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Proteus mirabilis is a Gram negative bacterium that is a frequent cause of

catheter-associated urinary tract infections (CAUTIs). Its ability to cause such infections

is mostly related to the formation of biofilms on catheter surfaces. In order to form

biofilms, P. mirabilis expresses a number of virulence factors. Such factors may include

adhesion proteins, quorum sensing molecules, lipopolysaccharides, efflux pumps, and

urease enzyme. A unique feature of P. mirabilis biofilms that build up on catheter

surfaces is their crystalline nature owing to their ureolytic biomineralization. This leads

to catheter encrustation and blockage and, in most cases, is accompanied by urine

retention and ascending UTIs. Bacteria embedded in crystalline biofilms become highly

resistant to conventional antimicrobials as well as the immune system. Being refractory

to antimicrobial treatment, alternative approaches for eradicating P. mirabilis biofilms

have been sought by many studies. The current review focuses on the mechanism

by which P. mirabilis biofilms are formed, and a state of the art update on preventing

biofilm formation and reduction of mature biofilms. These treatment approaches include

natural, and synthetic compounds targeting virulence factors and quorum sensing,

beside other strategies that include carrier-mediated diffusion of antimicrobials into

biofilm matrix. Bacteriophage therapy has also shown successful results in vitro for

combating P. mirabilis biofilms either merely through their lytic effect or by acting as

facilitators for antimicrobials diffusion.

Keywords: Proteus mirabilis, crystalline biofilm, CAUTI, antivirulence, quorum sensing, bacteriophage

INTRODUCTION

The genus Proteus encompasses rod-shaped Gram-negative bacteria that belong to the family
Enterobacteriaceae (Penner, 2005). They are widely spread in the environment mainly in water,
soil and the gastrointestinal tracts of humans and animals (Drzewiecka, 2016). Of the human gut
microbiota, Proteus species comprise <0.05% in healthy subjects (Yatsunenko et al., 2012). Among
all Proteus species, Proteus mirabilis is the most frequent cause of human infections (Jacobsen and
Shirtliff, 2011). It is an opportunistic pathogen that is implicated in various human diseases of the
respiratory tract, gastrointestinal tract, eye, ear, and skin among others (O’hara et al., 2000).

P. mirabilis is also a common cause of complicated urinary tract infections (UTIs) in
patients with anatomical or functional problems (Jamil et al., 2020). This is particularly
problematic in patients undergoing long-term indwelling urinary catheterization whomay develop
catheter-associated urinary tract infections (CAUTIs). Such infections are complicated by the
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unique ability of P. mirabilis to form crystalline biofilms
eventually leading to encrusted and blocked catheters (Jones
et al., 2007). Patients may then suffer from urine retention
and reflux that are accompanied by painful distension of the
bladder and pyelonephritis. Fatal complications may then be
imminent such as septicemia and endotoxic shock (Chen et al.,
2012). Moreover, it may cause trauma to the urethra and bladder
mucosa upon removal of the catheter (Vaidyanathan et al.,
2010). More nursing visits and emergency referrals may also
be demanded for replacement of blocked catheters. In addition,
crystalline biofilms have been linked to the persistence of P.
mirabilis in the urinary tract through protection from antibiotics
and the host immune response (Jacobsen et al., 2008).

Intestinal colonization by P. mirabilis provides a reservoir
for intermittent colonization of the periurethral region. During
insertion, urinary catheters are contaminated by the organism
that is subsequently transmitted to the urinary bladder (Mathur
et al., 2005). Adhesion to catheter surface or bladder epithelium
induces exopolysaccharides production and biofilm formation
(Nicolle, 2014).

Biofilms are well-organized structures of single- or multi-
species microbial communities in which microbial cells are
irreversibly attached to a substratum and to each other. Within
biofilms, cells are embedded in a self-produced matrix of
extracellular polymeric substances including: polysaccharides,
proteins, lipids, and extracellular DNA (Flemming and
Wingender, 2010). Formation of biofilms is a multistage
process that starts by reversible bacterial adhesion to biotic

FIGURE 1 | The role of various virulence factors in the formation of crystalline biofilms by P. mirabilis on catheter surfaces.

or abiotic surfaces followed by an irreversible attachment,
formation of microcolonies and finally development of a mature
biofilm. The surface of the mature biofilm then starts to shed
free bacteria to disseminate into other favorable environmental
conditions (O’toole et al., 2000).

Biofilm formation is employed by some microbial species
for surviving harsh environmental conditions and enhancing
resistance to antibiotics as well as the host immune system.
Antimicrobial resistance of biofilm-associated microorganisms
has been found to be 10–1,000 times higher than their planktonic
counterparts (Hoiby et al., 2010). The reasons behind this
dramatic increase in resistance may be related to the biofilm
matrix that hinders the penetration of antimicrobial agents
through biofilm layers and the physiological attributes of
microbial cells within biofilms especially persister cells (Tseng
et al., 2013).

BIOFILM FORMATION

Among the huge arsenal of virulence factors employed by P.
mirabilis to cause Catheter Associated Urinary Tract Infections
(CAUTIs), some virulence factors have been linked to their ability
to form biofilms, such as swarming motility, fimbriae, urease
production, capsule polysaccharide, and efflux pumps. The role
of various virulence factors in P. mirabilis biofilm formation is
illustrated in Figure 1.

P. mirabilis is particularly well known for its distinctive
swarming ability. Growth of the organism on solid surfaces
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triggers the differentiation of the short rod-shaped “swimmer
cells” into highly elongated and hyper-flagellated “swarmer cells”
that are capable of aligning themselves in multicellular rafts.
These rafts of cells can migrate rapidly over solid surfaces in a
coordinated manner (Stickler and Hughes, 1999; Harshey, 2003)
The swarming motility may, therefore, facilitate the migration
of P. mirabilis from the periurethral region along the catheter
surface into the urinary bladder initiating CAUTIs (Jones et al.,
2005). Loss of the swarming ability due to mutations have been
linked to the failure of P. mirabilis to migrate over catheter
surfaces (Jones et al., 2004). Moreover, swarmer cells often show
higher expression of virulence factors that further enhances their
ability to adhere to catheter surfaces and bladder epithelium
(Allison et al., 1992; Fraser et al., 2002). However, some studies
have found that swarming must be repressed in order for P.
mirabilis to remain attached to catheter surfaces and initiate
biofilm formation (Liaw et al., 2003; Jones et al., 2005).

The initial stage in the formation of biofilms on catheter
surfaces is the attachment of fimbriae (adhesins) to the body
fluids-derived protein coat on catheter surfaces (Donlan, 2002)
or directly to the catheter material (Downer et al., 2003). At
least 17 fimbrial operons were identified in the genome of a P.
mirabilis isolate by whole genome sequencing. This is mostly the
highest among all sequenced bacterial genomes (Pearson et al.,
2008; Scavone et al., 2016) and is clearly reflected by its greatest
ability to adhere to catheter surfaces among Gram-negative
bacteria (Roberts et al., 1990). The most extensively studied
fimbriae are mannose-resistant/Proteus-like (MR/P) fimbriae,
mannose-resistant/Klebsiella-like (MR/K) hemagglutinins (Old
and Adegbola, 1982), P. mirabilis fimbriae (PMF) (Bahrani
et al., 1993), uroepithelial cell adhesins (UCA)/nonagglutinating
fimbriae (NAF) (Wray et al., 1986), and ambient-temperature
fimbriae (ATF) (Massad et al., 1996).

Expression of MR/K hemagglutinins have been linked to the
attachment of P. mirabilis to catheter surfaces to initiate biofilm
formation during CAUTIs (Jacobsen et al., 2008). However,
whether the MR/K hemagglutination pattern is mediated by a
specific type of fimbriae or more than one fimbriae type is still
unknown. The exact nature of the gene(s) related to the MR/K
hemagglutination pattern is also yet to be identified (Schaffer
and Pearson, 2015). Both MR/P fimbriae and PMF have been
found to play an important role in the selective adherence of
P. mirabilis to the bladder epithelium (Sareneva et al., 1990;
Rozalski et al., 1997). In a study by Jansen et al. (2004), MR/P
fimbriae have been found to be neither necessary nor sufficient
to initiate biofilm formation. The same study has yet concluded
that their constitutive expression enhanced biofilm formation.
The crucial role of MR/P in biofilm formation by P. mirabilis
was evidenced by the smaller biofilms formed by MR/P mutants
as compared to the wild type strains (Scavone et al., 2016).
In contrast, the same study has reported enhanced biofilm
formation in isogenic mutants unable to express PMF. UCAs,
also named nonagglutinating fimbriae (NAF) (Tolson et al.,
1995), were found to be structurally homologous to intestinal
colonization fimbriae of E. coli (Cook et al., 1995). Therefore, it
has been suggested that they facilitate the intestinal colonization
by P. mirabilis thus forming a reservoir of organisms that can

potentially cause CAUTIs (Coker et al., 2000). More recently,
Wurpel et al. (2016) identified a new UCA-like fimbriae (UCL)
in uropathogenic E. coli (UPEC). The authors demonstrated their
ability to promote biofilm formation on abiotic surfaces and their
involvement in the attachment of UPEC to uroepithelial cells.
Meanwhile, the ability to form biofilms was found to be lower
in UCA mutant P. mirabilis grown in artificial urine compared
to wild type strains (Scavone et al., 2016). Despite their initial
report that ATF have no role in P. mirabilis UTIs (Zunino et al.,
2000), Scavone et al. (2016) have later demonstrated their role in
adhesion and biofilm formation on abiotic surfaces. This could
rather be linked to their possible role in the survival of P. mirabilis
in the environment as suggested by their optimal expression
temperature (23◦C) (Rocha et al., 2007).

A characteristic feature of P. mirabilis is its unique ability
to form unusual crystalline biofilms that usually lead to
encrustation and obstruction of catheters thus making CAUTIs
more complicated. Two virulence factors known to be role
players in the formation of P. mirabilis crystalline biofilms are
urease enzyme and capsule polysaccharides (CPSs) (Jacobsen
and Shirtliff, 2011). Virtually all clinical strains of P. mirabilis
produce an exceptionally potent urease enzyme. The enzyme
catalyzes the hydrolysis of urea in urine into ammonia
elevating the local urinary pH (Rozalski et al., 1997). This is
usually coupled with local supersaturation and precipitation
of minerals normally found in urine forming struvite crystals
(ammonium magnesium phosphate) and hydroxyapatite crystals
(calcium phosphate) (Bichler et al., 2002). Such crystals become
incorporated into the developing biofilm, a process called
ureolytic biomineralization (Jacobsen and Shirtliff, 2011). In
addition to its major role in crystalline biofilm formation, the
strongly alkaline ammonia produced by the urease enzyme is
directly toxic to mammalian cells and may cause tissue damage
(Burne and Chen, 2000).

Besides the ureolytic activity of P. mirabilis, their CPSs have
been found to accelerate mineral crystals growth (Jacobsen and
Shirtliff, 2011). Owing to the acidic nature of bacterial CPSs,
they have a great affinity for binding metal cations in urine
via electrostatic interaction. Nevertheless, bacterial species, as E.
coli, with high affinity for Mg2+, were found to inhibit struvite
crystal formation at neutral pH. This is possibly due to the strong
chelation ofMg2+ ions that become no longer available for crystal
growth. In contrast, CPSs of P. mirabilis have lower affinity for
Mg2+ ions. The ions are thus weakly bound to the organism.
Hence, they become concentrated, yet readily released for struvite
crystal formation (Dumanski et al., 1994).

Efflux systems were recently found to play a major role in
P. mirabilis crystalline biofilms whose formation was reduced
by disruption of the bcr gene (Holling et al., 2014). This gene
encodes an MFS efflux pump known as bicyclomycin resistance
protein. In E. coli, this efflux pump is involved in resistance
to sulphonamide and bicyclomycin (Bentley et al., 1993) in
addition to exporting short peptides (Hayashi et al., 2010). Being
a component of the polymeric matrix produced by biofilms
(Flemming andWingender, 2010), peptide efflux may contribute
to biofilm formation (Alav et al., 2018). Peptides may also
be part of the quorum sensing (QS) system of P. mirabilis
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hence, their efflux may affect signaling during biofilm formation
(Alav et al., 2018).

Despite the existence of some phenotypes that require
intercellular coordination such as swarming, monospecies and
multispecies biofilm formation, a fully defined QS system
including an autoinducer signal producer and its corresponding
receptor has not yet been identified in P. mirabilis (Schaffer and
Pearson, 2015). Further research is hence required to fill this
gap of knowledge. Unlike Serratia marcescenes where swarming
motility is regulated by a homolog of the acylated homoserine
lactone (AHL) based LuxI/LuxR QS system (Sakuraoka et al.,
2019), homologs of this system were not identified in the
genome of P. mirabilis (Armbruster andMobley, 2012). However,
exposure of P. mirabilis to N-butanoyl homoserine lactone (BHL)
was found to significantly influence biofilm formation by P.
mirabilis O18 (Stankowska et al., 2012). Another QS system
widely distributed in Gram negative and Gram positive bacteria
is the LuxS/LuxP or LsR system. P. mirabilis was found to possess
the LuxS gene which produces the LuxS-dependent QS molecule
(AI2) during swarming. However, the null mutation of this gene
did not affect swarming motility or virulence (Schneider et al.,
2002). On the other hand, neither LuxP nor Lsr homologs were
identified in the genome of P. mirabilis (Pearson et al., 2008).
Absence of homologs for known AI2 binding sites might indicate
the possibility of utilizing this system in interspecies signaling
(Pereira et al., 2013). A homolog of LuxQ, a hybrid sensor kinase,
in the LuxS/LuxP QS system in Vibrio harveyi was also found to
be encoded by RsbA gene in P. mirabilis. This gene was found to
have a role in swarming and to be sensitive to bacterial density
(Belas et al., 1998).

THERAPEUTIC STRATEGIES

Antimicrobial Agents
As for other biofilm-forming bacteria, biofilm formation by P.
mirabilis is accompanied by greater resistance to antimicrobial
agents. This was demonstrated by some studies (Aiassa et al.,
2006). Hence, many attempts have been made for potentiating
antimicrobial agents’ activity against P. mirabilis biofilms. One
attempt was to administer the antimicrobial agent in a cyclic
dosing regimen in which the treatment course is interrupted by
a holding time that allows persister cells to lose their tolerance
to the antimicrobial agent (Lewis, 2001, 2005). This had been
proposed to eliminate biofilms and their persister cells. However,
for successful clearance of biofilms using this regimen, the
holding time should strictly correlate to the time required for
persister cells to regain their antimicrobial susceptibility (Lewis,
2001). This is complicated by the lack of a full understanding of
the exact mechanisms by which tolerance is achieved (Azeredo
and Sutherland, 2008). On the other hand, two consecutive
applications of antimicrobials to P. mirabilis biofilm were found
to reduce persister cells by one log only (Abokhalil et al., 2020).
In the same study, combining ciprofloxacin with silver nitrate
completely eradicated persister cells in planktonic populations of
P. mirabilis. This could be attributed to the production of reactive
oxygen species and increased permeability of bacterial cells both

in active and dormant states under the effect of silver nitrate
(Morones-Ramirez et al., 2013).

Studies were also conducted to test the effect of minimum
inhibitory concentration (MIC) and sub-MIC levels of antibiotics
on inhibiting the adherence of microbial cells to plastic surfaces
and consequently inhibiting biofilm formation. Their effect
on preformed biofilms was also widely studied. A study by
Wasfi et al. (2012) tested the effect of sub-MIC levels of four
antibiotics on microbial adherence and biofilm formation by
strong biofilm forming clinical strains of P. mirabilis. The tested
antibiotics included: ciprofloxacin, ceftriaxone, nitrofurantoin,
and gentamicin. Of them, ciprofloxacin showed the highest
activity. Up to 93% reduction in biofilm formation was achieved
using a concentration of ciprofloxacin corresponding to 1/2MIC.
By testing the effect of lower concentrations on the same strains,
the inhibitory effect of ciprofloxacin on biofilm formation was
dramatically reduced.

On the other hand Kwiecinska-Pirog et al. (2013a) tested
the effect of sub-MIC levels of ciprofloxacin and ceftazidime on
preformed biofilms. The antibiotics were used at concentrations
corresponding to 1/8- 1/4-, 1/2-MIC levels and at the MIC level
for each. The effect of the tested antibiotics on biofilms was
estimated by a colorimetric assay based on cellular physiology
in biofilms using 2,3,5-triphenyl-tetrazolium chloride (TTC).
Treatment of preformed biofilm by ciprofloxacin at MIC value
showed significant reduction in microbial viability. In contrast,
lower concentrations (1/8 MIC) of ciprofloxacin were found
to increase TTC color intensity reflecting increased viability
compared to the control. However, the validity of using TTC for
assessing P. mirabilis biofilms is questionable. Only few studies
used this method for P. mirabilis (Kwiecinska-Pirog et al., 2013b,
2014) and none of the published studies optimized this method
for this organism. In contrast, this method was optimized for
biofilm assays of Pseudomonas aeruginosa (Sabaeifard et al., 2014)
and Campylobacter jejuni (Brown et al., 2013) by adjusting the
incubation time of biofilms with TTC to 5 and 24 h, respectively.
It is noteworthy here, that only 2 h incubation time was applied
by Kwiecinska-Piróg and his coworkers.

The profound inhibitory effect of sub MIC concentrations
of ciprofloxacin on P. mirabilis biofilms in comparison to
other classes of antimicrobial agents could be attributed to
urease inhibition (Abdullah et al., 2016) and reduction of
flagellar formation (Horii et al., 2003). An added advantage to
ciprofloxacin use in the treatment of infections associated by P.
mirabilis biofilms was reported by Irwin et al. (2013). They found
that both bacteriostatic and bactericidal effects of ciprofloxacin
on P. mirabilis biofilm forming cells were enhanced by increasing
pH from 5 to 9. This was reflected by a 10-fold reduction
in the minimum biofilm eradication concentration (MBEC).
The enhanced activity at high pH levels makes ciprofloxacin
a good candidate for use in treatment of P. mirabilis CAUTIs
in which urease enzyme is the main player. Irwin et al. (2013)
justified their findings by the acquisition of a negative net
charge by ciprofloxacin molecules at high pH that enables
them to readily diffuse through the biofilm matrix. However,
at lower pH the antibiotic molecules acquire a positive net
charge and become strongly attracted to the negatively charged
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exopolymeric biofilm matrix. This hinders the penetration of
the antibiotic through the biofilm matrix. In contrast to the
previously mentioned results, another study in artificial urine
revealed that the penetration of ciprofloxacin into P. mirabilis
biofilms was reduced at high pH due to biomineralization. This
was evident among urease producing strains compared to urease
non-producers by LIVE/DEAD stain (Li et al., 2016).

Several strategies have been employed for controlling biofilm
formation in catheters using antimicrobial agents, among them
are adsorbing antimicrobial agents on catheter surfaces and using
modified coating material thus inhibiting bacterial adherence.
Only silver and antibiotic coated catheters have been tested
clinically (Singha et al., 2016). Filling catheter balloons with
water containing soluble antimicrobials was found to allow
adhesion of the antimicrobial agent to the catheter surface thus
preventing subsequent adhesion of microorganisms (Stickler
et al., 2003; Williams and Stickler, 2008). An example of this
strategy is using a mandelic/lactic acid mixture in silicone
catheters which gave debatable results (Robertson and Norton,
1990; Stickler and Hewett, 1991). The second strategy is using
modified catheter coating with antimicrobial effect to prevent P.
mirabilis colonization. Silver coatings and nitrofurazone-coated
silicone catheters have shown significant prevention of catheter-
associated bacteriuria during the short term catheterization
of hospitalized patients (Stensballe et al., 2007; Schumm
and Lam, 2008; Johnson et al., 2012). However, crystalline
biofilms could still be formed on hydrogel/silver coated Foley
catheters, particularly when the antimicrobial coating fails to
diffuse out of the catheter material into the catheter lumen
(Morgan et al., 2009). On the other hand, incorporating
ciprofloxacin in biodegradable waterborne polyurethane was
found to enhance the inhibitory effect of ciprofloxacin on
biofilm formation by P. mirabilis in artificial urine medium
in vitro (Xu et al., 2019).

Phytochemicals
Historically, plants have been considered as a rich source of a
wide range of bioactive compounds, known as phytochemicals
(Ahmed and Urooj, 2009). Among their diverse applications,
phytochemicals have particularly gained much interest for
their antibiofilm activity. This activity was attributed to
their ability to inhibit virulence factors including: microbial
adherence to surfaces, quorum sensing, urease activity and
exopolysaccharide matrix production (Table 1). Few studies
reported the development of resistance to antivirulence
compounds (Beceiro et al., 2013).

Being the first step in biofilm formation, inhibiting adherence
to surfaces was found to reduce the overall capacity of
microorganisms to form biofilms. Numerous studies have shown
a correlation between the consumption of cranberries (Vaccinum
macrocarpon) and the prevention of UTIs (Nowack and Schmitt,
2008; Tempera et al., 2010). The underlying mechanism has not
yet been definitively established. Though, it has been proposed
that cranberries interfere with bacterial adhesion to uroepithelial
cells leading to failure of bacterial cells to colonize the urinary
tract (Nicolosi et al., 2014). Such effect was correlated to two
components of cranberries including fructose, that blocks type
1 fimbriae (sensitive to mannose), and the proanthocyanidins
(PACs), that inhibit the mannose-resistant P-fimbriae (Ermel
et al., 2012). In a study by O’may et al. (2016), cranberry
treatment of P. mirabilis reduced adhesion to HT1376 cell
line by up to 75%. Motility and urease activity were also
reduced in response to the same treatment. On the other
hand, cranberry treatment in the mentioned study enhanced
biofilm formation by P. mirabilis on plastic surfaces. Such effect
was attributed to a transient reduction in bacterial motility.
This was also clinically evident by higher rate of P. mirabilis-
induced catheter encrustation in urine from individuals that
had consumed cranberry juice than those who consumed an

TABLE 1 | Overview of phytochemicals assessed for Proteus mirabilis biofilm control.

Phytochemical Source of phytochemical Possible mechanism References

Allicin Garlic Inhibition of urease enzyme therefore affecting

biomineralized biofilm and hence inhibit biofilm formation

Ranjbar-Omid et al., 2015

A2-type Proanthocyanidins Cranberry

(Vaccinium macrocarpon)

Reducing adherence of bacteria to epithelial cells and

reduce urease production

Nicolosi et al., 2014

Reduce motility and increase biofilm formation on plastic

surfaces

O’may et al., 2016

Phenanthrene and fatty acid Hyptis suaveolens Inhibition of motility Salini et al., 2015

Pyrrolo(1,2-a)pyrazine-1,4-

dione,hexahydro-3-(2-methylpropyl)

Nocardiopsis sp. Inhibiting biofilm and antibacterial effect Rajivgandhi et al., 2018

Curcumin Curcuma longa Reducing EPS Packiavathy et al., 2014

Latex extract Euphorbia trigona Inhibiting biofilm formation, reduce ureasing enzyme and

inhibiting swarming

Nashikkar et al., 2011

Methanolic extract of the dried fruits of

Capparis spinosa

Capparis spinosa Reducing EPS production Issac Abraham et al., 2011

Linalool Floral aromatic and spice plants Reducing motility Durgadevi et al., 2019

N-acetyl cysteine (NAC) and dipropyl

disulphide

Onion oil Inhibiting urease, motility, and adherence Abdel-Baky et al., 2017

Extract Ibicella lutea Inhibiting biofilm formation and inhibit swarming Sosa and Zunino, 2009
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equivalent amount of water (Morris et al., 1997; Morris and
Stickler, 2001).

Another phytochemical compound that showed inhibitory
effect on P. mirabilis biofilms is the extract of Ibicella lutea,
a native plant in South America. The antibiofilm activity
of Ibicella lutea was coupled to its ability to inhibit the
swarming differentiation of P. mirabilis (Sosa and Zunino, 2009).
As mentioned before, swarming motility is employed by the
organism to move across solid surfaces until it reaches the site of
colonization. This is followed by inhibition of flagellar movement
and the formation of biofilms (Guttenplan and Kearns, 2013).

The alkaline urinary pH, imparted by the activity of
urease enzyme, plays an essential role in the development of
crystalline biofilms by P. mirabilis. Accordingly, inhibiting urease
production and subsequent pH elevation could be an important
target in preventing biofilm formation. A phytochemical
compound that targets urease production in P. mirabilis is
allicin, extracted from garlic. At sub-MIC levels, it could
reduce biomineralized biofilm formation by up to 35%, as
reported by Ranjbar-Omid et al. (2015). The authors have also
reported complete eradication of established biofilms at higher
concentrations of allicin. A unique feature of allicin, among a
few other compounds, is its ability to penetrate bacterial cell
membrane and inhibit urease enzyme intracellularly (Miron
et al., 2000). The clinical use of allicin is, however, hampered by
its instability in biological fluids (Rosen et al., 2001). Inhibition of
urease production and biofilm formation in P. mirabiliswere also
evident for N-Acetyl Cysteine (NAC) and dipropyl disulfide, two
components in onion oil (Abdel-Baky et al., 2017). In addition
to its urease-inhibiting activity, NAC disrupts disulfide bonds
in the extracellular polymeric matrix thereby disrupting biofilm
architecture (Kregiel et al., 2019).

Despite the lack of clear information about a well-defined
QS system in P. mirabilis, anti-quorum sensing effects of
some phytochemical compounds have been reported by several
studies. Such findings were based on their ability to inhibit
violacein production by Chromobacterium violaceum (ATCC
12472) without affecting microbial growth. To the best of our
knowledge, none of the published studies investigated AHL
production in P. mirabilis by testing the effect of P. mirabilis
cultures on the biosensor mutant Chromobacterium violaceum
CV026 strain.

In a study by Salini et al. (2015), Hyptis suaveolens, an
aromatic perennial herb found in tropical America, was evaluated
for potential therapeutic value. The plant extract showed a
potent anti-quorum sensing activity, using the QS biosensor
Chromobacterium violaceum (ATCC 12472), and could decrease
biofilm mass of Proteus sp. in a dose-depended manner. At
200µg/ml, Hyptis suaveolens extract could effectively dislodge
the biofilm of P. mirabilis and P. vulgaris by 42% and 59%,
respectively, without affecting microbial growth.

In a study carried by Packiavathy et al. (2014), sub-MIC
levels of curcumin, a potent QS inhibitor, were found to
reduce polysaccharide production and swarming motility, hence
reducing biofilm formation. The compound could also inhibit
the formation of microcolonies and disrupt preformed P.
mirabilis biofilms.

A phytochemical compound, Pyrrolo [1,2-a] pyrazine-
1,4-dione, hexahydro-3-(2-methylpropyl), extracted from
endophytic actinomycete Nocardiosis sp., was found to inhibit
microbial adherence and biofilm formation. The research group
proved the QS inhibitory effect of this compound using the
QS biosensor Chromobacterium violaceum (ATCC 12472)
(Rajivgandhi et al., 2018).

Capparis spinose is a spice reported to have a number of
potentially useful medicinal attributes including antioxidant,
antifungal, anti-inflammatory, anti-diabetic, and anti-obesity
activities. Issac and coworkers have demonstrated the anti-
quorum sensing activity of C. spinose extract. Under the effect
of the extract, clear alteration in P. mirabilis biofilm architecture
was revealed by confocal laser scanning microscopy (CLSM).
This was associated by inhibition of biofilm formation and
exopolysaccharide production to 70 and 67%, respectively. One
of the bioactive metabolites in C. spinose to which the negative
impact on biofilm formation was attributed is vanillic acid (Issac
Abraham et al., 2011). The anti-quorum sensing activity of
vanillic acid was reported by other studies as well (Choo et al.,
2006; Sethupathy et al., 2017).

Euphorbia trigona latex has been used for the treatment of
infectious and inflammatory diseases in India as part of their
pharmacopeia. Inhibition of swarming motility and virulence
factors such as ureases activity in P. mirabilis in the presence of
E. trigona latex was reported by Nashikkar et al. (2011). Such
effects were attributed to some components of the extract with
anti-quorum sensing activity.

Linalool is a monoterpene alcohol found in the essential oils
of many floral aromatic and spice plants (Peana et al., 2002). The
inhibitory effect of linalool on P. mirabilis virulence factors was
the subject of a recent study by Durgadevi et al. (2019). Up to
75% inhibition of crystalline biofilm formation was achieved by
linalool at a concentration of 0.4 mg/mL. Transcriptome analysis
showed downregulation of the genes flhD, flhB, speA, rsbA, ureR,
hpmB, and hpmA. In turn, the mentioned genes affect virulence
properties of P. mirabilis such as motility, biofilm formation,
urease activity, and hemolysin production.

Apitherapy
One of the natural alternatives to antibiotics for controlling
biofilms is apitherapy, a practice in which bee products such as
honey, pollen, and propolis are used for prevention or treatment
of diseases (Malone and Tsai, 2016).

Honey is a natural compound whose antibiofilm activity was
the subject of many studies. The inhibitory effect of several types
of honey of different botanical origins on P. mirabilis biofilms
was evaluated byMajtan and co-workers. All honey samples were
able to significantly inhibit the adherence of P. mirabilis cells
to plastic surfaces at sub-MIC value of 10% (w/v). Moreover,
partial detachment of preformed biofilms was achieved at a
concentration of 50% (w/v) of each. Among the tested types of
honey, the most powerful anti-biofilm properties were shown
by manuka honey, produced from the nectar of the manuka
tree. It could completely eradicate all biofilm-embedded P.
mirabilis cells. Methylglyoxal, the major antibacterial component
of Manuka honey, is thought to readily diffuse through the
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established P. mirabilis biofilm matrix and kill bacterial cells
(Majtan et al., 2014).

Another proof on the efficacy of Manuka honey in disrupting
preformed biofilms of P. mirabilis was presented by Abbas
(2014) who also reported the same effect for the Egyptian clover
honey. Manuka honey was also acknowledged by another study
for its immunostimulant effect and enhancing wound healing
(Gannabathula et al., 2012).

Another bee-product that is known to be one of the richest
sources of active compounds, such as flavonoids and phenolic
compounds, is the ethanol extract of propolis (EEP) (Freires et al.,
2016). Kwiecinska-Pirog and his coworkers have evaluated the
effect of the EEP on the formation of P. mirabilis biofilms as well
as its effect on preformed biofilms (Kwiecinska-Pirog et al., 2019).
Reduction in biofilm formation was observed at the concertation
range of 2.5–100 mg/mL, while higher concentrations (25–
100 mg/mL) could successfully reduce preformed biofilms.
Meanwhile, biofilm formation by P. mirabilis was enhanced by
treatment with a low concentration (1.5 mg/mL) of EEP. This
could be attributed to the inhibition of bacterial motility at
lower extract concertation that enhances the adherence of cells
to surfaces (De Marco et al., 2017).

Repurposed Drugs
Drug repurposing or drug repositioning is the use of approved
drugs for treatment of medical conditions other than those for
which they have been originally indicated. This offers time and
cost savings by skipping some phases of clinical trials required
for approval of new drugs (Pushpakom et al., 2019).

Ambroxol is a mucolytic and expectorant agent commonly
used in patients with asthma and chronic bronchitis. It has
been reported to interfere with biofilm formation as a result
of its ability to inhibit adhesion, QS and biofilm matrix
production (Lu et al., 2010). In a study by Abbas (2013),
ambroxol inhibited biofilm formation and eliminated pre-
formed biofilms in a dose-dependent manner. Biofilm inhibition
and eradication of preformed biofilm of P. mirabilis reached 80,
and 76%, respectively.

Other repurposed drugs with potential antibiofilm activity
include fluoxetine and thioridazine which are indicated for
treatment of depression and psychosis, respectively. Both were
found to significantly reduce the rate of P. mirabilis crystalline
biofilm formation on catheter model, and increase the time
taken for catheter blockage. A significant reduction in swimming
and swarming motilities of P. mirabilis was also evident after
treatment with fluoxetine and thioridazine (Nzakizwanayo et al.,
2017). Using molecular docking techniques, it was predicted
that both drugs strongly interact with the biofilm-associated
efflux system Bcr/CflA. This efflux system was previously
linked to biofilm formation and motility in P. mirabilis
(Holling et al., 2014).

Phage Therapy
Phage therapy (PT) arises as one of the new alternative methods
for combating bacteria using a natural predator (bacteriophage)
that specifically kills bacteria (Miedzybrodzki et al., 2012). Over
the last two decades, more interest in the therapeutic uses of

phages has been observed. This was driven by the high prevalence
of multidrug-resistant bacteria together with the inadequate
discovery of new antibiotics (Skurnik et al., 2007).

Phages may be more advantageous to antibiotics in treatment
of bacterial infections for several reasons: (a) Narrow spectrum
of activity, thus selectively affecting pathogenic bacteria without
affecting normal flora. However, the strain specificity might limit
their therapeutic applications and implies the use of cocktails of
bacteriophages (Alves et al., 2016; Yazdi et al., 2018). Cocktails
are also used to avoid the emergence of phage-resistant strains
through alteration of bacterial membrane receptors, (b) The
capacity of phage multiplication at the site of infection (Hanlon,
2007; Gorski et al., 2009; Kutter et al., 2010; Harper et al., 2014),
(c) Retaining activity against multidrug resistant bacteria as it
employs a unique mechanism of action (Sillankorva et al., 2011),
(d) low cost (Stafford, 2011), (e) Discovery of new bacteriophages
is much easier and less time consuming than that of antibiotics.

Bacteriophages are ubiquitous in the environment. They are
also abundant in the digestive tract of humans and animals
(Viertel et al., 2014). Several studies have been attempted for the
isolation of bacteriophages with the potential of combating P.
mirabilis biofilms. Such studies employed enrichment methods
in which clinical strains of P. mirabilis were used for the isolation
of bacteriophages from sewage samples (Lehman and Donlan,
2015; Nzakizwanayo et al., 2015; Melo et al., 2016) and human
feces (Morozova et al., 2016). As revealed by transmission
electron microscope (TEM), the bacteriophages with activity
against P. mirabilis biofilms, belonged to the order Caudovirales
that encompasses tailed bacteriophages. Among which, some
belonged to the family Siphoviridae (phages with long, flexible
non contractile tail) (Maszewska et al., 2018; Yazdi et al., 2018)
and others belonged to the families Podoviridae (phages with
short stubby tail) (Kaca et al., 2011; Alves et al., 2016; Melo et al.,
2016) and Myoviridae (phages with contractile tail) (Kaca et al.,
2011; Melo et al., 2016; Maszewska et al., 2018; Alves et al., 2019).
All of them were of the lytic type that replicate inside the host
cells eventually causing them to rupture releasing progeny viruses
(Skurnik et al., 2007; Gill and Hyman, 2010).

Different mechanisms have been suggested for the antibiofilm
activity of phages. Phages can transfer through water channels
to reach the biofilm-embeded bacterial cells (Chan and Abedon,
2014). They locally replicate within the cells they have reached
to increase in number and spread to nearby cells reducing the
total number of cells forming the biofilm. In addition, phages can
express or induce the expression of depolymerizing enzymes that
degrade the exopolysaccharide and facilitate the spread of phages
within biofilms (Latka et al., 2017). Bacteriophages can also infect
reactivated persister cells preventing relapse of infections due to
this reactivation (Harper et al., 2014).

Several studies, however, showed that phages could more
effectively prevent the formation of P. mirabilis biofilm than
destroying a preformed one (Carson et al., 2010; Lehman and
Donlan, 2015). This was attributed to the poor penetrability
of phages within older biofilm layers (Chhibber et al., 2013).
Efficient bacteriophage lysis was deficient within biofilms due
to the low concentration of actively proliferating cells. This
is due to the low metabolic activity within the innermost
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parts of biofilms (Sillankorva et al., 2004; Cerca et al.,
2007). Accordingly, when administered early in the bacterial
colonization step, bacteriophages were demonstrated to prevent
blockage of Foley catheters due to P. mirabilis biofilms for
over 8 days (Nzakizwanayo et al., 2015; Aniejurengho, 2016).
On the other hand, established or late stage biofilm related
infections were more resistant to eradication by bacteriophages
(Aniejurengho, 2016).

As for the use of bacteriophages for treatment of P. mirabilis
crystalline biofilms, several factors in the urinary tract have been
found to influence phage’s adsorption to host cells. Such factors
include the chemical environment and pH (Jonczyk et al., 2011).
Cofactor cations such as CaCl2 and MgCl2, in urine, have been
found to increase the infectivity of phages as a result of higher
concentration of phages on bacterial cell surface and alteration
in the receptors. As a result, phages access to receptors or phage
nucleic acid translocation is accelerated (Jamal et al., 2015; Yazdi
et al., 2018). On the other hand, the crystals formed in urine
during biofilm formation were found to inhibit adsorption of
phages to their target cells.

Contradictory results about the effect of pH on the activity
of bacteriophages were reported by previous studies. Some
of them demonstrated the inactivation of phages at extreme
pH values (pH 2 and 11) and reduction of phage titer value
at pH 8 by about 30%. Accordingly, the authors suggested
that the effectiveness of phages may be impaired by alkaline
conditions in urine during P. mirabilis infection. Higher in vivo
doses of phages may then be required for biofilm eradication
(Maszewska et al., 2018; Yazdi et al., 2018). On the other hand,
bacteriophages isolated by Yazdi et al. (2018) showed high
stability to a wide range of pH (3–11). A finding that was
considered advantageous for treatment of P. mirabilis biofilm
with fluctuation in pH. While the outer part of the biofilm is
alkaline in nature, low pH is observed within the biofilm matrix
due to accumulation of acidic metabolites. The stability of phages
over a wide pH range then allows retention of activity during
translocation through different parts of the biofilm, thus making
phages good candidates for treatment of UTIs caused by P.
mirabilis biofilms.

Two phage-based strategies were proposed by Donlan (2009)
for combatting bacterial biofilm formation on catheter surfaces.
The first strategy based on preventing bacterial adhesion and
biofilm formation by coating the catheter surface with phages.
The second one employed lytic bacteriophages as well as phage
depolymerases for biofilm eradication.

So far, up to 90% reduction in biofilm formation was achieved
in phage-coated in vitro catheter models in several studies
(Carson et al., 2010; Nzakizwanayo et al., 2015; Melo et al.,
2016; Thompson, 2018). A potential drawback of this strategy
is the unknown and uncontrolled orientation of the phages.
However, this strategy was found to eradicate early biofilm
colonization and delay catheter blockage (Nzakizwanayo et al.,
2015). Inconsistent findings were reported by another study
carried out by Thompson (2018) who showed more adherence
of bacterial cells to catheter sections pre-treated by phage, an
effect that was strain dependent (Aniejurengho, 2016). A possible
explanation to his finding is the formation of conditioning film of

lysed bacterial cells which mask the effect of phages and provide
a sticky surface for adhesion (Fernandez et al., 2017).

A more successful approach utilizing bacteriophages for
fighting biofilms is the use of phage-antibiotic combinations
(Yazdi et al., 2018). Failure of this approach in biofilm treatment is
unlikely, as bacterial cells which show resistance to one agent will
be susceptible to the other (Chhibber et al., 2013). Furthermore,
while passing through biofilm layers, bacteriophages will
facilitate the diffusion of the antibiotic through biofilm layers
(Verma et al., 2009; Harper, 2013; Harper et al., 2014).

Nanoparticles
Nanoscale materials (1–1000 nm) are widely used nowadays
owing to their high capacity for tissue targeting (Savolainen
et al., 2010). Reducing the size to nanoscale can modify the
properties of materials in terms of their chemical, mechanical,
electrical, structural, morphological and optical properties
(Buzea et al., 2007).

Cationic dendrimeric peptides constitute a novel class of
molecules with antimicrobial potential. The positive charge
on the surface of such peptides is proposed to interact with
negatively charged molecules on the surface of bacterial cells
such as phosphate groups of Gram-negative lipopolysaccharides
(Jenssen et al., 2006; Weidenmaier and Peschel, 2008). In
addition, their hyperbranched nature offers chemically reactive
groups to which other molecules can be attached imparting
therapeutic properties (Shi et al., 2007). As antibiofilm agents,
dendrimers possess several promising characteristics. Owing to
their small particle size, they can readily penetrate the EPS
matrix exerting some bacteriostatic activity. Dendrimers have
been also found to inhibit the formation of the EPS matrix
by inducing nucleic acid mutations (Limoli et al., 2014). They
are also capable of inhibiting protein synthesis (Mardirossian
et al., 2014). Another possible mechanism by which the cationic
dendrimeric peptides may act is their detergent-like effect. They
interact with the anionic components of bacterial membranes
and biofilm matrix leading to loss of membrane potential.
Aniejurengho (2016) has demonstrated the ability of dendrons
to reduce preformed P. mirabilis biofilms by up to 83.5%. Thus,
they provide a clinically beneficial alternative to antibiotics for
eradication of preformed biofilms that is achievable only by
unattainable in vivo concentrations (Hengzhuang et al., 2011;
Belfield et al., 2015; Wu et al., 2015).

Selenium (Se) is a micronutrient metalloid. It is a structural
part of several enzymes such as glutathione peroxidases,
iodothyronine deiodinases, and thioredoxin reductase, which are
involved in antioxidant defense, detoxification and metabolism,
respectively (Messarah et al., 2012; Zhai et al., 2017). The effect
of biologically synthesized (biogenic) Selenium nanoparticles
(SeNPs) on P. mirabilis biofilms was studied by Shakibaie et al.
(2015). Interestingly, it inhibited biofilm formation to 53.4%.
Based on in vitro and in vivo data, biogenic SeNPs have lower
toxicity than that of selenite or selenate (Shakibaie et al., 2010).
As a result, biogenic SeNPs or antimicrobials loaded on the
surface of SeNPs might be good candidates for use as novel
antibiofilm agents.
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Low concentrations of ZnO:MgO NPs have been found
to affect the development of P. mirabilis biofilm regarding
bacterial number and extracellular matrix. This has been linked
to preventing the bacterium from colonizing surfaces and
formation of mature biofilms. ZnO:MgO NPs were also found
to affect the production of extracellular matrix, an essential
component of biofilm that protects bacteria from environmental
stress (Iribarnegaray et al., 2019). Reduction in bacterial numbers
within biofilms may also be attributed to the antibacterial
activity of the NPs. ZnO nanoparticles (ZnO NPs) have shown
great antibacterial activity against P. mirabilis (Gunalan et al.,
2012). The main mechanisms whereby ZnO NPs may exert
their antibacterial activity are alteration of cell membrane
integrity (Brayner et al., 2006; Irzh et al., 2010) and generation
of reactive oxygen species (Sawai, 2003; Jones et al., 2008).
Synergistic activity may also be achieved withMgONPs (Pradeev
Raj et al., 2018) that have also shown great antibacterial
activity against both Gram-negative and Gram-positive bacteria
(Hayat et al., 2018).

CONCLUSION

Proteus mirabilis is one of the leading causes of CAUTIs. Such
infections are complicated by the unique ability of P. mirabilis
to form crystalline biofilms. Compared to their planktonic
counterparts, biofilm-embedded cells are considerably
recalcitrant to antimicrobial treatment and host immune
response. Biofilm formation is a multistage process that starts
by the reversible adhesion of bacterial cells to biotic or abiotic
surfaces followed by an irreversible attachment, formation of
microcolonies and finally development of a mature biofilm. Some
virulence factors have been linked to the ability of P. mirabilis to
form crystalline biofilms. Such factors include swarmingmotility,
fimbriae, urease production, capsule polysaccharide, and efflux
pumps. The inhibitory effect of different antimicrobials on
P. mirabilis biofilms was evaluated by many studies. A broad
agreement on the efficacy of ciprofloxacin in inhibiting biofilm
formation and eradication of preformed biofilms was found.
Showing activity at high pH levels was an added advantage.
The cyclic administration of antimicrobials also showed
promising results for controlling biofilms. However, the efficacy
of this approach was tightly linked to better understanding of
persister cells and the mechanisms underlying their tolerance
to antimicrobials. Some information on the performance of
persister cells in planktonic cultures of P. mirabilis were provided
by recent studies. However, more studies are required to fill
the gap of knowledge on their performance within biofilms
as well as the impact of antimicrobial combinations on their

viability. Other studies were concerned with the antibiofilm
effect of different phytochemicals extracted from herbs used
in folk medicine. Many phytochemicals showed promising
antivirulence effects including effect on: motility, urease
activity, production of polysaccharide and adherence. This
raises the demand for conducting more studies on the effect of
phytochemical-antimicrobial combinations. Such combinations
might decrease the selective pressure on microorganisms upon
using antimicrobials alone which leads to the development
of antimicrobial resistance. Apitherapy is among the natural
alternatives whose antibiofilm activity was demonstrated by
some studies. Inhibition of biofilm formation and eradication of
preformed biofilms of P. mirabilis were proven for different types
of honey as well as the ethanolic extract of propolis. Repurposing
of some FDA-approved drugs for controlling P. mirabilis biofilms
was also recommended by some studies. Among these drugs
are ambroxol, fluoxetine and thioridazine. Apart from their
promising application in treatment of bacterial infections, the
role of bacteriophages in combating biofilms was also a matter
of concern. Different types of bacteriophages showing inhibitory
effect on P. mirabilis biofilms were successfully isolated.
However, their higher ability to effectively prevent the formation
of P. mirabilis biofilm than destroying a preformed one was
noted. For treatment and/or prevention of P. mirabilis-mediated
CAUTIs, bacteriophages have shown several advantages. Most
importantly are their ability to withstand high pH levels and the
enhanced activity in presence of urinary cations. Effectiveness
of phage-antimicrobials combinations was also evident. Finally,
among the emerging fields of study in fighting P. mirabilis
biofilms is the nanoparticles. For this purpose, the activity
of different compounds with a nanoscale size was evaluated.
Among which cationic dendrimeric peptides, biogenic selenium
NPs and ZNO:MgO NPs showed promising results.

All therapeutic strategies mentioned in this review should
be considered for controlling P. mirabilis biofilms. Unique
mechanisms of action are employed by each allowing the
use of combined strategies for better results. However, more
investigations are required for examining some of these products
for their in vivo effect and to ensure tolerability and lack
of toxicity.
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