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Abstract Microbial induced calcite precipitation (MICP) using urease producing bacteria has
gained great importance of research in recent years. In this study, the efficiency of
ureolytic, heavy metals resistant bacteria to biomineralize toxic heavy metals has been
investigated. Twenty two bacterial strains were isolated from calcareous soil samples
collected from Egypt and screened for urease and calcite production as well as the
tolerance to heavy metals toxicity. Micrococcus sp. NCTC -1716 was selected for
subsequent studies as it was the most potent strain. Resistance of Micrococcus to
increasingly concentrations of zinc, cadmium, lead and iron varied according to the
metal. The capacity of Micrococcus sp. to remove heavy metals ranged from 60.66 %
for Cd2+ to 97.20 % for Pb2+after 48 h of incubation. Metal sequestration via calcite
precipitation showed that heavy metals are removed according to the following
sequence: Pb2+, Fe2+, Zn2+, and Cd2+. Scanning electron microscope was used to
examine the morphology of calcite crystals and biomineralization products, while their
structure was emphasized by X-ray diffraction (XRD) analysis. The study confirmed
that MICP sequesters soluble heavy metals into biominerals and proved as a promising
strategy for bioremediation process.
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Introduction

In Nature, most heavy metals caused no toxicity as
they persist at low concentrations. However, human
activities such as combustion of fossil fuels, industrial
progress, burning of wastes, use of agricultural
fertilizers and pesticides give rise to release of non-
biodegradable redundant amounts of heavy metals (H.
GUO & al. [1]). Heavy metal contaminants pose a
major threat to human health creating many diseases
such as cancer, mental retardation and growth
abnormalities. Therefore, it is necessary to search for
an effective eco-friendly technique to dispose of such
contaminants.

Traditional treatment mechanisms such as
adsorption,  filtration,  evaporation,  chemical
precipitation, oxidation/reduction and electrolysis ion
exchange wused for remediation process are
uneconomical, ineffective as well as the safe disposal
issue of wastes (O. L. KANG & al. [2]). Many
biological techniques have been used to get rid of such

heavy metals from contaminated sites like
bioaccumulation, bioleaching, biosorbents,
biocoagulation and phytoremediation (S.

CHOUDHARY& P. SAR [3]). Unfortunately, these
methods are also not effective because they are
expensive, take long time and result in the production
of immobilized or adsorbed heavy metals back to the
environment. Moreover, it cannot be applied in severe
and dry climate of arid area (V. ACHAL & al. [4]).

Biomineralization based on microbially induced
calcite precipitation (MICP) process provides a
promising technique to remediate toxic metals from
contaminated soils (C.H. KANG & al. [5]). Heavy
metals are bound with calcite, which is responsible for
heavy metals sequestration and ultimately resulted in
significantly reduction of their levels in the
environment. Provided such situation, heavy metals are
removed by an effectively, economically and eco-
friendly manner (C.H. KANG & al. [6]).

This study aimed at screening a number of
bacterial strains isolated from calcareous soil samples
collected from Egypt for urease production and calcite
precipitation. The study was extended to investigate
how toxicity of a range of heavy metals (zinc,
cadmium, lead and iron) on growth of the most potent
strain, then demonstrate the variations in heavy metals
removal performance of these metals via

bioprecipitation with calcite. Characterization of
biomineralization products was done by scanning
electron microscopy (SEM) coupled X-ray Diffraction
(XRD) analysis.

Materials and Methods

Isolation of urease producing bacteria

Six calcareous soil samples collected from north
of the western desert and Borg El-Arab of Egypt were
used for isolation of urease producing bacteria. For
enrichment technique, 5 g of soil sample were
inoculated into 50 ml nutrient broth amended with 20
g/l filter-sterilized wurea using 0.22-mm filter
(Millipore, USA) and incubated at 350C for 72 h under
shaking conditions (V. ACHAL & al. [7]). Urease
producing bacteria were isolated from enriched
samples using serial dilution technique followed by
culturing on Christensen’s Urea Agar Base (UAB)
(R.M. ATLAS [8]). Colonies that showed a pinkish
color change around them were marked as urease
producers and selected for subsequent experiments.

Measurement of urease activity and calcite
production

Urease broth medium containing (g/l): urea, 20;
NaHCO3, 2.12; NH4CI, 10, nutrient broth, 3;
CaCl2.2H20 , 25, pH 7 was inoculating with overnight
grown seed culture and incubated under shaking
condition at 37°C for 72 h. Ammonia released from
urea hydrolysis was measured as an indicator for
urease activity according to the phenol-hypochlorite
assay method (K. R. NATARAJAN [9]). The culture
filtrate (250 pl) obtaining after centrifugation of
bacterial culture was added to a mixture of 1 ml of 2.5
ml of urea (0.1 M) and 0.1 M potassium phosphate
buffer (pH 8.0) and incubated at 37°C for 5 min.
Phenol Nitroprusside and alkaline hypochlorite, 1 ml
each were added and incubated again at 37°C for 25
min. Optical density was measured at 760 nm.
Ammonium chloride (100 pg/ml) was used as
standard. The experiment was done in triplicate and the
average absorbance was recorded. One unit of urease is
defined as the amount of enzyme that catalyzed the
hydrolysis of 1 uM urea per minute under the assay
conditions.

The quantity of calcium carbonate (calcite)
precipitated was measured using the same medium.
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The precipitate collected after centrifugation was
weighed after drying at 50°C to constant weight.
Bacterial growth was determined by counting the
colony forming units at different time intervals and the
results were expressed as log CFU/ ml. A pH meter
(pH Pen Jenco 610) was used for measuring the final
pH of the culture. All experiments were conducted in
triplicate and the mean values were considered.

Molecular strain identification

The most efficient bacterial strain was identified
using 16S rRNA gene sequencing (V. ACHAL & X.
PAN [10]). The gene sequencing was done by
Macrogen (South Korea). Sequence analysis was
performed at the National Center for Biotechnology
Information (NCBI) database, USA.

Metal toxicity experiments

For metal toxicity experiments, nutrient broth
media supplemented with different concentrations (0—
10 mM) of heavy metal salts (zinc chloride, cadmium
sulphate, lead nitrate, and iron sulphate) were
inoculated with 2% overnight grown culture (6.5 Log
CFU/ ml). Each metal concentration was tested in
triplicate and incubated at 350C for 48 h. Bacterial
growth was measured to examine the viability of cells
in the presence of these metals (C.E. RUGGIERO &
al. [11]). The lowest concentration of each heavy metal
that caused no visible growth was considered as the
MIC (minimum inhibitory concentration) of that metal.

Metal bioprecipitation

Metal bioprecipitation tests were performed using
urease broth media supplemented with %2 MIC of each
heavy metal salt. The flasks were inoculated with 2%
overnight grown seed culture and incubated at 350C
for 48 h under shaking conditions. An inductively
coupled plasma atomic emission spectrometer (Perkin
Elemer USA, Model 2400) was used to measure the
initial and final concentrations of each heavy metal and
the percentage of each heavy metal removal was
calculated. Furthermore, the mass of precipitation was
calculated after drying to constant weight. All
experiments were performed in triplicate and
treatments of urease broth media without any heavy
metals added and those without bacterial inoculation
were used as controls.

SEM and XRD analyses
The precipitates created during the bioremediation
process for each heavy metals as well as calcite

precipitated were further analyzed. After completely
drying and grounded into powder form, samples were
gold coated with a sputter coating Emitech K575.
Morphological shape and size of the crystals were
examined under scanning electron microscope (JEOL,
JSM 5200).

X-Ray Diffraction (XRD) analysis was used to
investigate the crystal structure of calcite and metal
precipitates. The dried samples were spread uniformly
onto glass plate and employed with X-ray
diffractometer (INEL X-ray diffractometer). The
samples were identified by comparing the X-ray
profile of the samples with standards of International
Center Diffraction Databases (ICDD) (C.H. KANG &

al. [6]).

Statistical analysis

The results were presented as meant standard
deviation of triplicate experiments. The experimental
data were analyzed by using SPSS. Statistical
significance was accepted at a level of p<0.05.

Results and Discussions

In the present study, 22 morphologically different
bacterial strains were isolated from calcareous soil
samples. These natural environments are regarded as
potential candidate for isolation of ureolytic bacteria
capable of yielding urease enzyme stable under harsh
conditions such as high temperature and alkaline
environments. As a primary test, the isolates were
screened qualitatively for urease production using
UAB medium. Based on the intensity of pink color
observed on urea agar media, ten efficient bacterial
strains were selected. Ammonia released from urea
hydrolysis act to raise the pH of the culture to over 9.0
causing a color change of the indicator dye, phenol red,
from yellow to pink (M.B. BURBANK & al. [12]).
Further, the selected strains were quantatively
evaluated for the rate of urease production and calcite
precipitation.

Metal toxicity is an important factor to be
considered for remediation process as it is directly
related to the survival and activity of bacteria in
contaminated sites (Y.H. LI & al. [13]). So, the strains
were tested for their heavy metals resistance. Among
the selected strains, WD-2, WD-5, WD-9, BA-3 and
BA-7 were the highest urease producers and showed
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significant heavy metals resistance efficiency as well.
The results presented in Fig. (1) show that strain WD-9
exhibited the highest urease activity (6.50 U/ml),
followed by WD-5 (4.14 U/ml), BA-3 (3.36 U/ml),
BA-7 (2.20 U/ml) and WD-2 (1.98 U/ml). In addition,
the highest calcite production was recorded for WD-9
(10.0 mg/ml), followed by BA-3 (9.32 mg/ml), WD-5
(8.22 mg/ml), BA-7 (7.40 mg/ml), and WD-2 (5.11
mg/ml).

Strain WD-9 was selected as the most effective
isolate for urease activity and calcite precipitation.
Furthermore, it showed the highest metal resistance
against all metal tested (Zn2+, Cd2+, Pb2+ and Fe2+)
compared to other strains. Strain WD-9 was identified
using 16S rRNA gene sequence analysis. The sequence
alignment for the comparison of 1,500 bp by BLASTN
software showed a high homology of 98% to
Micrococcus sp. NCTC -1716.

Type of bacteria, substrate concentration, pH,
temperature and salinity are among the factors that
control the ureolytic reaction rate (N. DHAMI & al.
[14]). The urease production profile of Micrococcus
sp. was recorded over 120 h. As shown in Fig. 2,
maximum growth (9 log CFU/ ml) and urease activity
(6.60 U/ml) were recorded at 72 h, afterwards a gentle
reduction was observed, probably due to reduction of
urea concentration in the medium. In the beginning of
the incubation time, pH of the media was 7.0, and it
raised to its maximum level (9.60) at 96 h. Shifting pH
toward alkalinity correlated with increasing the density
of calcite precipitate, reached its highest level (10.80
mg/ml) at 120 h. Under alkaline conditions, there is a
considerable increase in carbonate production which
binds calcium ions resulting in the deposition of
calcite. This mechanism plays a vital role in
biomineralization process (C.X. QIAN & al. [15]).
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Figure 1. Urease activity and calcite
production by isolated bacterial strains. Bars
represent standard deviations.
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Figure 2. Time course of growth, urease activity,
calcite production and final pH of Micrococcus sp.
cultivated in urease broth medium. Values are
averages from three independent experiments. Bars
represent standard deviations.

Effect of heavy metals on bacterial growth

From the presented results, Micrococcus sp.
possess high ureolytic and calcite deposition
efficiency, be non-pathogenic and an alkalophilic
strain that could grow under harsh conditions as well.
This strain can be regarded as a possible candidate for
bioremediation processes.

However, heavy metal toxicity affects the
microbial growth and efficiency of MICP. Therefore, it
is a prerequisite to select isolates exhibit ureolytic
capability and heavy metal tolerance to upgrade the
efficiency of bioremediation process (C.H. KANG &
al. [16]).

Results illustrated in Fig. 3 showed that cadmium
exhibited the highest toxicity on Micrococcus sp. with
a minimum inhibitory concentration of 2 mM, whilst
zinc and iron were similar, with an MIC of 3.5 mM.
Resistance of the strain to lead was the highest, with
growth unhindered below 5 mM. As a result, MIC
values of Micrococcus sp. were superior to that
reported for other strains. It is worth noting that
survival of the strain at high metal concentrations
cultivated in urea-amended medium suggested that the
metal removal capacity offers a defense mechanism
against metal toxicity.

Results showed that the least toxicity of lead to the

cells. Lead has been recognized as one of the most
hazardous heavy metals among environmental
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pollutants. Electric battery manufacturing, mining
activities as well as products including lead cause
irregular supply of lead to the environment (D.
HUANG & al. [17]).

Metal bioprecipitation

Biomineralization is defined as the extracellular
production of minerals by a microorganism which has
various potential applications in bioengineering field
(L.C. VERONICA & al. [18]). Sequestration of
inorganic pollutants, including heavy metals, is one of
these applications that play an essential role in
bioremediation process (S.H. RAUT & al. [19]).
Microorganisms have to be enzymatically active to
interact with the pollutants and convert them into
harmless products. Calcite deposition capacity of
urolytic bacteria results in mineralization of soluble
heavy metal ions and their ultimate conversion to
carbonates. Hence, production of calcium carbonate as
a stable mineral phase displays permanent
sequestration of contamination (A. LOPEZ-MORENO
& al. [20]).

The ability of Micrococcus sp. to remove heavy
metals via precipitation process catalyzed by urease
hydrolysis is investigated. Upon cultivation of
Micrococcus sp. in urease broth medium supplemented
with %2 MIC of each heavy metal, it was found that
Pb2+ recorded the highest removal rate (97.20%)
while the lowest removal efficiency was recorded for
Cd2+ (60.66 %) after 48 h (Fig.4). These results
indicate that biosequestration process is superior to
biosorption one which achieved only 36.07 % removal
of lead by Micrococcus luteus DE2008 (Z.M. PUYEN
&al. [ 21]).

Results presented in fig (4) showed that the highest
precipitated mass was recorded for Pb 2+ (18.00
mg/ml), followed by Fe2+ (16.20 mg/ml), Zn2+ (14.98
mg/ml) and Cd2+ (11.73 mg/ml).

These metals can substitute for calcium as they are
similar to it in atomic radius and form comparable
metal carbonate structures (H.H. TENG & L. ZHAO
[22]). However, on existing surfaces of calcite, rapid
sorption of metal can form an extra outer layer,
preventing further sorption and limiting dissolution of
the mineral (Y. DU & al. [23]).
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Figure 3. Metal toxicity experiments of zinc
chloride, cadmium sulphate, lead nitrate, and iron
sulphate on Micrococcus sp. cultivated in nutrient
broth media supplemented with different heavy
metal concentrations. Values are averages from
three independent experiments. Bars represent
standard deviations.
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Figure 4. The removal rates and precipitated mass
of individual heavy metals by Micrococcus sp. after
48 h of incubation. Values are averages from three
independent experiments. Bars represent standard
deviations.

SEM and XRD analyses

Many factors affecting the morphology and
structure of metal carbonates precipitated during
bacterial ureolysis such as bacterial strain, rate of urea
hydrolysis, type of metal and activities of other
enzymes such as carbonic anhydrase (N.K. DHAMI &
al. [24]). In the present study, the biomineralization
products as well as calcium carbonate crystals
precipitated by Micrococcus sp. were visualized by
SEM. Figure 5(A-E) showed that heavy metal crystals
exhibited different morphological form, spherical,
cuboid, rhombohedral, rod or irregular shape and their
size is in the range of 10-50 um.
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To further confirm the role of MICP in heavy metals
bioremediation process, mineral constituents of the
precipitated samples were analyzed by X-ray
diffraction (XRD) analysis. Fig 6A confirmed that the
white precipitate produced by Micrococcus sp. is
calcite. XRD peaks of Fig. 6 (B-E) showed that the
metals are co-precipitated with CaCO3 in

bioremediation experiment as ZnC0O3, CdCO3, PbCO3
and FeCO3, respectively which showed evidence of
transformations of metals into geochemically stable
calcite species. Furthermore, this analysis indicated the
presence of calcite crystals as principally mineral of all
the carbonates precipitated.

Figure 5. SEM
images of biomine-
M ralization products
produced by
Micrococcus sp. A,
control (CaCOs3) ;
B (Zn¥); C (Cd*);
D (Pb¥); E (Fe*).

| Figure 6. XRD spectra

of  biomineralization

products induced by

Micrococcus sp. A,

calcite (CaCOs); B,

See ZnCOs; C, CdCOs; D,
| PbCO3.E, FeCOs.

Conclusions

The results of the present study indicate that the
biomineralization process based on ureolysis-driven
calcium carbonate precipitation could be applied for
soil bioremediation in a variety of environments.
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