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ABSTRACT 

Proteus mirabilis is a Gram-negative rod-shaped bacterium. Most noted for its urease activity. It 

frequently causes catheter-associated urinary tract infections (CAUTI) that are often polymicrobial. These 

infections may be accompanied by urolithiasis, development of bladder or kidney stones due to 

alkalinization of urine from urease-catalyzed urea hydrolysis. Adherence of the bacterium to epithelial 

and catheter surfaces is mediated by 17 different fimbriae, most notably MR/P fimbriae. During infection, 

histological damage is caused by cytotoxins including hemolysin and a variety of proteases.  
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INTRODUCTION 
Proteus mirabilis is a Gram-negative rod-shaped bacterium (Figure 1a), that is well-known for its urease 

production.  It has a distinctive ability to differentiate into elongated swarm cells and produce 

characteristic bull’s-eye pattern of motility on agar plates (Figure 1b). It belongs to the class 

Gammaproteo bacteria and has long been recognized as a member of the order Enterobacteriales, family 

Enterobacteriaceae (Armbruster et al., 2018). A recent publication however has suggested that Proteus be 

placed within a new Morganellaceae family (Adeolu, 2016).  

P. mirabilis is found in a wide variety of environments, that includes soil, water sources, and sewage, but 

it is predominantly a commensal of the gastrointestinal tracts of humans and animals (Armbruster and 

Mobley, 2012). The bacteria are responsible for a variety of human infections, including those of wounds, 

the eye, the gastrointestinal tract, and the urinary tract (Armbruster et al., 2018). P. mirabilis has been 

most noted for infections associated with the catheterized urinary tract, known as catheter-associated 

urinary tract infections (CAUTI) (Warren et al., 1982; Mobley and Warren, 1987; Breitenbucher, 1984; 

Jacobsen, 2008; Nicolle, 2005; and Ambruster et al., 2017). 
 
CAUTI are commonly seen in long-term 

catheterized patients, such as those who reside in nursing homes and chronic care facilities (Hung et al., 

2005). Urinary tract infections involving P. mirabilis are typically complicated by the formation of 

bladder and kidney stones (urolithiasis) and permanent renal damage (Griffith et al., 1976; Li et al., 2002; 

and Foxman and Brown, 2003) and are often known to progress to bacteremia and sepsis. Bacteremia and 

sepsis secondary to P. mirabilis carry a high mortality rate (Kim et al., 2003; Watanakunakorn and Perni, 

1994; Daniels et al., 2014; and Hooton et al., 2009).  

P. mirabilis is known to form a biofilm, fouling the surface of a newly inserted urinary catheter. Surface 

organelles such as fimbriae and other adhesins play a significant role in this process of biofilm formation. 

The enzyme urease also contributes dramatically to this process of biofilm formation. Urea, which is 

excreted through urine, is present in high concentrations in urine (~400 mM) and is the substrate of the 

enzyme urease, to hydrolyze into CO2 and NH3. The liberated ammonia raises the pH of the urine 

(making it alkaline) and initiates the precipitation of otherwise soluble polyvalent anions and cations 

present in urine. This result in the formation of struvite (MgNH3PO4) or apatite (CaPO4) stones and the 

process is called urolithiasis. These crystals can form on and within the lumen of catheters, blocking urine 

flow and necessitating catheter removal and replacement. Stones may also form in the renal tubules or 

renal pelvis, causing inflammation and often requiring surgical removal. This bacterium is capable of 
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invading bladder epithelial cells and produces a variety of cytotoxins that damage the epithelium, leading 

to significant histopathology.  

Infection Stones 

Urinary stones that originate secondary to infection are composed primarily of magnesium ammonium 

phosphate hexahydrate (MgNH4PO4 • 6H2O) but may also contain calcium phosphate in the form of 

carbonate apatite (Ca10[PO4]6 • CO3) (Pearle et al., 2016). Brown was the first to theorize that bacteria 

split urea, thereby setting up the condition for stone formation.  He also isolated Proteus vulgaris from a 

stone (Brown, 1901).  It was Hager and Magath (1925) who postulated that a bacterial enzyme 

hydrolyzed urea into carbon dioxide and ammonia  and it was Sumner (1926) who isolated urease from 

Canavalia ensiformis.
[21]

 It is now well established that struvite stones (magnesium ammonium 

phosphate) occur only in association with urinary infection by urea-splitting bacteria.  

 

 

 
Figure 1a: H & E stain shows gram-negative rod-shaped bacteria – P.Mirabilis; 1b: Bull’s-eye 

pattern of motility due to swarming effect on agar plates; 1c: Infection stones 

 

 
Figure 2a & b: Yellow pus oozing out from the kidney 

2c: Cut-open specimen of kidney showing calculus in the upper ureter 

 

The chemical process of urea lysis provides an alkaline urinary environment and sufficient concentrations 

of carbonate and ammonia to induce the formation of infection stones. As urease is not present in sterile 

human urine, infection with urease-producing bacteria is a prerequisite for the formation of infection 

stones. A cascade of chemical reactions generates the conditions conducive to the formation of infection 
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stones. Urinary urea, a constituent of normal urine, is first hydrolysed to ammonia and carbon dioxide in 

the presence of bacterial urease:  

(NH2)2CO+H2O→2NH3 +CO2 

The alkaline urine that results from this reaction (pH 7.2 to 8.0) favours the formation of ammonium:  

NH3 +H2O→NH4 +OH− (pK=9.0) 

In the presence of urease, ammonia continues to be produced, further increasing urinary pH. The alkaline 

environment also promotes the hydration of carbon dioxide to carbonic acid, which then dissociates into 

HCO3− and H+. This chemical cascade, along with physiologic concentrations of magnesium, provides 

the constituents necessary for precipitation of struvite. Besides, the concentrations of calcium, phosphate, 

and carbonate allow precipitation of carbonate apatite and hydroxy- apatite, thereby comprising the 

components of infection stones (Figure 1c).   

Bacteriology: The most common urease-producing pathogens are Proteus, Klebsiella, Pseudomonas, and 

Staphylococcus species, with Proteus mirabilis the most common organism associated with infection 

stones. Although Escherichia coli is a common cause of urinary tract infections, only rare species of E. 

coli produce urease. 
[22] 

Bacteria may be involved in stone formation by damaging the mucosal layer of 

the urinary tract, resulting in both increased bacterial colonization and crystal adherence (Pearle, 2016).   

Urolithiasis 

Urolithiasis is the process of stone formation, and the urease of P. mirabilis is unambiguously associated 

with the development of infection-induced stone formation (Mobley andWarren, 1987; and Griffith and 

Musher, 1976).
 
Indeed, Proteus species have been isolated in 70% of cases of bacteria-induced stone 

formation (Prywer and Olszynski, 2017). It has been noted that GFP-expressing P. mirabilis could be 

observed within the matrix of urinary stones in mice experimentally infected with P. mirabilis (Li et al, 

2002).
  

Genome sequences of P. mirabilis have also been detected in urinary calculi by PCR (Huang et 

al., 1999). Using confocal microscopy, Schaffer and colleagues (2016) found, that P. mirabilis formed 

extracellular clusters in the bladder lumen that served as the basis for focused mineral deposition, 

consistent with nascent stone formation.  

Cytotoxicity, and histopathology 

P. mirabilis can invade and lyse host cells that have been explored for decades and have been 

demonstrated to contribute to infection progression and the severity of disease in animal models. The 

level of host cell invasion and cytotoxicity achieved by P. mirabilis in vitro varies dramatically by the 

bacterial strain. The pathological changes in the bladder and kidneys of infected animals vary to some 

extent based on the bacterial strain, inoculating dose, and infection model. Several virulence factors have 

been implicated in contributing to cell invasion and cytotoxicity in vitro, as well as histopathological 

changes in vivo. For instance, flagella contribute to invasion in part by allowing the bacterial cells to 

come into proximity to the host cells, and mutants lacking flagella are unable to invade cells unless 

centrifuged directly onto the host cell monolayer (Mobley et al., 1996, Allison et al., 1992).  

Bladder invasion and histopathology: Internalization of P. mirabilis by bladder epithelial cells has been 

directly demonstrated in vitro using a hemolysin (hpmA) mutant to avoid confounding from the effects of 

the cytolytic toxin. In addition to internalization, P. mirabilis is capable of lysing bladder epithelial cells 

using a combination of the Proteus toxic agglutinin (Pta) and hemolysin (Alamuri et al., 2009). 

Intracellular bacteria are uncommonly observed at later times post-inoculation, and P. mirabilis appears 

to instead form large, extracellular clusters within the bladder lumen and adjacent to the urothelium after 

this initial invasion phase rather than establishing the intracellular communities that are characteristic of 

uropathogenic E. coli (Schaffer and Norsworthy, 2016). Formation of these clusters requires urease 

activity and the mannose-resistant Proteus-like (MR/P) fimbriae and protects from infiltrating neutrophils 

(Schaffer and Norsworthy, 2016). 

Kidney invasion and histopathology: Infection with P. mirabilis tends to result in unique kidney 

pathology (Figure 2 a, b, c). For instance, P. mirabilis is the only species that causes a high incidence of 
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kidney stone formation in a rat model of pyelonephritis (Braude and Siemienski, 1960), and it causes 

more kidney stones and greater kidney damage than other urease-positive organisms such as P. stuartii in 

murine models of ascending UTI and CAUTI (Li et al., 2002; and Armbruster et al., 2017. Specifically, 

kidney colonization by P. mirabilis in the ascending model of UTI is most often associated with moderate 

pyelonephritis, including neutrophilic interstitial nephritis within the peri-pelvic renal cortex and 

occasional damage to the surrounding renal parenchyma (Alamuri et al., 2009; Armbruster et al., 2017). 

In addition to directly damaging kidney tissue and inducing inflammation, P. mirabilis proliferates within 

the tubular epithelium of the kidneys in both mice and rats, resulting in necrosis and nephrosis (Braude 

and Siemienski, 1960).
 

 

REFERENCES  
Adeolu M, Alnajar S, Naushad S, and Gupta RS (2016). Genome-based phylogeny and taxonomy of 

the ‘Enterobacteriales’: proposal for Enterobacterales ord. nov. divided into the families 

Enterobacteriaceae, Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae fam. nov., 

Hafniaceae fam. nov., Morganellaceae fam. nov., and Budviciaceae fam. nov. International Journal of 

Systematic and Evolutionary Microbiology, 66(12), 5575-99. 

Alamuri P, Eaton KA, Himpsl SD, Smith SN, Mobley HLT (2009). Vaccination with Proteus Toxic 

Agglutinin, a Hemolysin-Independent Cytotoxin In Vivo, Protects against Proteus mirabilis Urinary Tract 

Infection. Infection and  Immunity, 77 632–641.  

Allison C, Coleman N, Jones PL, Hughes C (1992). Ability of Proteus mirabilis to invade human 

urothelial cells is coupled to motility and swarming differentiation. Infection and Immunity, 60 4740– 

4746.  

Armbruster CE, Mobley HL (2012). Merging mythology and morphology: the multifaceted lifestyle of 

Proteus mirabilis. Nature Reviews Microbiology, 10(11) 743-54.4.  

Armbruster CE, Mobley HL, Pearson MM (2018). Pathogenesis of Proteus mirabilis infection. EcoSal 

Plus, 8(1).  

Armbruster CE, Prenovost K, Mobley HL, Mody L (2017). How often do clinically diagnosed 

catheter‐associated urinary tract infections in nursing homes meet standardized criteria?. Journal of the 

American Geriatrics Society, 65(2) 395-401. 

Armbruster CE, Smith SN, Johnson AO, DeOrnellas V, Eaton KA, Yep A, Mody L, et al., (2017).  
The Pathogenic Potential of Proteus mirabilis is Enhanced by Other Uropathogens During Polymicrobial 

Urinary Tract Infection. Infection and Immunity, 85 e00808–00816.  

Bichler KH, Eipper E, Naber K et al., (2002). Urinary infection stones. International Journal of 

Antimicrobial Agents, 19 488–98.  

Braude AI, Siemienski J (1960). Role of bacterial urease in experimental pyelonephritis. Journal of 

Bacteriology, 80 171–179.  

Breitenbucher RB (1984). Bacterial changes in the urine samples of patients with long-term indwelling 

catheters. Archives of internal medicine.; 144(8) 1585-8.  

Brown TR (1901). On the relation between the variety of microorganisms and the composition of stone 

in calculous pyelonephritis. Journal of American Medical Association, 36 1395–7. 

Daniels KR, Lee GC, Frei CR (2014). Trends in catheter-associated urinary tract infections among a 

national cohort of hospitalized adults, 2001–2010. American Journal of Infection Control, 42 17–22.  

Foxman B, Brown P (2003). Epidemiology of urinary tract infections: transmission and risk factors, 

incidence, and costs. Infectious Disease Clinics of North America, 17 227–241.  

Griffith DP, Musher DÁ, Itin C (1976). Urease. The primary cause of infection-induced urinary stones. 

Investigative Urology, 13(5) 346. 

Hager BH, Magath TB (1925). The etiology of encrusted cystitis with alkaline urine. JAMA, 85 1352–5.  

Hooton TM, Bradley SF, Cardenas DD, Colgan R, Geerlings SE, Rice JC, Saint S, Schaeffer AJ, 

Tambayh PA, Tenke P, Nicolle LE (2010). Diagnosis, Prevention, and Treatment of Catheter-



CIBTech Journal of Microbiology ISSN: 2319-3867  

An Online International Journal Available at http://www.cibtech.org/cjm.htm  

2021 Vol.10 pp.8-12/Patel et al. 

Review Article (Open Access) 

 Centre for Info Bio Technology (CIBTech)  12 

 

Associated Urinary Tract Infection in Adults: 2009 International Clinical Practice Guidelines from the 

Infectious Diseases Society of America. Clinical Infectious Diseases, 50 625–663.  

Huang HS, Chen J, Teng LJ, Lai MK (1999). Use of polymerase chain reaction to detect Proteus 

mirabilis and Ureaplasma urealyticum in urinary calculi. Journal of the Formosan Medical Association 98 

844–850.  

Hung EW, Darouiche RO, Trautner BW (2007). Proteus bacteriuria is associated with significant 

morbidity in spinal cord injury. Spinal cord, 45(9) 616-20. 

Jacobsen SM, Stickler DJ, Mobley HL, Shirtliff ME (2008). Complicated catheter-associated urinary 

tract infections due to Escherichia coli and Proteus mirabilis. Clinical Microbiology Reviews, 21(1) 26-59. 

Kim BN, Kim NJ, Kim MN, Kim YS, Woo JH, Ryu J (2003). Bacteraemia due to tribe Proteeae: a 

review of 132 cases during a decade (1991–2000). Scandinavian Journal of Infectious Diseases, 35 98–

103.  

Li X, Zhao H, Lockatell CV, Drachenberg CB, Johnson DE, Mobley HL (2002). Visualization of 

Proteus mirabilis within the matrix of urease-induced bladder stones during experimental urinary tract 

infection. Infection and immunity; 70(1) 389-94. 

Li X, Zhao H, Lockatell CV, Drachenberg CB, Johnson DE, Mobley HL (2002). Visualization of 

Proteus mirabilis within the matrix of urease-induced bladder stones during experimental urinary tract 

infection. Infection and Immunity, 70 389–394.  

Mobley H, Belas R, Lockatell V, Chippendale G, Trifillis A, Johnson D, et al., (1996).  Construction 

of a flagellum-negative mutant of Proteus mirabilis: effect on internalization by human renal epithelial 

cells and virulence in a mouse model of ascending urinary tract infection. Infection and Immunity, 64 

5332–5340.  

Mobley HL, Warren JW (1987). Urease-positive bacteriuria and obstruction of long-term urinary 

catheters. Journal of Clinical Microbiology, 25(11) 2216-7. 

Nicolle LE (2005). Catheter-related urinary tract infection. Drugs & Aging, 22(8) 627-39. 

Pearle MS, Antonelli JA and Lotan Y (2016). Urinary Lithiasis: Etiology, Epidemiology, and 

Pathogenesis. In Wein AJ , Kavoussi LR , Partin AW & Peters CA Eds , Campbell-Walsh Urology, 11
th
 

ed, Elsevier, Philadelphia, p 1170 .  

Prywer J, Olszynski M (2017). Bacterially Induced Formation of Infectious Urinary Stones: Recent 

Developments and Future Challenges. Current Medicinal Chemistry, 24 292–311.  

Schaffer JN, Norsworthy AN, Sun T-T, Pearson MM (2016). Proteus mirabilis fimbriae- and urease- 

dependent clusters assemble in an extracellular niche to initiate bladder stone formation. Proceedings of 

the National Academy of Sciences 113 4494–4499.  

Sumner JB (1926). The isolation and crystallization of the enzyme urease. Journal of Biology and 

Chemistry, 69 435–41. 

Warren JW, Tenney JH, Hoopes JM, Muncie HL, Anthony WC (1982).  A prospective microbiologic 

study of bacteriuria in patients with chronic indwelling urethral catheters. The Journal of Infectious 

Diseases, 146(6) 719-23.  

Watanakunakorn C, Perni SC (1994). Proteus mirabilis bacteremia: a review of 176 cases during 

1980– 1992. Scandinavian Journal of Infectious Diseases, 26 361–367.  


