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Abstract Phenotypic mutants of Sporosarcina pasteurii
(previously known as Bacillus pasteurii) (MTCC 1761)
were developed by UV irradiation to test their ability to
enhance urease activity and calcite production. Among the
mutants, Bp M-3 was found to be more efficient compared
to other mutants and wild-type strain. It produced the high-
est urease activity and calcite production compared to other
isolates. The production of extracellular polymeric sub-
stances and biofilm was also higher in this mutant than
other isolates. Microbial sand plugging results showed the
highest calcite precipitation by Bp M-3 mutant. Scanning
electron micrography, energy-dispersive X-ray and X-ray
diffraction analyses evidenced the direct involvement of
bacteria in CaCOj precipitation. This study suggests that
calcite production by the mutant through biomineralization
processes is highly effective and may provide a useful strat-
egy as a sealing agent for filling the gaps or cracks and
fissures in any construction structures.
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Introduction

Microorganisms and microbially mediated mineralization
processes are active in almost every environment on earth
[20, 32] and possibly in extraterrestrial systems as well
[21]. In natural environments, chemical CaCOj; precipita-
tion (Ca?* + CO;>~ — CaCO,) is accompanied by biolog-
ical processes, both of which often occur simultaneously or
sequentially. Microbes from soils and aqueous media have
been frequently reported to induce the precipitation of
calcium carbonate mineral phases in both natural and labo-
ratory settings [19]. Because of this, microbial activity is
regarded as an important player in the formation of carbon-
ate sediments and soil carbonate deposits [30]. A number of
studies have investigated carbonate mineralization induced
by microbes (see [39] and references therein), including
that by soil bacteria [9, 29, 34]. An endospore-forming soil
bacterium, S. pasteurii, participates in calcite precipitation
in the environment by producing the urease enzyme. Urease
(urea amidohydrolase; E.C. 3.5.1.5) catalyzes urea to
produce CO, and ammonia, resulting in an increase of pH
in the surroundings where mineral ions (Ca** and CO32_)
precipitate as CaCOj.

A novel technique for the remediation of damaged struc-
tural formations has been developed by employing a selec-
tive microbial plugging process in which microbial
metabolic activities promote precipitation of CaCO; in the
form of calcite [17, 34]. Microbial calcite has potential for
technical and industrial applications. Microbial mineral
precipitation (biodeposition) technologies have already been
used for consolidation of sand columns [27, 34], for repair
of limestone monuments [12, 31, 37], and for remediation
of cracks in concrete [4, 6, 28].

Cracking of concrete is a common phenomenon. With-
out immediate and proper treatments, cracks in concrete
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structures tend to expand further and eventually require
costly repair. Use of bacteria in concrete remediation is an
unorthodox concept in current concrete research. It is, how-
ever, a new approach to an old idea that a microbial mineral
deposit constantly occurs in natural environments. Specifi-
cally, microbiologically induced calcite is environmentally
innocuous, compared to synthetic polymers currently used
for concrete repairs. The high alkaline pH of concrete is a
major hindering factor to the growth of a moderate alkali-
phile, Bacillus pasteurii, the commonly used soil bacte-
rium. It grows well at an optimum pH of 9.0 and also has
the ability to produce the endospore, a dormant form of the
cell, to endure extreme environments. However, due to the
high pH of concrete, the growth and urease activity may not
be optimal to produce more calcite. Moreover, microbial
CaCO; precipitation is a complex phenomenon, and calcite
precipitation is a function of the cell concentration, ionic
strength, and pH of the medium [28]. In our previous study,
lactose mother liquor was used as an alternative nutrient
source for urease and calcite production [1]. In this study,
the phenotypic mutants of S. pasteurii were developed to
increase the efficiency of this bacterium to grow at high pH
and to produce more urease for maximum calcite forma-
tion. The results obtained from mutants were compared
with the wild type.

Materials and methods
Microorganisms, growth conditions and culture media

Sporosarcina pasteurii MTCC 1761 (Bp W) was obtained
from the Institute of Microbial Technology, Chandigarh,
India, and maintained in nutrient medium (pH 8.0) at 37°C.
To carry out urease production and calcite precipitation
experiments, filter-sterilized CaCl, (25.2 mM) and urea
solution (2%, w/v) were added to 8 g nutrient broth (HiMedia,
India).

Mutagenesis

The phenotypic mutants of S. pasteurii were developed by
UV irradiation. S. pasteurii was grown overnight in nutrient
broth containing 2% urea solution at 37°C under shaking
condition. The cells were washed twice with 0.5 M phos-
phate buffer (pH 8.0) and resuspended in 1 ml of the same
buffer. The cells were diluted in phosphate buffer to
obtain ~4 x 107 cfu/ml and exposed to UV using a Philips
20-W germicidal lamp for 20 min, where a less than 10%
survival rate was observed. The colonies were randomly
selected and transferred onto urea agar base medium
(HiMedia, India) to check the production of urease based
on the intensity of pink color. Four colonies, Bp M-1, Bp
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M-2, Bp M-3, and Bp M-4, were selected for further studies
based on their ability to produce intense pink color. The
mutants were cultured at least five times to assure incapa-
bility of reverse mutation and compared with wild-type
strain (Bp W) for quantitative urease production, calcite
precipitation, and other parameters. The effect of different
pH (in buffered media) on the growth of these mutants was
also studied.

Urease assay

The urease activity was determined for all the phenotypic
mutants of S. pasteurii, including the wild type, by measur-
ing the amount of ammonia released from urea according to
the phenol-hypochlorite assay method [26] at different time
intervals as described by Achal et al. [1].

Protease activity

Alkaline protease activity was determined according to the
method of Fukumoto et al. [16]. One milliliter of the culture
was added to 5 ml of 0.6% casein and incubated at 37°C 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, and the
resulting precipitate was filtered and the optical density of
the filtrate was measured at 275 nm against a blank. A stan-
dard graph was generated using 5-50 pg/ml of tyrosine. One
unit of protease activity was defined as the amount of
enzyme that liberated 1 pg tyrosine per min at 37°C.

Extracellular polymeric substances production

Extracellular polymeric substances (EPS) production was
tested according to the procedure described by Friedman
et al. [15]. Briefly, the dye Congo red (CR) was mixed in a
bacterial culture (approximately 10® cfu/ml) at a concentra-
tion of 3.5 mg/l and was incubated for 30 min. The colored
culture was centrifuged for 5 min at 8,000 rpm to harvest
the dyed cells. The cells were washed with 1 ml milliQ
water to release adsorbed CR into the water. To remove the
cells, the dyed culture was centrifuged for 5 min at
8,000 rpm. Optical density was measured at 430 nm. The
increase in absorbance is due to the uptake of CR by the
EPS producing bacteria. The quantity (nmol) of EPS pro-
duction was calculated by CR bound/10® cfu/ml.

Biofilm production
Biofilm production from all the isolates was established

aseptically in nutrient broth containing calcium chloride
and urea on glass plates (25 x 75 mm) using crystal violet
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(CV) staining method as described by Morikawa et al. [24]
with minor modification. Briefly, an overnight culture of all
the isolates was diluted to an ODg, of 0.5, and 1 pl was
added to 99 pl nutrient medium on the glass plate and incu-
bated at 37°C for 24 h. Then, media and loosely bound cells
were removed from the glass plate by gently rinsing with
sterile milliQ water, and the remaining cells and matrices
were stained with 150 pl of 1% CV solution for 25 min at
room temperature. After washing twice with distilled water,
the CV attached to the biofilm was solubilized in 150 pl
DMSO, quantified by measuring its absorbance at 570 nm
and expressed in cfu/mm?>.

Sand consolidation and microbial cementation

Microbiological sand plugging by all isolates was per-
formed to study the calcite precipitation as described by
Achal et al. [1]. The sand columns were divided into three
layers (upper, middle, and lower layer), and each layer was
individually ground and sieved through a 45-pum-diameter
mesh prior to calcite estimation. Precipitated calcite from
each layer was measured by the EDTA titration method [2].

SEM-EDX and XRD analysis

The morphology and chemical constituents of the bacteria
and sand consolidated column was analyzed with SEM-
EDX and XRD. Samples were completely dried at room
temperature, then examined at accelerating voltages rang-
ing from 30 to 35 kV by a SEM (Zeiss EVO50), which was
equipped with an energy-dispersive X-ray analyzer (Bruker-
AXS, QuanTax 200) for elemental analysis. Samples were
gold coated with a sputter coating Emitech K575 prior to
examination. Consolidated sand cores of the microbial sand
column were cut open prior to examination.

XRD spectra were obtained using an X’Pert PRO
diffractometer with a Cu anode (40 kV and 30 mA) and
scanning from 3° to 60° 20. Each sand-consolidated sample
was crushed and ground using a motor pestle before mount-
ing onto a glass fiber filter using a tubular aerosol suspen-
sion chamber (TASC). The components of the sample were
identified by comparing them with standards established by
the International Center for Diffraction Data.

All experiments were performed in triplicate. Data were
analyzed by analysis of variance (ANOVA), and the means
were compared by Tukey’s test using GraphPad Prism
software (version 4.0).

Results and discussions

The phenotypic mutants of S. pasteurii were developed by
UV irradiation and compared with the wild-type strain for
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Fig. 1 a Growth and b pH profile of the wild-type and phenotypic
mutants of S. pasteurii and the wild type in nutrient broth supple-
mented with urea

their ability to grow at high pH and produce urease activity
and calcite precipitation. The growth profile studied up to
168 h showed that all the mutants increased their growth till
72 h and remained stationary up to 168 h. The maximum
growth was observed with mutant Bp M-3 (Fig. la). The
pH of the medium was significantly increased with the
increase in growth of these isolates. The maximum pH
increase of 11.94 was recorded in the case of the Bp M-3
mutant after 168 h (Fig. 1b). To test the efficacy of these
mutants to grow at different pHs, these isolates were grown
in nutrient media amended with different buffers. The
results showed that the wild-type strain (Bp W) and the
mutant Bp M-2 were able to grow at pH ranging from 6 to
10, two mutants Bp M-1 and Bp M-4 at pH from 6.5 to 10,
whereas the mutant Bp M-3 was able to grow at pH from 5
to 11. The ability to grow at high pH by Bp M-3 suggests
that it can be used in building materials such as cement to
enhance the calcite precipitation where the pH of the proxi-
mal environment is highly alkaline (pH 11-12).

Urease and protease activity

The mutant Bp M-3 showed the maximum urease activity
(550 U/ml) compared to the other isolates, including the
wild type (Fig.2a). After 120h, urease activity was
decreased in all the isolates. The alkaline protease activity
increased slowly with an increase in time till 120 h and
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Fig. 2 a Urease and b protease activity of wild-type strain and UV-
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Fig. 3 Extracellular polymeric substances (EPS) (empty bars) and
biofilm (filled bars) production by wild-type strain and UV-induced
mutants of S. pasteurii

significantly increased thereafter. The maximum protease
activity was observed with the mutant Bp M-3 (Fig. 2b).
Bacteria are known to hydrolyze urea by urease for the
purposes of: (1) increasing the ambient pH [8], (2) utilizing
it as a nitrogen source [7], and (3) using it as a source of
energy [23]. B. pasteurii is known to produce a large
amount of urease in soil environments [10]. The solubility
of calcite is a function of pH and affected by ionic strength
in the aqueous medium [36]. We added urea and calcium chlo-
ride in the media that supports microbial growth. The bacterial
cell surface with a variety of ions could nonspecifically induce
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Fig. 5 Scanning electron micrograph of microbiologically induced
calcite precipitation by Bp M-3 mutant in sand consolidation (Cc—
calcite crystals)

mineral deposition by providing nucleation sites [13, 14].
Especially Ca®* is not likely utilized by microbial metabolic
processes, but rather accumulates outside the cell [33]. In
medium it is possible that individual microorganisms pro-
duce ammonia as a result of enzymatic urea hydrolysis to
create an alkaline micro-environment around the cell. The
high pH of these localized areas, without a significant
increase in pH in the entire medium at the beginning,
apparently commences the growth of calcite crystals
around the cell [5]. In this study, due to hydrolysis of urea,
the pH of the medium was significantly increased, and the
isolates were able to survive in this environment. Aono
et al. [3] suggested that 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. The urease
activity was significantly decreased and the protease activ-
ity increased after 120 h in this study. Protease might have
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an adverse effect on urease activity as its accumulation in
the culture media might have affected the urease and ulti-
mately lowered the urease production.

Extracellular polymeric substances and biofilm production

A significant difference between UV-induced bacterial iso-
lates and wild type was found in terms of EPS and biofilm
production. The mutant Bp M-3 was able to produce
greater amounts of EPS (37 nmol/ml) compared to other
isolates (Fig. 3). The mutant Bp M-3 also showed a higher
monoxenic biofilm (352 cfu/mm?) compared to other
mutants, including the wild type (Fig. 3). Kawaguchi and
Decho [18] showed the influence of extracellular polymeric
substance (EPS) secretions on calcium carbonate precipita-
tion. EPS seems to play an important role in the coverage of

Cl(1.25%)

(a)
&
LT-
S
23
L)
o
/
y
o
=
=
@
(V'
] LI LA ] | LA | | LA L]
(b)
=
8
o~
=
-]
(8]
/
= -
w P
~ ol
= @
- w
L
| ks L L N ML | ' N L ]
3 a 5 6 ? 8 9
KeV

the surface by biofilms, cell adhesion [38], and possibly the
capturing of the produced calcium carbonate, which might
result in a homogeneous layer of calcium carbonate. Merz-
Preiss and Riding [22] showed that a biofilm is to colonize
the surface of the stones and react as nucleation site for
extracellular calcium carbonate precipitation. Dick et al.
[12] showed that the production of EPS and biofilm was not
significant among the bacterial isolates used to remediate
the degraded limestones. The structure of the biofilm is
clearly influenced by a number of biological factors, such
as twitching motility, growth rate, cell signaling, and EPS
production [35]. The biofilm structure appears to be largely
determined by the production of a slime-like matrix of EPS,
which provides the structural support for the biofilm. In our
study, however, we found significant differences in the abil-
ity of the UV-induced bacterial isolates compared to the
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wild type to produce EPS and form biofilms. This result
suggests that EPS and biofilm produced by these isolates
could serve as potential factors for cementing the sand.

SEM-EDX and XRD analysis of microbial sand columns

The results of sand plugging showed that all columns were
found to be tightly packed except the control sand column.
The sand column consolidated with Bp M-3 was found to be
the most compact and the tightest one, as it required more
physical pressure to break. The maximum calcite content
was recorded in the upper layer of the sand column with all
isolates, and the highest accumulation was observed with Bp
M-3 (Fig. 4). There were 40, 24, and 13% calcite deposi-
tions in the upper, middle, and lower layer of the sand col-
umn, respectively, with Bp M-3 compared to the wild type
where it was 34, 20, and 10%. The influence of microbial
cementation on granular behavior is dependent on the ability
of microbes to move freely throughout the pore space and
on sufficient particle-particle contacts per unit volume at
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which cementation will occur [11]. Calcite precipitation
occurred predominantly in the areas close to the surface of
the sand column. It is mainly due to the fact that faculta-
tively anaerobic S. pasteurii grows at a higher rate in the
presence of oxygen and consequently induces active precip-
itation of CaCOj; around the surface area. To determine the
presence of microbial calcite precipitation, the sand consoli-
dated samples were examined under SEM. Based on the
physiological characterization of the wild-type strain and all
four UV-induced mutants, Bp M-3 was found to produce the
maximum urease activity; hence, this strain was chosen for
further analysis by SEM-EDX and XRD. This strain was
deposited with the Institute of Microbial Technology Chan-
digarh, India, and was assigned an accession number MTCC
5428 under the International Budapest Treaty. A patent was
filed [25]. SEM analysis of microbial involvement in sand
consolidation is depicted in Fig. 5, where distinct calcite
crystals embedded with bacteria can be found between and
on the surfaces of sand grains. The presence of crystalline
calcite associated with bacteria indicates that bacteria served
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as nucleation sites during the mineralization process [34].
Mineral constituents of the microbial sand columns were
further characterized by EDX analysis. Presence of high
amounts of calcium in all the bacterial-treated sand columns
confirmed that calcite was present in the form of calcium
carbonate. The maximum amount of calcium was found to
be in the sand column consolidated with Bp M-3, which was
clearly shown by EDX spectra (Fig. 6). The majority of the
carbonate deposits were present as calcite crystals, as was
confirmed by XRD analysis, although the major component
was quartz. The maximum number of calcite peaks was
observed in Bp M-3 compared to the wild type (Fig. 7).
From these results, it can be concluded that the UV-induced
mutant of S. pasteurii (Bp M-3) is more efficient than its
wild-type strain (Bp W) with respect to calcite precipitation.
Improvement of microbial strains for the overproduction
of enzymes has been the hallmark of all commercial pro-
cesses. Such improved strains can reduce the cost of the
process with increased productivity and may also possess
some specialized desirable characteristics. The effective-
ness of physical mutagenesis by UV radiation in strain
improvement for enhanced urease productivity and calcite
precipitation was demonstrated in this investigation. A sig-
nificant increase in the urease activity, calcite amount, and
also survival at higher pH was observed in case of UV-
induced mutants of S. pasteurii compared with the wild
type. These results suggest that the mutant strain of S.
pasteurii can be exploited commercially for remediation of
cracks in structures and fissures and also for surface treat-
ment. Future work is required based on the use of these
mutants for the remediation of cracks in building materials
and to check the compressive strength in cement mortars.

Conclusion

In this study, we successfully improved the strain of
S. pasteurii by mutagenesis. The mutant (Bp M-3) showed
increased urease activity, calcite precipitation, and survival
at higher pH, which could be used in the remediation of
cracks in building materials.
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