PFU/ml) was added 
to 900 µl of pre-warmed sterilized 2× TSB medium and 
incubated in a water bath at 10 °C, 25 °C, 37 °C, 50 °C, 60 
°C, or 70 °C for 60 min at pH 7.0. For pH stability evalua-
tion, pure phage lysates (1010 PFU/ml) were diluted in 2× 
TSB at different pH values ranging from 2 to 12 (adjusted 
with NaOH and HCl) and then incubated for 24 h at 37 °C. 
The treated phage suspensions were then serially diluted, 
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and the remaining infectivity was evaluated by counting 
plaques on lawns of P. mirabilis EG-ES1 using the double-
layer agar method [39]. Temperature and pH experiments 
were repeated three times, and the average was calculated. 
After each treatment, the percentage of residual phage activ-
ity was calculated using the following equation:

Purification of phage DNA and restriction profile 
analysis

Phage genomic DNA was extracted using a Wizard® 
Genomic DNA Purification Kit (Promega Company, Madi-
son, USA) according to the manufacturer's protocol. For 
BamHI digestion, 10 µl of phage genomic DNA (1 µg) was 
mixed with 1 µl of the enzyme (20 U), 2 µl of restriction 
buffer (10× buffer), and water up to 20 µl, and the mixture 
was incubated at 30 °C for 5 min. Similarly, 1 µg of phage 
DNA was digested at 37 °C in a solution containing PstI 
enzyme, the corresponding buffer, and water. Restriction 
enzymes and their accompanying buffers were provided by 
Takara Biomedical. After digestion, the sizes of the restric-
tion fragments were estimated by electrophoresis using an 
Agilent 2100 Bioanalyzer (Agilent Technologies, cat. no. 
G2939BA). The results were analyzed and visualized using 
2100 Expert software (Agilent Technologies, USA).

Susceptibility of planktonic cells of P. mirabilis 
to the isolated phages

The bactericidal effect of the three isolated phages on free 
cells of P. mirabilis EG-ES1 was determined by measur-
ing the optical density (OD600) for 24 h postinfection as 
described previously [25]. Briefly, 100 µl of P. mirabilis 
EG-ES1 cells (7 log10 CFU/mL) in mid-log-phase were 
inoculated in a 96-well microplate with each phage at an 
MOI of 0.1, 1, 5, 10, or 100. The negative control contained 
a mixture of equal volumes of P. mirabilis EG-ES1 and TSB. 
The plates were incubated statically at 37°C for 24 h, and 
the optical density was then measured at 600 nm using a 
microplate reader (BMG LABTECH GmbH, Allmendgrun, 
Germany) [38].

Anti‑biofilm activity of a cocktail of the isolated 
phages

The three isolated phages were mixed in a ratio of 1:1:1, 
with each phage present at a titer of 9 log10 PFU/ml. The 
ability of the phage cocktail to disrupt biofilms generated 

Residual activity(%)

= (phage titer after treatment∕original phage titer) × 100

by P. mirabilis EG-ES1 was tested using a quantitative 
colorimetric method described previously [25, 46, 47] 
with some modification. In each well of a 96-well flat-
bottom polystyrene microtiter plate, 10 µl of P. mirabilis 
EG-ES1 (final concentration, 5 log10 CFU/ml) was inocu-
lated into 180 µl of tryptone soy broth (TSB) medium 
and then incubated statically at 37°C for 24 h to allow 
biofilm formation. The bacteria in the wells were then 
treated in duplicate with the phage cocktail mix at a final 
titer of 8 log10 PFU/ml or 9 log10 PFU/ml, and equivalent 
volumes of PBS were used for negative control wells. 
The plates were incubated statically at 37°C for 24 h, the 
free contents of each plate were decanted, and the wells 
were washed three times with 200 µl of PBS. The plates 
were allowed to air-dry and were then fixed and stained 
as described above. Optical density was measured at 570 
nm using a microplate reader (BMG LABTECH GmbH, 
Allmendgrun, Germany) [38].

The percentage of biofilms inhibition was determined 
as follows:

Results

Proteus bacteria and antibiotic susceptibility testing

Five isolates of Proteus mirabilis were isolated previ-
ously at Benha University Hospital. Those isolates were 
selected for this study based on their antibiotic resistance 
level. The bacteria were identified morphologically and 
biochemically by conventional methods (Supplementary 
Table S2), and their biochemical profiles were consistent 
with those of Proteus mirabilis. Further confirmation of 
the isolates was done using a VITEK® 2 system. These 
isolates were designated as Proteus mirabilis EG-ES1, 
EG-ES2, EG-ES3, EG-ES4, and EG-ES5.

The antibiotic susceptibility of the five Proteus isolates 
was evaluated against a selection of 16 antibiotics of dif-
ferent categories (Table 1). An antibiogram profile showed 
that the five P. mirabilis isolates were resistant to at least 
56.25% of the tested antibiotics of more than three differ-
ent antimicrobial classes and were consequently recog-
nized as multidrug resistant (MDR). P. mirabilis EG-ES1 
was the most MDR isolate, with resistance to 87.5% of the 
tested antibiotics. All of the isolates were susceptible to 
imipenem and cefoxitin.

Biofilm inhibition (%) =[(OD570 nm of the control

− OD570 nm of phage-challenged bacteria)

∕OD570 nm of the control] × 100
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Quantitative evaluation of biofilm formation 
by Proteus mirabilis

The ability to generate biofilms was assessed for all five 
Proteus mirabilis isolates. The optical density cutoff value 

(ODc) was calculated to be 0.05 (negative control; unin-
oculated tryptone soy broth). Based on their biofilm gen-
eration capability (Fig. 1), the Proteus mirabilis isolates 
were divided into three categories. One isolate, P. mirabilis 
EG-ES5, was found to be a non-biofilm producer (OD < 

Table 1   Antibiotic 
susceptibility pattern of five 
Proteus mirabilis isolates 
against a selection of 16 
antibiotics

*R, resistant; I, intermediate; and S, susceptible

Antibiotic category Antibiotic tested P. mirabilis isolate

EG-ES1 EG-ES2 EG-ES3 EG-ES4 EG-ES5

Monobactams Aztreonam R S S S S
Penicillins Amoxicillin R R R R R
Macrolides Azithromycin R R R R R
Carbapenems Imipenem S S S S S
Sulfonamides Trimethoprim-

sulfamethox-
azole

R R R R R

1st generation cephalosporins Cephalexin R R R R R
2nd generation cephalosporins Cefaclor R R R R R

Cefoxitin S S S S S
3rd generation cephalosporins Ceftazidime R S S S S

Cefotaxime R R R R R
Ceftriaxone R R R R R

Quinolones Ciprofloxacin R R R R S
Norfloxacin R R R I I
Ofloxacin R R R R I

Aminoglycosides Tobramycin R R R R R
Streptomycin R R R R R

Resistance percentage (%) 87.5% 75% 75% 68.75% 56.25%

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Negative control P. mirabilis EG-ES1 P. mirabilis EG-ES2 P. mirabilis EG-ES3 P. mirabilis EG-ES4 P. mirabilis EG-ES5

O
.D

 60
0 

nm

Fig. 1   Quantitative evaluation of biofilm formation by the five Proteus mirabilis isolates
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0.05), P. mirabilis EG-ES2, EG-ES3, and EG-ES4 were 
identified as moderate biofilm producers (0.2 ≥ OD > 0.05), 
and P. mirabilis EG-ES1 was shown to be a strong biofilm 
producer (OD > 0.2).

Isolation, selection, and lytic activity 
of bacteriophages

The preceding experiments demonstrated that P. mirabilis 
EG-ES1 is an extreme MDR and strong biofilm producer. 
Consequently it was selected as a marker host to isolate lytic 
bacteriophages. First, P. mirabilis EG-ES1 was tested for 
the presence of any temperate (lysogenic) phages, using 
mitomycin C. The experiment did not show any induction 
of temperate phages, suggesting that P. mirabilis EG-ES1 
was prophage-free and therefore suitable as a host for phage 
isolation.

Three lytic phages were successfully isolated, purified, 
and propagated in P. mirabilis. The phages vB_PmiM-ES1a, 
vB_PmiM-ES1b, and vB_PmiM-ES1c were obtained after 
screening 50 sewage water samples from Qalubiya governo-
rate, Egypt. The three isolates initially differed in the size, 
shape, and turbidity of the plaques they produced (Supple-
mentary Fig. S2). Sequential plaque isolation resulted in 
isolation of single pure phages, all of which produced small 
circular plaques with a diameter of 1-2 mm.

Characterization of the isolated phages

Morphology, growth kinetics, and host range

TEM micrographs (Fig. 2A-C) showed that the three iso-
lated phages have icosahedral heads with contractile tails, 
suggesting that they have a myovirus-like morphotype. The 
corresponding dimensions of the heads and tails of the iso-
lated phages were calculated.

The one-step growth kinetics of the three isolated Pro-
teus phages (Fig. 2D-F) were examined to investigate their 
infection cycle and to determine their latent period and 
burst sizes. The three phages were found to have the same 
latent period (15 min), and they needed 3 h to complete 
their infection cycle. Under normal infection and incubation 
conditions, phages vB_PmiM-ES1a, vB_PmiM-ES1b, and 
vB_PmiM-ES1c had a burst size of 99.6, 95, and 86 PFU/
cell, respectively.

The host range of each of the isolated phages and of a 
cocktail of these phages was determined (Table 2). The 
phage cocktail exhibited a broader spectrum than the indi-
vidual phages. The phage cocktail lysed three of the nine 
Proteus strains tested. Among the tested single phages, 
vB_PmiM-ES1b showed the most lytic activity against 
these host strains. None of the phages were observed to 
lyse members of other bacterial genera.

Head diameter= 80± 1 nm
Tail length= 130± 2

Proposed family: Myovirus-like

Head diameter= 100± 1 nm
Tail length= 150± 2

Proposed family: Myovirus-like

Head diameter= 81.25± 2 nm
Tail length= 122.13± 3

Proposed family: Myovirus-like

A

D E F

B C

Fig. 2   TEM morphology and one-step growth curves of the isolated 
Proteus mirabilis phages. (A-C) TEM micrographs of phages. vB_
PmiM-ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c were negatively 
stained with 0.2% uranyl acetate as described in “Materials and meth-

ods”. Scale bar = 100 nm. (D-F) growth kinetics of vB_PmiM-ES1a, 
vB_PmiM-ES1b, and vB_PmiM-ES1c, respectively, on Proteus mira-
bilis EG-ES1
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Thermal and pH stability

The thermal and pH stability of phages vB_PmiM-ES1a, 
vB_PmiM-ES1b, and vB_PmiM-ES1c was evaluated 
by measuring the percentage of lytic activity remaining 
after incubation at different temperatures and pH values 
(Fig. 3). The isolated phages were found to be stable from 
10 °C to 37 °C. The phage titers decreased by 50% and 
80% after heating at 50 °C and 60 °C, respectively. The 
three phages completely lost their viability, and no viable 
plaques were observed after heating at 70 °C for 60 min 
(Fig. 3A-C). Concerning pH stability, the three isolated 
phages resisted inactivation for 24 h in the pH range of 
4-10, with the preferred pH values in the range of 6-8 
(Fig. 3D-F).

Restriction digestion patterns

The three isolated Proteus phages displayed different 
restriction digestion profiles following BamHI and PstI 

digestion (Supplementary Fig. S3). This confirmed that the 
three phages were genetically different. The genome sizes 
of the isolated phages were calculated by adding the sizes 
of the fragments formed by digestion with the restriction 
enzyme (Supplementary Table S3). The genome size was 
approximately 59.39 kb, 62.19 kb, and 52.07 kb for phage 
vB_PmiM-ES1a, vB_PmiM-ES1b, and vB_PmiM-ES1c, 
respectively.

Susceptibility of planktonic cells of P. mirabilis 
to the isolated phages

Planktonic cultures of P. mirabilis EG-ES1 were tested for 
their susceptibility to each of the phages at different MOIs 
within 24 h (Fig. 4). The data showed that each of the 
phages successfully obstructed host growth by 2 h postin-
fection (p.i.) as compared with the uninfected control. A 
greater disruption of planktonic cell growth was observed 
at a higher MOI than at a lower MOI. A slight increase 
in the growth of phage-challenged bacteria was observed 

Table 2   Host ranges of the 
isolated Proteus mirabilis 
phages and of the phage 
cocktail

PMB1, vB_PmiM1-ES01; PMB2, vB_PmiM2-ES01; PMB3, vB_PmiM3-ES01
–, no clearing; +, a few individual plaques; ++, significant turbidity throughout the cleared zone; +++, 
completely clear

Species Strain ID number Lysis by bacteriophage

Phage 
vB_PmiM-
ES1a

Phage 
vB_PmiM-
ES1b

Phage 
vB_PmiM-
ES1c

Phage cocktail

Proteus mirabilis EG-ES1 (main host) ++ + + +++
EG-ES2 ++ ++ - +++
EG-ES3 - +++ + +++
EG-ES4 - - - -
EG-ES5 - - - -
BUMd1 - - - -
BUMd2 - - - -
BUMd3 - - - -
BUMd4 - - - -

Klebsiella pneumoniae Kp01 - - - -
Staphylococcus aureus Sa01 - - - -

SA101 - - - -
SA1E - - - -
EG-AE1 - - - -

Escherichia coli Ec01 - - - -
Acinetobacter baumannii Ab01 - - - -

Ab02 - - - -
Salmonella enteritidis EG.SmE1 - - - -

EG.SmE2 - - - -
Pseudomonas aeruginosa Pa01 - - - -

Pa02 - - - -
Shigella spp. Sh01 - - - -
Number (N = 22) 2 3 2 3
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after 6 h p.i., but the counts were significantly lower than 
those of the uninfected control. The results show that the 
three phages have sustained strong lytic activity after con-
tinued incubation at different MOIs.

Anti‑biofilm activity of a cocktail of bacteriophages

The biofilm disruption activity of a phage cocktail composed 
of a 1:1:1 mixture of the three isolated phages against bio-
films of P. mirabilis EG-ES1 was evaluated in a 96-well 
microtiter plate at 37°C using titers of 8 log10 PFU/mL and 
9 log10 PFU/mL (Fig. 5). There was a considerable reduction 

in the number of viable bacterial cells embedded in the bio-
film solution after challenge with the phage cocktail. Bio-
film inhibition of 44.40% and 56.26% was observed at a 
final phage titer of 8 log10 PFU/ml and 9 log10 PFU/ml, 
respectively.

Discussion

Proteus mirabilis is a member of the normal human intesti-
nal microflora, but it is opportunistic and can cause different 
human infections [48, 49], which are associated with biofilm 
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Fig. 3   Thermal and pH stability of Proteus mirabilis phages. (A-C) 
pH stability of vB_PmiM-ES1a, vB_PmiM-ES1b, and vB_PmiM-
ES1c, respectively. (D-F) Thermal tolerance of vB_PmiM-ES1a, 
vB_PmiM-ES1b, and vB_PmiM-ES1c, respectively. pH experi-
ments were performed for 24 h at 37°C. Temperature testing was 

performed for 60 min at pH 7. Data represent the percentage of lytic 
activity remaining after each treatment relative to the control. Data 
are reported as the mean of three independent experiments, and error 
bars show the standard deviation.
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formation. Biofilms produced by P. mirabilis are often crusted 
and offer a good niche for bacterial cells, shielding them from 
different factors, such as antibiotics [8, 50]. Antibiotic resist-
ance occurs naturally, but excessive and uncontrolled use of 
antibiotics has resulted in the quick spread of resistance [51]. 
Antibiotic-resistant bacteria are emerging very quickly, mostly 
in developing countries [52–54]. Egypt is one of the countries 
that have lax restrictions on antibiotic use [55–57], mainly 
because antibiotics can be obtained directly from pharmacies 
and drug stores with no prescription [54, 58].

Antibiotic resistance restricts the successful therapy of 
bacterial infections, and this is a critical threat to global 
public health. Resistance of P. mirabilis to commonly used 
antimicrobials is related to the biofilm lifestyle. Five P. 
mirabilis isolates that were isolated previously from Benha 
University Hospital were targeted in this study. The P. mira-
bilis isolates were identified biochemically and by employ-
ing an automated Vitek 2 system. P. mirabilis isolates were 
found to be MDR with varying degrees of biofilm formation 
capability. The isolate EG-ES1 was the most MDR and the 
strongest biofilm producer of the five. Multidrug-resistant 
Proteus spp. have been isolated previously in Egypt [59, 60]. 
Lately, the spread of MDR pathogenic bacteria has forced 
researchers to find new alternative therapies. Of these alter-
native therapies, bacteriophages have been considered good 
candidates to control biofilm infections [61].

Previously, five lytic phages infecting MDR P. mirabilis 
isolates were isolated from sewage in Egypt [34]. In the cur-
rent study, three different lytic phages were isolated from raw 
sewage water targeting the MDR Proteus mirabilis EG-ES1. 
On P. mirabilis EG-ES1 lawns, the three phages showed dif-
ferences in the plaque size, shape, and turbidity. They pro-
duced small circular and clear plaques with no halos. Phages 
with different morphologies and sizes targeting P. mirabilis 
were isolated and described previously [24, 34, 62, 63].

For additional characterization, TEM imaging and one-
step growth kinetics were performed for the three phages. 
The growth curves of the three phages exhibited typi-
cal growth kinetics of bacteriophages. TEM micrographs 
showed that the three phages have icosahedral capsids with 
contractile tails and hence have characteristics of members 
of the family Myoviridae in the order Caudovirales. P. mira-
bilis phages belonging to the family Myoviridae have been 
isolated previously [19, 64], but many other phages belong-
ing to the families Podoviridae and Siphoviridae have also 
been described [32]. DNA sequencing studies are required 
to determine to which families the isolated phages belong.

Host range experiments showed that the three individual 
phages have narrow host ranges with lytic activity against 
only three P. mirabilis isolates in the current study. Bacterio-
phages are highly specific for their host cell receptors [65], 
and this high specificity is considered a major limitation of 
phage therapy. However, this problem might be overcome 
by using phage cocktails to broaden the host range [66, 67]. 
Our data showed that a cocktail of the three isolated P. mira-
bilis phages had a broader host spectrum than the individual 
phages alone. This may be due to different phages in the 
cocktail recognizing different receptor sites on the bacterial 
cell wall.

Stability under different stress conditions is an important 
consideration for the application of phage for therapy. A 
previous study showed that a lytic Proteus mirabilis phage 
was thermostable and resisted heating up to 75°C for 1 h 
[63]. Our results showed that the three isolated phages were 
partially stable at temperatures up to 60 °C for 1 h but com-
pletely lost their lytic activity when heated at ≥70 °C for 1 h. 
P. mirabilis produces a urease enzyme that plays an impor-
tant role in the generation of the crystalline biofilm [10, 11] 
and increases the pH of the urine to 8-9. On the other hand, 
the accumulation of acidic substances can reduce the pH of 

Fig. 5   Effect of a phage cocktail 
on biofilm formed by MDR 
Proteus mirabilis EG-ES1. Val-
ues represent the mean of three 
determinations with standard 
deviation.
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the matrix of the biofilm [33]. Application of bacteriophages 
in an environment where the pH fluctuates will only succeed 
if the phages tolerate a wide range of pH values. Our results 
indicated that the three isolates remained stable over a wide 
pH range (pH 3-10) but completely lost their lytic activities 
at pH < 4 or > 10.

The disruptive effect of the three isolated phages on plank-
tonic cultures of P. mirabilis EG-ES1 demonstrated the lytic 
activity of the three phages at higher and lower MOIs. Bio-
films of P. mirabilis create a therapeutic dilemma due to their 
acute resistance to different antimicrobial agents. In the cur-
rent study, we have tested a cocktail of three phages to elimi-
nate biofilms of P. mirabilis EG-ES1. The results showed the 
reduction of pre-formed biofilms by 44.40% and 56.26% using 
phage cocktails at final titers of 8 log10 PFU/ml and 9 log10 
PFU/ml, respectively. The eradication activity of the phages in 
this study was higher than that reported by Carson et al. [33], 
who detected only 10% inhibition of a P. mirabilis biofilm. In 
contrast, two other studies [34, 63] showed inhibition activity 
of more than 60% on biofilms of P. mirabilis challenged with 
different bacteriophages against P. mirabilis.

The results in this study revealed the potential of three 
isolated bacteriophages to combat the biofilms of a multi-
drug-resistant P. mirabilis strain in vitro. Although phage 
therapy as an alternative therapeutic approach has many 
advantages over antibiotics, there is a lack of appropriately 
verified clinical research on phage therapy, and there are no 
well-established protocols for the dose, route of administra-
tion, and length of therapy.

Conclusion

Proteus mirabilis is an opportunistic pathogenic Gram-neg-
ative bacillus that causes catheter-associated urinary tract 
infections (CAUTIs). Multidrug-resistant isolates with bio-
film formation ability were found in this study. The genera-
tion of crystalline biofilm is considered a virulence factor that 
also contributes to the high rate of antibiotic resistance. In 
the current study, we isolated and characterized three novel 
bacteriophages from Egypt infecting MDR P. mirabilis. 
Bacteriophages have been used extensively as a promising 
alternative to treat biofilm-associated MDR P. mirabilis. Our 
results showed the efficacy of a phage cocktail to control and 
eradicate biofilm-associated infections of MDR P. mirabilis.
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tary material available at https://​doi.​org/​10.​1007/​s00705-​021-​05241-5.
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