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Two bacterial strains designated as CT2 and CT5 were

isolated from highly alkaline cement samples using the

enrichment culture technique. On the basis of various

physiological tests and 16S rRNA sequence analysis, the

bacteria were identified as Bacillus species. The urease

production was 575.87 U/ml and 670.71 U/ml for CT2 and

CT5, respectively. Calcite constituted 27.6% and 31% of

the total weight of sand samples plugged by CT2 and

CT5, respectively. Scanning electron micrography analysis

revealed the direct involvement of these isolates in calcite

precipitation. This is the first report of the isolation and

identification of Bacillus species from cement. Based on

the ability of these bacteria to tolerate the extreme

environment of cement, they have potential to be used in

remediating the cracks and fissures in various building or

concrete structures.
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Microorganisms are active in a wide range of mineralization

processes and have been involved in the deposition of

minerals throughout the history of the Earth [14]. Bacteria

from soils, freshwater, and saline habitats have frequently

been reported to be able to precipitate calcium carbonate

both in natural and in laboratory conditions. This capability

has been related to the formation of marine calcareous

skeletons, carbonate sediments, and soil carbonate deposits

[26, 29]. According to Boquet et al. [11], calcium carbonate

precipitation is a general phenomenon in the bacterial

world, and under suitable conditions, most bacteria are

able to precipitate calcite crystals. 

Microbiologically induced calcium carbonate precipitation

(MICCP) is composed of a series of complex biochemical

reactions, including concomitant participations of microbial

urease (urea amidohydrolase; E.C. 3.5.1.5), and high pH.

The microbial urease hydrolyzes urea to produce ammonia

and carbon dioxide, and the ammonia released into the

surroundings subsequently increases the pH, leading to

accumulation of insoluble calcium carbonate [33].

The biomediated production of calcite crystals by

calcifying bacteria has great applicable value for the

restoration of deteriorated calcareous monuments and

remediation of cracks and fissures in structures. Species of

the Bacillus group are able to precipitate calcite on their

cell constituents and in their microenvironment by

conversion of urea into ammonia and carbon dioxide.

Microbial mineral precipitation technologies have already

been used for consolidation of sand columns [3, 33], for

repair of limestones [35], and to a small extent for

remediation of cracks in concrete [8, 10, 28].

Despite the importance of these bacteria in remediation

of cracks and fissures, very few bacteria have been

exploited. Microorganisms inhabit all possible locations

including extremes, and exhibit growth and reproduction in

such environments [31]. There is a need to explore extreme

alkaline environments to isolate indigenous bacteria that can

survive in concrete structures for effective biocalcification.

In this investigation, two bacterial strains have been

isolated from cement samples and their abilities to produce

urease and calcite tested. Furthermore, these strains have

been identified based on physiological and molecular

characteristics.

MATERIALS AND METHODS

Sample Collection

Cement samples were collected from the commercial bags and placed

in radiation-sterilized polypropylene bottles (HiMedia, Mumbai).

The physicochemical parameters of the cement, such as pH, specific

gravity, silica content, and alumina content, were analyzed using

standard methods (Table 1).
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Enrichment of Sample and Bacteria Isolation 

To enrich the cement samples for urease-producing bacteria, 1 g of

cement was inoculated into 50 ml of nutrient broth (HiMedia, India)

(pH 8.0) containing 2% urea, and incubated at 37oC for 120 h under

shaking condition (130 rpm). Bacteria were enumerated using the

serial dilution technique by total plate count method on nutrient agar

plates. The plates were incubated at 37oC overnight. Subsequently,

the colonies were transferred onto urea agar base (HiMedia, India),

a urease selective medium, to check the production of urease. Two

isolates, designated as CT2 and CT5, were selected for further

studies based on their abilities to produce urease qualitatively. 

Phenotypic Characterization

Morphological characterizations of colony, cell, and spore morphology;

Gram reaction; motility; catalase, oxidase, citrate, and malonate

utilization; nitrate reduction; phenylalanine deamination; and starch,

casein, gelatin, and esculin hydrolysis were performed by standard

methods. A total of 35 carbohydrate fermentation tests were performed

according to the manufacturer’s instructions (HiMedia, India).

The isolates were also inoculated on nutrient media with different

sodium chloride concentrations (0%, 2%, 5%, 7%, 10%, 12%, and

15%) to determine the survival in saline conditions. Temperatures

between 25
o
C and 55

o
C at the interval of 5

o
C were chosen to test

the growth pattern of bacterial isolates. The ability of bacterial

isolates to grow in nutrient plates at different pH (i.e., 4.0-13.0,

with an interval of 0.5 units up to pH 12 and 0.1 unit from pH 12 to

13) was also determined after incubating at 37oC for different time

intervals.

Molecular Characterization 

Genomic DNA was extracted from overnight grown bacterial cells

by alkaline lysis. The 16S rRNA gene from the genomic DNA was

amplified by PCR using the following primers: 5'-AGAGTTTG

ATCCTGGCTCAG-3' and 5'-AAGGAGGTGATCCAGCCGCA-3',

corresponding to the forward and reverse primers of 16S rDNA,

respectively. PCR amplification was performed using a GeneAmp

PCR system (Applied Biosystem, USA) as described by Krishna et

al. [22]. The 16S rRNA amplicon was gel eluted and ligated into

the pTZ57R/T vector as per the manufacturer’s instructions (Fermentas,

USA). The sequences were generated by the chain termination

method using an Applied Biosystem automated sequencer (Delhi

University, South Campus, Delhi, India). The 16S rRNA gene

sequence was compared with the Ribosomal Database Project-II

[15] and with those from GenBank using the BLASTN program [5].

A phylogenetic tree was constructed by the neighbor-joining method

using MEGA 4.0 software [34]. The 16S rRNA gene sequences for

CT2 and CT5 determined in this study were deposited in the

GenBank of the NCBI under the accession numbers FJ973471 and

FJ973470, respectively.

Urease Activity

The urease activity was determined for bacterial isolates in nutrient

broth media containing filter-sterilized 2% urea and 25 mM CaCl2,

by measuring the amount of ammonia released from urea according

to the phenol-hypochlorite assay method [27] at different time

intervals, as described in Achal et al. [3]. One unit of urease is

defined as the amount of enzyme hydrolyzing one µmole of urea

per minute.

Protease Activity

Alkaline protease activity was determined according to the method

of Fukumoto et al. [17]. One ml of the culture was added to 5 ml of

0.6% casein and incubated at 37oC for 10 min. The reaction was

stopped by adding 5 ml of a TCA mixture [36 ml of 50% (w/v)

TCA, 220 ml of 1 M sodium acetate, and 330 ml of 1 M acetic acid

in a total volume of 1,000 ml]. The unreacted casein was precipitated,

the resulting precipitate was filtered, and the optical density of the

filtrate was measured at 275 nm against a blank. A standard graph

was generated using 5-50 µg/ml of tyrosine. One unit of protease

activity was defined as the amount of enzyme that liberated one

microgram of tyrosine per minute at 37oC.

Extracellular Polymeric Substances and Biofilm Production

Extracellular polymeric substances (EPS) production from CT2 and

CT5 was determined according to the procedure described by

Friedman et al. [16]. Briefly, the dye Congo red (CR) was mixed in

a bacterial culture (108 CFU/ml) at a concentration of 3.5 mg/l in

order to stain EPS-producing strains, and the aliquots were incubated

for 30 min. To remove the cells, the dyed culture was centrifuged

for 5 min at 8,000 rpm. Optical density was measured at 430 nm.

The quantity (nmol) of EPS production was calculated by CR bound

per 10
8

CFU/ml.

Biofilm production from both isolates was established aseptically

in nutrient broth containing urea-CaCl
2 

on glass plates (25×75 mm).

Solid-surface-associated biofilm formation was estimated by
 
the

crystal violet (CV) staining method as described in Achal et al. [4].

The CV attached to the biofilm was quantified by measuring its

absorbance at 570 nm.
 

Microbial Calcification and Calcite Estimation 

Calcification was studied by microbial sand plugging. In this method,

overnight grown bacterial cells of OD600 1.0 in nutrient broth

medium containing filter-sterilized 2% urea and 25 mM CaCl2 were

mixed with autoclaved river sand and plugged in a plastic column

(diameter=4 cm, height=12 cm), and the bottom side of the column

was blocked using Whatman filter paper. A control reaction was

packed in the column in which sterile sand was mixed with media

only (without cells). The column was fed with the above-mentioned

medium for 10 days at an interval of 24 h. After complete sand

consolidation, the microbial sand column was divided into three

Table 1. Physicochemical properties of cement.

Parameter Value

Physical Analysis

pH 12.5-12.8 

Specific gravity (g/cm) 3.15

Chemical Analysis

Lime (CaO) 63.5%

Silica (SiO2) 19.1%

Alumina (Al2O3) 4%

Iron oxide (Fe2O3) 2.9%

Magnesia (MgO) 2.8%

Sulfur trioxide (SO3) 2.6%

Soda and/or potash (Na2O+K2O) 0.8%

Loss on ignition 2.3%
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layers (upper, middle and lower layer) and each layer was individually

ground and sieved through a 45-µm-diameter mesh prior to calcite

estimation. Precipitated calcite from each layer was measured by the

EDTA titration method [7].

Scanning Electron Microscope (SEM) Examination

Microbial sand columns were broken by applying mechanical force.

The samples were then dried under vacuum in a desiccator at room

temperature. SEM micrographs were obtained using a Zeiss EVO

50 at accelerating voltages ranging from 30 to 35 kV. Samples were

gold coated with a sputter coating Emitech K575 prior to examination.

RESULTS 

Isolation, Characterization, and Identification of Bacteria

Among the different bacteria isolated, only two bacterial

isolates were selected based on higher urease and calcite

production. Both isolates (CT2 and CT5) were Gram

positive, rod shaped with opaque creamy appearance on

agar plate, nonmotile, and catalase and oxidase positive. No

pigments were produced by these isolates. CT5 was able to

hydrolyze starch, casein, gelatin, and esculin, whereas CT2

hydrolyzed starch only. Acid production was noted with

lactose, xylose, fructose, dextrose, raffinose, trehalose,

arabinose, glycerol, sorbitol, mannitol, sucrose, ribose, and

ONPG in the case of CT5, whereas only with sucrose, lactose,

and ribose in the case of CT2. Citrate was utilized by CT5

only. The CT2 and CT5 isolates showed growth in a pH

range of 6.5-10 and 6-11, respectively, after incubating

the plates for 12-16 h, but these isolates tolerated pH up to

12.6 and 12.9, respectively, when incubated for 72 h.

When subjected to salinity and temperature tests, CT2

and CT5 were able to survive 0-8% and 0-10% NaCl

concentrations and a temperature range of 25-50oC and

25-55oC, respectively (Table 2). These physiological features

show marked differences between the isolates. 

The nucleotide BLAST and RDP-II analyses showed

that both isolates belong to phylum Firmicutes and family

Bacillaceae. Phylogenetic analysis revealed that CT2 and

CT5 showed less than 98% similarity with different

species of Bacillus. The phylogenetic analysis grouped

CT5 into B. cereus, B. anthracis, and B. mycoides, and

CT2 into B. fusiformis and Lysinibacillus sphaericus. 

Urease and Protease Activities

Both isolates showed maximum urease productivity at

120 h. The CT2 isolate was able to produce 575.87 U/ml of

urease, whereas the CT5 produced 670.71 U/ml of urease in

nutrient broth containing urea-CaCl
2 
(Fig. 2A). After 120 h,

the urease production was decreased. The alkaline protease

activity increased with the increase in time. The maximum

protease activity was observed with CT5 (63.67 U/ml)

followed by CT2 (54.39 U/ml) at the end of 168 h (Fig. 2B).

Extracellular Polymeric Substances and Biofilm

Production

EPS production was more in the case of CT5 (46 nmol/ml)

compared with CT2 (35.4 nmol/ml). A mature sessile

bacterial community was observed in the case of both

isolates as a result of biofilm production; however, CT5

Table 2. Physiological characteristics of cement isolates CT2 and
CT5.

Characteristics CT2 CT5

Shape Rod Rod

Catalase + +

Oxidase + +

Citrate utilization - +

Nitrate reduction - +

Temperature tolerance 
(oC)

25-50 25-55

Alkalinity (pH tolerance) 6.5-10.0 (at 16 h) 6-11.0 (at 16 h)

6.0-11.0 (at 24 h) 6-11.0 (at 24 h)

6.0-12.1 (at 48 h) 5-12.5 (at 48 h)

6.0-12.6 (at 72 h) 5-12.9 (at 72 h)

NaCl tolerance (%) 0-8 0-10

Phenylalanine deamination - +

Starch hydrolysis + +

Casein hydrolysis - +

Gelatin hydrolysis - +

Esculin hydrolysis - +

Acid production
Xylose, fructose, dextrose, 
raffinose, trehalose, 
arabinose, glycerol, 
sorbitol, mannitol, ONPG

- +

Sucrose, lactose, ribose + +

+, Positive; -, Negative

Fig. 1. 16S rRNA gene sequence-based dendrogram showing the
phylogenetic position of the cement isolates CT2 and CT5 along
with sequences available in the GenBank database. 
The tree was constructed using the neighbor-joining method and rooted

using Sporolactobacillus inulinus as an outgroup taxa. GenBank accession

numbers are given in parentheses. Numerical values indicate bootstrap

percentile from 1,000 replicates. Bar, 0.005 substitution per nucleotide.
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was highly effective in covering the surface compared with

CT2. Monoxenic biofilms of CT2 and CT5 contained 330

and 370 CFU/mm, respectively.

Microbial Calcification

In the experiment with a plastic column that was packed

with a mixture of sand and bacterial isolates and fed with

nutrient broth containing urea-CaCl2 
medium, complete

consolidation occurred within 10 days and the columns

were tightly packed, whereas the control column lost its

form when removed from the plastic. Calcite constituted

27.6% and 31% of the total weight of the sand samples

plugged by CT2 and CT5, respectively (Fig. 3). 

Scanning Electron Microscope Examination

Microbial calcite precipitation was visualized by SEM. The

SEM analysis on microbial involvement by CT2 and CT5

isolates in sand consolidation is depicted in Fig. 4, where

calcite crystals embedded with rod-shaped microorganisms

can be seen between and on the surface of sand grains. 

DISCUSSION

The limited diversity of the bacterial community in cement

is not surprising; because of its extreme alkaline condition,

only organisms capable of growing in these conditions

can survive at this environment. Urea agar base is used

Fig. 2. The production of (A) urease and (B) protease by CT2
and CT5 isolates. 
Error bars show standard deviation (n=3).

Fig. 3. Calcite content in different layers of sand columns
consolidated with CT2 (empty bar) and CT5 (filled bar) isolates.

Fig. 4. Scanning electron micrographs of microbiologically
induced calcite precipitation. 
The distribution of rod-shaped (A) CT2 and (B) CT5 isolates along with

calcite crystals (Cc, calcite crystals) can be seen.
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for selection of urease-producing microorganisms. When

organisms utilize urea, ammonia is formed during incubation

that makes the reaction of these media alkaline, producing

a red-pink color due to the presence of phenol red, a pH

indicator. Based on the qualitative urease productions, two

isolates (CT2 and CT5) were selected. The traditional

definition for an alkalophile is an organism capable of

growing above pH 9.5 [23]. Both isolates were able to

survive at highly alkaline ranges and could be considered

alkalophiles. One of the reasons for the survival of these

indigenous cement isolates at high pH might be their

highly alkaline habitat. Reportedly, certain structural

components of the cell wall of some alkalophiles, such

as teichuronopeptide, may contribute to pH homeostasis

at alkaline pH and aid bacteria to survive in alkaline

environments [6]. Owing to the ability to tolerate high pH,

CT5 enhanced the compressive strength of cement mortar

cubes significantly and is regarded as a microbial concrete

producer [2]. The phenotypic and physiological properties

of these isolates resemble those of Bacillus species reported

previously [19, 33], which was further confirmed by 16S

rRNA gene analysis. The genus Bacillus seems to be well

suited for long-term survival in extreme environments.

This may explain its isolation from cement samples. It is

noteworthy that CT2 and CT5 16S rRNAs did not show

high identity with sequences of existing databases. On this

basis, the cement isolates described here probably represents

a new member of Bacillus. The predominance of this

genus led us to hypothesize, according to Rivadeneyra et

al. [30], that Bacillus species play a major role in the

carbonate deposition in natural habitats.

Both isolates were found to produce significant amounts

of urease. Bacteria are known to hydrolyze urea by urease

for the purposes of (1) increasing the ambient pH [13], (2)

utilizing it as a nitrogen source [12], and (3) using it as a

source of energy [25]. Earlier, Kantzas et al. [20] reported

that the urease from B. pasteurii that was detected in the

culture medium was extracellular, and offered an option of

using the urease rather than the whole cell to consolidate

sand with CaCO3. In biological systems, many calcareous

organisms couple calcification to their metabolic assimilation

processes to scavenge protons [24]. The subsequent increase

of pH in the surrounding medium due to the presence of

ammonia ions and the additional release of CO2 from the

enzymatic urea hydrolysis further accelerate the rate of

the urease-induced calcite precipitation. Thus, an active

participation of urease is of essence in biochemical calcite

precipitation. The urease activity was significantly decreased

and the protease activity increased after 120 h in this study.

Although protease activity has not been reported to inhibit

urease production, it can be hypothesized that owing to

breakdown of proteins, urease activity declines [1, 4]. A

high level of protease after 120 h indicates a high protein

breakdown and hence the turnover after these hours,

suggesting the possibility of degradation of urease at this

stage.

The matrix of extracellular polymeric substances (EPS)

secretions has been described to influence the calcium

carbonate precipitation in a positive way [21]. EPS appear

to play a role in the coverage of the surface by biofilms,

cell adhesion [36], and possibly the capturing of the

produced calcium carbonate, which might result in a

homogeneous layer of calcium carbonate. The calcite

content was found to be maximum in the case of the upper

layer of microbial sand column as compared with the other

two layers in both isolates. Similar kinds of observations

were reported by previous researchers [3, 9], when they

plugged sand columns with B. pasteurii. Calcite precipitation

occurred predominantly in the areas close to the surface of

the sand column. It was mainly due to the fact that

facultatively anaerobic bacterial cells grow at a higher rate

in the presence of oxygen, and consequently induce active

precipitation of CaCO3 around the surface area.

The presence of crystalline calcite associated with

bacteria indicates that bacteria served as nucleation sites

during the mineralization process [33]. Our observations

from the SEM have added credence to previous reports

[4, 18], providing conclusive evidence of direct participation

of a few Bacillus species such as B. pasteurii in calcite

formation. Findings from this study provide additional

support to the notion that in situ implementation of

microbial mineral plugging might provide a practical means

for bioremediation of porous media.

The two bacterial strains CT2 and CT5 isolated from the

cement samples were found to produce urease, which has

been implicated in calcite precipitation. Both bacteria were

identified as different species of Bacillus, on the basis of

phenotypic and molecular characteristics. The ability of

cement isolates to tolerate highly alkaline environments

may have important implications for remediation of the

cracks and fissures in various concrete structures. 
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