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ABSTRACT 
 
 The hydrolysis of urea is catalyzed by means of urease enzyme. Urea hydrolysis is the most efficient way of 
the carbonate generating reactions, as it can be easily controlled, with the potential to produce high 
concentrations of carbonate within a short time. It not only provides an alkaline pH, but also generates a readily 
available supply of carbonate for CaCO3 precipitation. In this study we used the alkaliphelic model bacterium 
Sporosarcina pasteurii (formerly Bacillus pasteurii) for ureolysis and Microbially Induced Calcite Precipitation 
(MICP). Urease activity and induction of CaCO3 precipitation were tested for the bacterium, S. pasteurii. 
Bacterial cultural characteristics were examined macroscopically on nutrient agar-urea. It appeared circular 
slightly raised shape; entire margin; creamy-glossy color. Microscopic examination shows mono, diplo and 
strepto bacilli. Ureolysis was examined on the urea agar base medium (UAB). Urease activity rate was assayed 
by conductivity method and it was 0.048 mS/min. Stability of urease activity in prolonged incubation of reaction 
mixture was investigated and it shows a stable rate of activity during 106 minutes. Induction of calcium 
carbonate precipitation via ureolysis also has been investigated in both solid (on calcite inducing agar) and broth 
(nutrient broth-urea/calcium chloride) media. Different types and shapes of CaCO3 crystals in the precipitation 
agar media were imaged. 
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Introduction 
 
 Ureases (urea amidohydrolases, EC 3.5.1.5) are a group of enzymes widespread in nature among plants, 
bacteria, fungi, algae and invertebrates, that although with different protein structures, exercise a single catalytic 
function, that is the hydrolysis of urea (H2N-CO-NH2), its final products being ammonia and carbonic acid. The 
primary common feature of the enzymes is the presence of metal centers in their active sites, whose task is to 
activate the substrate and water for the reaction. Ureases are possess Ni(II) ions in the active site (Mobley et al., 
1989; Krajewska, 2009). 
 Calcium carbonate precipitation is a general phenomenon in the bacterial world under appropriate 
conditions. Numerous diverse microbial species participate in the precipitation of mineral carbonates in various 
natural environments (Hammes et al., 2003). Among different types of carbonate precipitation, calcium 
carbonate (CaCO3) precipitation occurred by two different mechanisms (Lowenstan and Weiner, 1988); 
biologically controlled or biologically induced. In biologically controlled, the organism controls the process, i.e. 
nucleation and growth of the mineral particles, independently of environmental conditions. However, calcium 
carbonate production by bacteria is generally regarded as “induced”, as the type of mineral produced is largely 
dependent on the environmental conditions and no specialized structures or specific molecular mechanism are 
thought to be involved. The microbial induction manner for the precipitation of calcium carbonate is so called 
Microbially Induced Calcite Precipitation (MICP). Hammes and Verstraete, (2002) described the parameters 
which govern the induction of calcium carbonate precipitation which are; (a) calcium concentration, (b) 
carbonate concentration, (c) pH of the environment, and (d) presence of nucleation sites. 
 MICP by urea hydrolysis has been used by many researchers because ureolytic bacteria are widespread in 
the environment (Fujita et al., 2000); also, urea hydrolysis is the most efficient way of the carbonate generating 
reactions, as it can be easily controlled, with the potential to produce high concentrations of carbonate within a 
short period. In addition, it not only provides an alkaline pH, but also generates a readily available supply of 
carbonate (Whiffin, 2004). The hydrolysis of urea is catalyzed by means of urease enzyme. As a consequence, 
urea is degraded to carbonate and ammonium, resulting in an increase of the pH and carbonate concentration in 
the bacterial environment, which induces the formation of CaCO3 (Stocks-Fischer et al., 1999). 
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 The applications of the MICP are introduced in three main categories, (I) to create new materials such as 
BioCement (Whiffin, 2004; Rong et al., 2012), BioBricks (Dosier, 2011) and BioGrout (Whiffin et al., 2007; 
Al-Thawadi, 2008; Van Paassen et al., 2009); (II) to participate in the improvement of traditional building 
materials to add new characteristics or to enhance the existing ones, such as improvement the strength of 
building materials and reduction of its water absorption (Sarda et al., 2009; De Belie and De Muynck 2009; 
Jroundi et al., 2010; De Muynck et al., 2013), and  (III) to originate a novel ideas such as self-healing concrete 
(Jonkers 2007; Wang et al., 2012). Also, MICP has a role in some environmental biotechnology applications 
such as wastewater treatment; that especially for precipitation–removal of calcium (as CaCO3) from Ca2+ rich 
industrial wastewater (Hammes et al., 2003b). 
 In this study the alkaliphelic model bacterium Sporosarcina pasteurii (formerly Bacillus pasteurii (Yoon et 
al., 2001)) for ureolysis and MICP was tested. We assessed the urease activity of the microorganism using 
conductivity method. In addition, we have to test the induction of CaCO3 precipitation in both solid and broth 
media. 
 
Materials and Methods 
 
Bacterial strain and culture conditions: 
 
 The highly ureolytic bacterial strain Sporosarcina pasteurii (NCIMB 8841) was purchased from National 
Collection of Industrial and Marine Bacteria (NCIMB). Bacterial strain was cultured in Nutrient broth 
supplemented with 2% Urea (NB-U), and incubated for 24h at 30°C under shacking condition at 130 rpm. Urea 
was sterilized separately by filtration using Millipore 0.2µm filter, and then added to sterile broth media post 
autoclaving to avoid decomposition by heat. 
 
Macroscopic and microscopic culture examination: 
 
 24h-old culture of S. pasteurii streaked on Nutrient agar-Urea (NA-U) plate was used for macroscopic 
examination and morphological characterization of bacterial colony. Overnight culture of Nutrient broth-Urea 
(NB-U) was used for microscopic examination of cells. An aliquot of broth culture was transferred by sterile 
pipette onto glass slide, and then examined under light microscope (Nikon phase contrast light microscope, 
japan) using 100x lens.  
 
Qualitative urease assay: 
 
 Christensen’s Urea Agar Base (UAB) is a solid media for rapid qualification and screening of urease 
enzyme (Atlas, 2010). It composed from (g/l); urea, 20.0; NaCl, 5.0; peptone, 1.0; glucose, 1.0; KH2PO4, 2.0; 
phenol red, 0.012 and agar, 15.0; (pH 6.5). All components of media were autoclaved except urea which filter-
sterilized then added after autoclaving. UAB slants were inoculated with S. pasteurii fresh culture, and then kept 
at 30°C for incubation. Slants were examined continually to record the pink color development. 
 
Quantitative urease assay by electric conductivity: 
 
 Conductivity method for urease activity assay was used in this study. For enzyme assay, 1.0ml of bacterial 
broth culture (NB-U) was added to 9.0 ml of 1.11 M urea solution (Harkes et al., 2010). Final conductivity 
record could be taken after 5 minutes of incubation at 20ºC by electric conductivity meter (JENWAY- 4510). 
Urease activity is presented by the rate of conductivity increase as mS/min.  
 
CaCO3 precipitation in agar plate state: 
 
 Calcite precipitation agar (CPA) is a solid medium for screening of bacterial precipitation of calcium 
carbonate through ureolysis (Stocks-Fischer et al., 1999). It composed from (g/l); nutrient broth, 3.0; urea, 20.0; 
CaCl2.2H2O, 28.5; NaHCO3, 2.12; NH4Cl, 10.0; Agar, 15.0. All media components were autoclaved except urea 
which filter-sterilized then added after autoclaving. For CaCO3 ppt. screening, 20µl of broth culture was 
inoculated in the center of plate, and then incubated at 30°C for 6 days. Three replicates were tested. The plates 
were examined continually to record the CaCO3 precipitation. Precipitation zone was pictured, and its diameter 
was measured using the ruler tool of the software Adobe Photoshop CS4. 
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CaCO3 precipitation in broth state: 
 
 For measurement of CaCO3 precipitation in broth, Nutrient broth supplemented with 2% urea and calcium 
chloride (NB-U/Ca) were used. 30ml of NB-U/Ca was inoculated with 2% inoculum then incubated under 
shaking condition (at 130 rpm) at 30ºC for 7 days. Three replicates were tested. Precipitated CaCO3 was filtered 
through filter paper (Whatman filter paper), which dried in 60°C oven for 3hours, then weighted. CaCO3 
precipitant weight (Wc) could be determined from the equation: 
 
Wc = Wfc - Wf 
 
where (Wfc) is the weight of filter paper containing precipitant; and (Wf) is the weight of empty filter paper. 
 
Microscopic examination of CaCO3 precipitation: 
 
 CaCO3 crystals were examined by light microscope. A small piece of agar was taken from the precipitation 
area in CPA media, then transferred onto glass slide then examined by Olympus inverted metallurgical 
microscope GX71, Japan. 
 
Results and Discussion 
 
Macroscopic and microscopic examination of S. pasteurii: 
 
 S. pasteurii grew in NB-U showed high growth rate with turbid-creamy appearance. The broth converted to 
complete turbid in the first 12h of incubation, with the elevation of special odor of ammonia. Staley et al., 2007 
reported that this alkaliphelic bacterium is especially suited for growth on urea, and it does not grow on ordinary 
nutrient broth unless urea is added to it. As the urea is degraded, ammonia is produced and the pH rises. The 
organism can tolerate pH values between 8.0 and 9.5. Atlas (2010) also noted that Nutrient media supplemented 
with filter-sterilized 2% urea is used for routine cultivation and maintenance of Bacillus pasteurii. 
 Colony morphology appeared on NA-U showed circular slightly raised shape; entire margin; creamy-glossy 
color; opaque colony; and smooth texture. Microscopic examination of S. pasteurii showed long-straight rod 
cells with mono, diplo and strepto bacilli. S. pasteurii showed spherical-terminal endospore formed after a 
period of incubation. Bacterial characteristics on nutrient agar-urea plates as well as microscopic examination of 
S. pasteurii are confirmed by that described in a textbook of bacteriology, Bergey's Manual of Systematic 
Bacteriology (De Vos et al., 2009). 
 
Urease test on agar (qualitative urease assay): 
 
 The capability of S. pasteurii to hydrolyze urea by urease was tested on a solid medium, Christensen’s Urea 
Agar Base (UAB). Figure 1 shows qualitative urease activity on UAB slant after 24h of incubation.  Positive 
urease activity appeared in slants which its color turned from yellow to pink in comparison with control negative 
(un-inoculated medium) which still yellow. UAB medium is used for the differentiation of a variety of 
microorganisms, especially on the basis of urease production (Atlas 2010).  In addition, UAB has been used in 
several studies for isolation and differentiation of ureolytic microorganisms for the purpose of carbonate 
precipitation (Hammes et al., 2003; Achal and Pan 2011; Achal et al., 2010; Chahal et al., 2011; Burbank et al., 
2012). UAB contains urea and pH indicator, phenol red. When urea is hydrolyzed, ammonia accumulates in the 
medium and makes it alkaline. This increase in pH causes the indicator to change from yellow to deep pink and 
is a positive test for urea hydrolysis (Prescott 2002). S. pasteurii cultures in slants (Figure 1) showed a rapid and 
intense pink color development indicating its urea hydrolysis ability by urease enzyme. 
 
Urease assay by conductivity (quantitative urease assay): 
 
 Urease assay by conductometer is preferred in this study because it is accurate and reliable method. Once 
the enzyme was added to substrate solution, the conductivity was recorded as Zero time; then it recorded at the 
minutes 1, 2, 3, 4 and 5. Triplicate tests were examined. Figure 2 shows the results of primary assay of urease 
activity by conductivity.  
 As showed in Figure 2, the conductivity continuously increased with time in a positive proportional relation 
with urease activity. It shows stability and consistency in the rate of conductivity increase in the first 5 minutes 
of reaction (i.e. conductivity increase per minute). The rates of enzyme activity of the three tests were 0.056, 
0.038 and 0.052 mS/min for Test1, Test2 and Test3 respectively. The average enzyme activity is 0.048 mS/min. 
In addition, it shows regular increase in the electric conductivity with time, and the correlation between these 
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two variables was calculated for the three tests. Correlation Coefficients (R) were 0.997, 0.995 and 0.999 Test 1, 
Test 2 and Test 3 respectively with an average of 0.997. 

 
 
Fig. 1: Qualitative urease assay of S. pasteurii on UAB slants after 24h incubation at 30ºC. 
 

 
 
Fig. 2: Increased medium conductivity over 5 min proportional to urease hydrolysis of urea. 
 
 The conductimetric method is suitable for quantification of whole cell urease enzyme activity. Increased 
medium conductivity is due to the generation of ionic products of NH4+ and CO3

2- from non-ionic substrate, urea 
(Whiffin 2004). The regular increase in conductivity with time is attributed to the regular hydrolysis of urea, and 
that has been confirmed by the calculation of correlation coefficients (R) for all tests. The high correlation 
coefficients indicating very strong positive linkage between conductivity increase and urea hydrolysis; that 
makes the enzyme activity (EA) could be presented by the rate of conductivity increase; mS/min (Chin and 
Kroontje, 1962; Whiffin, 2004; Al-Thawadi, 2008; van Paassen, 2009). 
 
Effect of reaction mixture incubation time on urease activity: 
 
 In the previous experiment, urease activity was assessed through five minutes, and it showed stable increase 
in its activity; but what about the prolonged incubation of the reaction mixture? To answer this question, six 
replicates of two S. pasteurii cultures (three replicates for each culture) were assayed for urease activity with 
different time intervals of reaction mixture incubation, to chick if there is variability in enzyme activity after a 
long time of incubation. The bacterial cultures used are 24h old cultures (A) and 48h old culture (B). Data of 
this experiment is presented in Table 1 and plotted in Figure 3. The figure shows the relation between electric 
conductivity and time, which gave a stable positive linear relation, even with different replicates of different 
patches of S. pasteurii. Tests were assayed 24 ones, and intervals are ranged from 0 to 106 min. The records 
were minimum EC of 3.87 mS/cm and maximum EC of 6.07 mS/cm. The calculated Coefficient of 
Determination (R2) was 0.9722 which is strong indication to the stable and homogenous linearity of the relation 
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between enzyme activity and incubation time (i.e reaction mixture) within a given period. This relation allows 
recording the enzyme activity with more flexibility. 

 
Fig. 3: A plot showing Electric Conductivity (EC (mS/cm)) for 24 records of urease assay mixtures at different 

intervals (min). Linear trendline is calculated, with Coefficient of Determination (R2) of 0.9722. 
 
Table 1: Electric conductivity (EC (mS/cm)) of urease assay mixture at different time intervals (min).  

A1 A2 A3 B1 B2 B3 
Time 
(min) 

EC 
(mS/cm) 

Time 
(min) 

EC 
(mS/cm) 

Time 
(min) 

EC 
(mS/cm) 

Time 
(min) 

EC 
(mS/cm) 

Time 
(min) 

EC 
(mS/cm) 

Time 
(min) 

EC 
(mS/cm) 

0 3.87 0 4.1 0 4.06 0 4.11 0 4.11 0 4.21 
5 4.01 5 4.21 5 4.16 5 4.29 5 4.27 5 4.36 
66 5.28 59 5.37 61 5.23 38 4.9 39 4.99 32 4.85 

106 5.89 104 6.07 100 5.93 77 5.69 76 5.73 69 5.6 
A, 24h old culture; B, 48h old culture; 1, 2, 3, number of replicates.  

 
CaCO3 precipitation zones on agar plates: 
 
 CPA media was used for CaCO3 precipitation (Stocks-Fischer et al., 1999). Calcium carbonate crystals 
formed in agar appeared as white precipitant within and around the growth area. Figure 4 shows the CaCO3 ppt. 
in plates after 6 days of incubation. The diameter of precipitation zone was measured using the ruler tool of 
Adobe Photoshop software (APR) (Table 2). As showed in Figure 4, CPA media exhibits white calcium 
carbonate precipitant, appeared as distinct circular zone around the growth area.  
 
Table 2: Diameter measurement of CaCO3 precipitation zones after 6 days of incubation in CPA media. The ruler tool of Adobe Photoshop 

software (APR) was used. 
Plate Diameter 

Width Height Average 
A 1.95 1.98 1.965 
B 1.79 1.75 1.77 
C 1.48 1.89 1.685 

 

 
 
Fig. 4: CaCO3 precipitation after 6 days of incubation in CPA media. 
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Quantitative CaCO3 precipitation assay: 
 
 Directly after inoculation of NB-U/Ca, a white powder appeared in the media and its density increased with 
incubation. After 7 days of incubation, CaCO3 precipitant were collected and weighted as described above. 
Figure 5 shows the weights of carbonate ppt. which were 0.78, 0.80 and 0.76 gm for Rep1, Rep2 and Rep3 
respectively. 
 The formation of CaCO3 precipitant is due to the hydrolysis of urea which results in the production of 
ammonia and carbonate. Ammonia release act to raise the pH of the medium, while condition favors calcium 
carbonate precipitation. Carbonate binds calcium ions present in medium resulting in the formation of calcium 
carbonate crystals which deposited in agar as well as in broth media (Stocks-Fischer et al., 1999; Hammes et al., 
2003a; Whiffin, 2004; Al-Thawadi, 2008). The global reaction for CaCO3 precipitation can be written as 
follows (De Muynck et al., 2010): 
 
CO(NH2)2 +2H2O → 2NH4

+ + CO3
2− CO3

2− + Ca2+ → CaCO3 

 

 
 
Fig. 5: CaCO3 precipitation weights after 7 days of incubation in NB-U/Ca inoculated by S. pasteurii. 
 
Microscopic examination of CaCO3 crystals: 
 
 Calcium carbonate crystals precipitated by S. pasteurii in CPA media were imaged by microscope after the 
incubation period. Examination was for the crystals within agar itself where CaCO3 crystals were suspended and 
distributed. Figure 6 shows the crystals precipitated within agar matrix; with monocrystal rhombohedra together 
with polycrystal spheres (Fig. 6 A and B). Monocrystal spheres also appeared with monocrystal rhombohedra 
(Fig. 6 C and D). Figure 6 E shows the individual and coalescent rhombohedra. Free monocrystal and clusters of 
monocrystal rhombohedra are shown in Figure 6 F. 
 Many factors could affecting the type and shape of carbonate crystals. Hammes et al., (2003a) noted that 
differences in crystal morphology are the result of differences in the functional attributes of a precipitating 
microorganism. Differences in size and morphology of the crystals also could be attributed to the differences in 
the saturation state of the system preceding nucleation (Rodriguez-Navarro et al., 2003). Other factors as the 
rate of urea hydrolysis (Whiffin, 2004), urea and calcium dosages (De Muynck et al., 2013) activities of other 
enzymes such as carbonic anhydrase (Li et al., 2010) and amino acids such as glutamic acid (Braissant et al., 
2003; Li et al., 2010) have strong influences on the type and morphology of carbonate crystals. Extracellular 
polymeric substances (EPS) also may have influences, while changes in the composition and concentration of 
EPS have an influence on both the morphology and the mineralogy of the carbonate crystals (Braissant et al., 
2003; Zamarreño et al., 2009). EPS also appear to be involved in increasing the size of the crystals by causing 
the aggregation of smaller crystals as reported by Buczynski and Chafetz (1991). 
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Fig. 6: Microscopic image of agar matrix containing different types and shapes of CaCO3 precipitated by S. 

pasteurii in CPA medium. A and B, monocrystal rhombohedra (circle) and polycrystal spheres (arrow); 
C, monocrystal rhombohedra (circle) and monocrystal spheres with needle shape forming black cross 
(arrows); D, magnification of C; E, individual (circle) and coalescent (arrow) rhombohedra; F, free 
monocrystal (circle) and clusters of monocrystal rhombohedra. 

 
Conclusion: 
 
 In this study, we examined the efficiency of urea hydrolysis by urease activity of S. pasteurii qualitatively 
by the differential media, urea agar base (UAB). In addition, the quantitative assay of urease activity by 
conductivity method is confirmed and S. pasteurii has proved to produce a sufficient ureolytic activity for 
carbonate precipitation. Urease activity of S. pasteurii showed stability and consistency even with the prolonged 
incubation of the reaction mixture. An effective CaCO3 precipitation has been tested using both solid and broth 
media. Different types and shapes of CaCO3 crystals were imaged in the precipitation agar media. 
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