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Microbiological calcium carbonate precipitation (MCP)
has been investigated for its ability to improve the
compressive strength of mortar. However, very few studies
have been conducted on the use of calcite-forming bacteria
(CFB) to improve compressive strength. In this study, we
discovered new bacterial genera that are capable of
improving the compressive strength of mortar. We isolated
4 CFB from 7 environmental concrete structures. Using
sequence analysis of the 16S rRNA genes, the CFB could
be partially identified as Sporosarcina soli KNUC401,
Bacillus massiliensis KNUC402, Arthrobacter crystallopoietes
KNUC403, and Lysinibacillus fusiformis KNUC404. Crystal
aggregates were apparent in the bacterial colonies grown
on an agar medium. Stereomicroscopy, scanning electron
microscopy, and X-ray diffraction analyses illustrated
both the crystal growth and the crystalline structure of
the CaCO3 crystals. We used the isolates to improve the
compressive strength of cement-sand mortar cubes and
found that KNUC403 offered the best improvement in
compressive strength.
Keywords: Arthrobacter crystallopoietes, calcite precipitation,
biomineralization, concrete mortar, compressive strength

To date, the mechanism of the complex microbiological
calcium carbonate precipitation (MCP) is still unclear [8].
Knorre and Krumbein [18] concluded that MCP occurs
as a result of common microbial metabolic processes such
as photosynthesis, urea hydrolysis, and sulfate reduction.
These metabolic processes increase the alkalinity of the
environment, which favors CaCO3 precipitation [5, 8]. The
negatively charged bacterial cell wall favors cation binding
(Ca2+, Mg2+) and is considered to be the nucleation site of
crystal maturation [4, 9, 22]. The lipopolysaccharides, which
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are anchored to the outer membrane and have lipophilic
ends, are probably the preferred centers of cation binding
given the presence of phosphate and carboxylate groups,
both of which could be ideal sites for CaCO3 precipitation
[8, 9, 22, 23].
Enzymatic hydrolysis of urea presents a straightforward
model for studying MCP [3]. Urea hydrolysis increases the
pH and carbonate concentration in the bacterial environment
causing Ca2+ and CO32- ions to precipitate as CaCO3 [23].
However, this phenomenon is an extremely strain-specific
chemical reaction and depends on urease diversity, ion
strength, cell density, and pH of the medium [12]. Despite
a similar catalytic function in the hydrolysis of urea,
ureases exert different influences on crystal size, intensity,
and phase formation [13, 17]. These differences may be used
to fulfill different roles in chemical and physicochemical
interactions related to concrete dynamics efficiency [12,
13, 24].
Several studies have shown that MCP can be used to
improve the compressive strength of mortar [1, 3, 10, 11,
21]. According to Ramachandra et al. [21], the use of
bacteria in concrete remediation was considered unorthodox.
MCP is highly desirable because the calcite precipitation
induced as a result of microbial activities is pollution-free
and natural. Biomineralization has unique features and
functions that have encouraged innovative high-performance
composite applications in construction and in other new
materials [10, 11]. The application of microorganisms that
lead to biomineralization in concrete is a potential field for
further research [11, 22].
In this study, we found that calcite-forming bacteria (CFB)
can be used to improve the compressive strength of mortar.
The bacterial strain Arthrobacter crystallopoietes KNUC403
isolated from an environmental concrete structure showed
significant improvement in terms of compressive strength
as compared with Sporosarcina pasteurii [21]. This is the
first report that characterized new CFB strains and
considered their application for improving the strength of
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cement-sand mortar. Our study also shows a correlation
between the character of the crystallization induced by the
CFB and the improvement in the compressive strength of
mortar.

MATERIALS AND METHODS
Microorganisms and Culture Media
We used S. pasteurii ATCC 11859 and 4 CFB isolated from concrete
structures. The 4 CFB are listed in Table 1. We purchased the strain
S. pasteurii ATCC11859 from the Korean Biological Resource Center
(Daejon, Korea). To isolate CFB, we used a urea-CaCl medium
containing 3 g/l nutrient broth, 20 g/l urea, 2.12 g/l NaHCO , 10 g/l
NH Cl, 3.7 g/l CaCl ·2H O, and 15 g/l agar powder [12, 23]. Before
autoclaving, the pH of the urea-CaCl medium was adjusted to 6.0
with 6 N HCl [23]. The final pH of the medium was 7.4. All strains
were grown at 30 C under aerobic conditions. Tris-YE medium
containing 130 mM Tris-HCl (pH 9.0), 10 g/l (NH ) SO , and 20 g/l
yeast extract was used for strain cultivation and as a stock [23].
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CFB Isolation and PCR Amplification of 16S rRNA Genes
The CFB strains were isolated from 7 freshly cut concrete structures
(Portland cement from several buildings at Kyungpook National
University, Daegu, Korea). In order to isolate strains from the surface
of concrete fragments, samples were directly suspended in sterilized
saline solution and stored with continuous shaking at 10 C for 15
days. The samples were diluted and cultivated on a urea-CaCl
medium at 30 C until colonies were detected [12]. We purified 23
isolates on the basis of their morphological differences. For further
study, we selected 4 isolates that induced crystallization on a solid
agar medium (urea-CaCl ) and partially identified them by performing
sequence analysis of the 16S rRNA genes. According to the
manufacturer’s instructions (QIAamp DNA Mini Kit 250; Korea),
we obtained the total genomic DNA by PCR amplification [12].
The 16S rRNA gene fragments were amplified with the primers H+
(5'-GAGTTTGATCATGGCTCAG-3') and SE- (5'-TTCAGCATTGT
TCCATTGGCA-3').
o

2

o

2

Crystal Purification and Analysis
Crystal purification was carried out to facilitate qualitative analysis
of the crystals induced by the CFB. The 4 strains were cultivated on
a urea-CaCl medium at 30 C for 5 days. The solid agar medium
containing the crystals and colonies was boiled in a water bath at
85 C for 20 min [24]. The boiled agar medium was then filtered
(Millipore filter, 0.45 µm; Seoul, Korea) to remove small pieces of
the agar medium containing the colonies [24]. The purified crystals
o

2

o

o

were oven-dried at 60 C for 48 h. Crystal images were captured by
a Zentech digital camera equipped with a stereomicroscope (Sw
804425; Samwon, Seoul, Korea). The crystal sizes were measured
using the ImagePartner software (Saramsoft Co., Ltd., Anyang,
Korea). The surface structure of the purified crystals was examined
by field-emission scanning electron microscopy (FE-SEM, S-4300
&EDX-350; Hitachi, Tokyo, Japan), whereas their crystalline structure
was determined by X-ray diffraction analysis (XRD, D/Max-2500;
Rigaku, Tokyo, Japan).
Microbiologically Induced CaCO3 Precipitation
MCP experiments were carried out for the quantitative analysis of
CaCO precipitation. The CFB were cultured in a Tris-YE medium
(described above) over a 24-h period. The bacterial cultures were
centrifuged and washed twice in a saline solution (0.85% NaCl).
The samples were then suspended in a sterilized saline solution and
their absorbance was measured at 600 nm. The bacterial suspensions
of 1 ml were inoculated in 200 ml of urea-CaCl medium (described
above). The medium was then subjected to constant shaking (180
rpm) for 48 h at 30 C. Samples (11 ml each) were harvested at 3-h
intervals (starting from time zero) for the first 18 h, and at longer
intervals after 18 h up to 48 h [23]. Of 11 ml, 1 ml of the sample
was used to measure absorbance, and the remaining 10 ml was
centrifuged at 8,000 rpm for 10 min. The supernatants from the
centrifuged samples were harvested and 5 ml was placed in 100-ml
Erlenmeyer flasks. The pH of the samples was measured using a pH
meter (Sartorius, Melsungen, Germany) and soluble Ca was
measured using the EDTA titration method [2, 23]. Insoluble Ca
was derived from the formula [Total Ca - soluble Ca (25.2 mM)=
insoluble Ca (as CaCO )] [2, 23].
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Microbial Cementation in Cement-sand Mortar
The CFB and S. pasteurii were incubated on Tris-Ye medium at
30 C for 24 h. Cell cultures were centrifuged at 8,000 rpm and
washed twice with 50 mM sodium phosphate buffer (pH 7.5) [21].
Bacterial suspensions of the same concentrations were then prepared
using 50 mM sodium phosphate buffer and adjusted to 0.8 at OD
600 nm. A mixture of 240 g of cement, 660 g of sand, and 116.4 ml of
the phosphate buffer containing bacteria was used to cast 3 cementsand mortar cubes with dimensions of 50.8 mm×50.8 mm×50.8 mm
[21]. All samples were prepared in sets of 6. A phosphate buffer
containing no cells was used as a control. The mortar cubes were
demolded after 48 h and were cured by submerging 3/4 of the
mortar cube in 600 ml of the urea-CaCl medium at 30 C. The ureaCaCl medium was changed every 10 days. After removing the
medium, the surface of each cube was completely dried at 25 C
prior to a compressive strength test. The compressive strengths of
the specimens were measured after 7 and 28 days [7, 10, 21].
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Table 1. Calcite-forming bacterial strains isolated from concrete structure.

a

Strain

Homologous microorganism (percentage identity)

KNUC401
KNUC402
KNUC403
KNUC404

Sporosarcina soli (98.83%)
Bacillus massiliensis (96.6%)
Arthrobacter crystallopoietes (99.85%)
Lysinibacillus fusiformis (100.0%)

a

16S rRNA Accession No. (length, bp)
GQ214000 (1366)
GQ213997 (1461)
GQ213998 (1369)
GQ213999 (1381)

The multiple alignments for the 16S rRNA gene full sequence of isolated strains were performed using the EzTaxon search.
The sequences for the 16S rRNA genes in the four CFB have been deposited in the Genbank database under Accession Nos. GQ213997–GQ214000.

b

b
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Nucleotide Sequence Accession Numbers
The GenBank accession numbers for the sequences of the rRNA
genes cloned in this study are as follows: KNUC401, GQ214000;
KNUC402, GQ213997; KNUC403, GQ213998; and KNUC404,
GQ213999.

RESULTS AND DISCUSSION
CFB Isolation and CaCO3 Crystallization
On the basis of morphological differences, we isolated 23
bacterial colonies from 7 concrete structures. Of these, 4
isolates that induced crystallization on the precipitation
agar were selected for further study. A 16S rRNA sequence
analysis partially identified these isolates as Sporosarcina
soli KNUC401, Bacillus massiliensis KNUC402, Arthrobacter
crystallopoietes KNUC403, and Lysinibacillus fusiformis
KNUC404 (Table 1). None of these strains have been
reported to display calcium carbonate precipitation. In
addition, KNUC402 may be reported as a novel strain
(Table 1). The black spots in Fig. 1 identify the crystals
induced by the 4 isolates. These crystals were precipitated
in single colonies on a solid agar medium (urea-CaCl2). All
the crystals induced by the 4 isolates were white in color
and had irregular circular morphologies.
Fig. 2 shows that the crystal precipitation process begins
at the center of the bacterial colony. The amorphous CaCO3

Fig. 1. Images of Crystals induced by CaCO -precipitating
bacteria on the bacterial colony.
3

The black spots are the CaCO crystals formed by CFB. These crystal
images were observed on a solid agar medium (urea-CaCl ) after 5 days:
A, S. soli KNUC 401; B, B. massiliensis KNUC402; C, A. crystallopoietes
KNUC403; D, L. fusiformis KNUC404. Scale bar, 100 µm.
3

2

formation can be attributed to these bacterial colonies, and
the bacterial surface provides a framework for crystal
maturation [4, 5, 14, 15]. The crystallization pattern from S.
soli KNUC401 was similar to that from S. pasteurii (Fig. 2).
Frederik Hammes et al. [12] showed that precipitation

Fig. 2. Time-course microscopic images of CaCO precipitation by bacteria.
3

The crystallization of the CFB began at 24 h. S. pasteurii and S. soli KNUC401 showed similar crystallization patterns diffused out of the bacterial colony.
All CFB displayed different morphologies in calcite precipitations within bacterial colonies: A, S. pasteurii (type strain); B, S. soli KNUC401; C, B.
massiliensis KNUC402; D, A. crystallopoietes KNUC403; E, L. fusiformis KNUC404. Scale bar, 100 µm.
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always occurs on the surface of the bacterial colony and
that bacteria were captured within the crystal structure.
However, in our study, we observed that S. pasteurii (type
strain) [23] and S. soli KNUC401 (wild type) formed
calcite crystals both on the colony surface and on the agar
medium surrounding the colony (Fig. 2). This phenomenon
is due to the secretion of macromolecules and urease from
the bacterial cells [13, 19]. This extracellular organic matter
could interact with the surface of the growing crystals in
specific ways [13, 16, 17]. Thus, strain specificity could
induce a different crystallization (Fig. 1 and 2), which could
impact the dynamic performance of mortar [12, 13].
CaCO3 Crystal Analysis
The crystals induced by the CFB were purified by boiling
the solid agar medium containing the bacterial colonies
and crystals; Fig. 3 shows images of the purified crystals.
The size and morphology of the crystals show strainspecific differences. The crystals were typically irregularshaped spheres (Fig. 3). The size of the crystals induced by
KNUC401, KNUC402, and KNUC403 was 70-200 µm
but that of the crystal induced by KNUC404 was 200500 µm (Fig. 3). The specificity of crystal growth is known
to be mainly due to differences in bacterial genera [14, 15].
Kawaguchi and Decho [17] showed that crystal growth could
be inhibited or altered by the adsorption of proteins, organic
matter, or inorganic components to specific crystallographic
planes. The CFB isolated from the concrete structures
belonged to different genera (Table 1). The different CFB
induced strain-specific CaCO3 formations. FE-SEM images

Fig. 4. FE-SEM micrographs of CaCO crystals induced by the
CFB.
3

All the CFB have different crystallization patterns. The results show that
CaCO precipitation is related to strain specificity: A, S. soli KNUC401; B,
B. massiliensis KNUC402; C, A. crystallopoietes KNUC403; D, L.
fusiformis KNUC404. Scale bar, 1 µm.
3

also showed the strain-specific differences on the crystal
surfaces (Fig. 4). An XRD analysis was employed to
determine the crystalline form of the crystals; it showed
that all CFB induced the crystallization of rhombohedral
calcite (Fig. 5).
Microbiologically Induced CaCO3 Precipitation
Quantification of MCP was performed by the EDTA
titration method [2]. Fig. 6 presents patterns of insoluble
Ca2+, cell growth, and pH increases at an initial concentration
of 25.2 mM CaCl2 in the presence of CFB. The pH

Fig. 3. Crystals induced by CFB observed under a biological
microscope (40×).
The crystals were purified by boiling the solid agar medium (urea-CaCl )
containing the bacterial colonies and the crystals. The general morphology
of the purified crystals displayed irregular circular forms. The crystal
induced by KNUC404 was bigger than those induced by other CFB: A, S.
soli KNUC401; B, B. massiliensis KNUC402; C, A. crystallopoietes
KNUC403; D, L. fusiformis KNUC404.
2

Fig. 5. X-ray diffraction patterns of CaCO crystals induced by
the CFB.
3

All the crystal peaks displayed rhombohedral calcite structures: A, S. soli
KNUC401; B, B. massiliensis KNUC402; C, A. crystallopoietes KNUC403;
D, L. fusiformis KNUC404. C, calcite peak.

APPLICATION OF CALCITE-FORMING BACTERIA

786

Fig. 6. Quantification of CaCO precipitation in the presence of the CFB and CaCl .
3

2

The rate of CaCO precipitation increased in direct proportion to cell density. Each point represents the average of duplicate assays: A, S. soli KNUC401; B,
B. massiliensis KNUC402; C, A. crystallopoietes KNUC403; D, L. fusiformis KNUC404. Insoluble Ca (Bar), pH ( □ ), and cell growth ( ○ ).
3

2+

increase shows that the level of ammonia produced by urea
hydrolysis in the medium (urea-CaCl2) and through cell
growth provides nucleation sites for calcite formation
(Cell-Ca2+ +CO32- →Cell-CaCO3↓) [24]. This pattern shows
the typical ureolytic CaCO3 precipitation [12, 23]. The
MCP was increased in direct proportion to cell density and

pH (Fig. 5). However, cell density has more influence on
CaCO3 precipitation than pH, because the precipitation of
KNUC402 and KNUC403 was completed at a comparatively
low pH (Fig. 5). Furthermore, the cell density was at its
highest point on the growth curve when CaCO3 precipitation
was completed (Fig. 6). This outcome implies that increasing

Table 2. Compressive strength test of mortar containing the same bacterial concentrations.
Compressive strength in MPa
Strain

7 days
a

Strength±SD
Control

b

S. pasteurii
KNUC401
KNUC402
KNUC403
KNUC404
a

Strength increase (%)

Strength±SD

Strength increase (%)

22.8±1.3

0

23.5±0.6

0

24.2±1.1
25.8±0.8
21.2±2.0
19.7±0.8
25.4±1.7

6.3
13.2
-11.7
-13.6
11.7

19.4±2.2
24.4±0.6
23.4±3.9
25.6±0.7
24.5±1.7

-17.3
3.8
-0.3
8.9
4.5

Average and standard deviation values obtained from triplicate samples.
Only phosphate buffer.

b

28 days
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Fig. 7. Changes of compressive strength of the concrete mortar
cubes with the same CFB concentrations for 4 weeks.

cell density at the nucleation site can accelerate the
powerful attraction force of the ions (Ca2+, CO32-) to the
negatively charged microbial surface [15, 20].
The calcite precipitation of the CFB was typically
completed in 24 h except for KNUC404 (Fig. 6). In the
case of KNUC401, the calcium precipitation time was
notably faster than for other isolates, and the pH was
increased to very high levels (KNUC401, pH 9.77; KNUC402,
pH 9.14; KNUC403, pH 9.33; and KNUC404, pH 9.14).
However, KNUC401 did not show any improvements over
KNUC403 in relation to the compressive strength of the
mortar. Therefore, the time taken to complete precipitation
is not related to improvements in the compressive strength of
mortar (Table 2).
Effects of Different Strains on Compressive Strength of
Mortar
The mortar cubes consolidated with calcite-forming bacteria
for 7 and 28 days were measured to assess compressive
strength (Table 2). The 7-day strength test for consolidated
mortar showed that cubes consolidated with KNUC401
and KNUC404 showed improved compressive strength
relative to the control, but cubes with KNUC402 and
KNUC403 did not show improved compressive strength
(Table 2). The 28-day strength test for consolidated mortar
showed that the cube treated with KNUC403 had the
greatest improvement in compressive strength, and the
observed change in compressive strength from 7 to 28
days was 22% (Fig. 7). However, the cube consolidated
with S. pasteurii, which is known to increase compressive
strength, did not increase the compressive strength of the
28-day-consolidated mortar (Table 2). Thus, KNUC403
could be selected as an appropriate bacterial sealing agent
for improving the compressive strength of concrete and for
the remediation of cracks. The increased compressive
strength is probably due to the presence of calcites induced
by CFB, microorganism deposits in the mortar pores, and
the presence of an extracellular organic substance in the
matrix [1, 10, 20].

In conclusion, we clearly showed that strain-specific
precipitation of CFB isolated from concrete structures
occurs during ureolytic microbial CaCO3 precipitation.
KNUC403 showed greater compressive strength than S.
pasteurii, which has been known to improve compressive
strength. Although the size and growth of the calcite
induced by CFB was not related to improvements in the
compressive strength of mortar, the addition of CFB can
induce a positive effect on the compressive strength.
Further study is required to identify the factors affecting
the compressive strength of concrete mortar containing
CFB.
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