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Abstract: The application of calcium carbonate precipitation-inducing bacteria in the past two
decades has become an alternative in green technology development, particularly in construction as
self healing agent of concrete and in the waste treatment as contaminants remover (e.g., radioactive
pollutants and heavy metals). This study aimed to obtain potential bacterial isolates from rock
samples that can induce calcium carbonate precipitation and characterize the precipitate produced.
This study began with the isolation of bacteria from rock samples taken from an arid area (Malaka,
East Nusa Tenggara) using Nutrient Broth-urea-CaCl, media. Colonies showing the formation of
calcium carbonate precipitation were then purified and selected for the ureolytic activity assay using
Christensen’s urea agar. Bacterial isolates with high ureolytic activity were selected for further
characterization of their ability to produce calcium carbonate precipitation. Five bacterial isolates
with the best precipitation ability were obtained. Each isolate had a different ability to induce calcium
carbonate precipitation, and the resulting crystal morphology was also different. Isolate M 2.6 was
the best bacterial isolate capable of inducing the highest calcium carbonate precipitation, which was
2.6 g/L. This isolate was later identified as Mesobacillus campisalis. The calcium carbonate
precipitate produced by the five selected isolates ranged from 1.4 g/L to 2.6 g/L. The Field Emission
Scanning Electron Microscopy (FESEM)-Energy Dispersive Spectroscopy (EDS) characterization
revealed that the precipitate resulting from the bacterial isolates was calcium carbonate. This was
indicated by the mass percent value, which was dominated by three main elements, namely O, Ca,
and C, with a mass ratio of approximately matching CaCOs.

Keywords: bio-mineralization, crystal morphology, limestone, mineral precipitation, self-healing
concrete

concrete have been known as one of major contributors in

During the past two decades, the bacterial-induced
calcium carbonate precipitation has become a promising
technology  for  various applications due its
environmentally ~ friendly?.  Calcium  carbonate
precipitation-inducing bacteria can be wused in the
development of self-healing concrete technology as a self-
healing agent>®. Bacteria-induced calcium carbonate
precipitation mixed into the concrete can improve the
physical and mechanical properties of the concrete
structure and automatically repair it when cracks
occur*>®, Nowadays, there is a necessity to develop
construction technology that produce less carbon dioxide
emission as well as improve building durability because

carbon dioxide emission to the atmosphere’®. Therefore,
by lowering the demand for cement consumption, this
approach might be an option for developing construction
technology that creates less carbon dioxide. Furthermore,
this group of bacteria was not only used in concrete self-
healing technology but also used in the process of
removing contaminants such as radioactive pollutants”,
heavy metals from liquid waste and groundwater'®!":'2), In
addition, these bacteria also can be used in disasters,
namely to mitigate soil erosion by increasing the
compactness of the soil structure'®. The utilization of
biological technologies have beneficial in low
environmental impact as well as low cost, hence support
the green technology application and sustainable
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development!'*1,

Precipitation of calcium carbonate by microorganisms
is a natural phenomenon that occurs in nature'®. This
process was known as biomineralization.
Biomineralization is the process of mineral precipitation
due to changes in environmental chemistry caused by the
activity of microorganisms. Mineral precipitation by
microorganisms can take place both intracellular and
extracellular!”. There are more than 60 types of minerals
that can be formed through the biomineralization
process'®).

Microbially induced calcium carbonate precipitation
naturally occurs through a number of cellular biochemical
activities'”. Some of its formation mechanisms include
photosynthesis reactions, urea hydrolysis, sulfate
reduction, anaerobic sulfide oxidation, and the formation
of biofilms and extracellular polymer compounds'!”.
Among these mechanisms, urea hydrolysis was the most
commonly used method in the study of calcium carbonate
precipitation by microorganisms, especially bacteria.
Bacteria posed faster metabolic activity prompting
changes in pH to become more alkaline than other
metabolic activities. In addition, the characteristic of the
calcium carbonate produced by bacteria was more
homogeneous than other microorganisms®?.

Calcium carbonate precipitation through urea
hydrolysis takes place in the presence of urease activity.
Hydrolysis of urea by urease will produce carbamates and
ammonia. The carbamates then spontaneously hydrolyze
to form bicarbonate and ammonia. After that, bicarbonate
and ammonia will establish an equilibrium in water to
form carbonate, ammonium, and hydroxide ions. The
accumulation of ammonium ions will increase the pH of
the environment and will push the reaction equilibrium
towards the formation of carbonate ions. Precipitation will
occur when carbonate ions bind to calcium ions attached
to the surface of bacterial cells. Bacterial cells play a role
in the initial precipitation process by providing a starting
place for the development of crystal nuclei (nucleation).
Negative charges on bacterial cell surfaces will attract
positive charges of calcium ions'”!%19),

The application of bacterial-induced calcium carbonate
precipitation still encounter a number of limitation,
particularly in  harsh environmental conditions.
Consequently, choosing appropriate bacterial strains is
one of the crucial steps in the actual application of this
approach. Due to their great ureolytic activity,
Sporosarcina pasteurii strains have been the subject of the
majority of research on ureolytic-based bacterial-induced
calcium carbonate precipitation.?! Therefore, the research
to find other potential strain of bacteria-induced carbonate
precipitation is important to to offer bioresources that can
meet the application requirement.

This study aimed to obtain potential bacteria that induce
calcium carbonate precipitation through the mechanism of
urea hydrolysis. Bacteria were isolated from rocks
collected from an arid area in the Malaka District,

Atambua Regency, East Nusa Tenggara, thereby potential
to obtain a unique character of bacterial strains. We found
five potential bacteria and three of them have been not
reported anywhere. This study might be a good starting of
studying  microbially-induced  calcium carbonate
precipitation in a tropical region country, particularly
Indonesia.

2. Materials and Methods
2.1 Rock sampling

Limestone rock samples were taken around the hilly
area in the Malaka District, Atambua Regency, East Nusa
Tenggara. The sampling coordinates were 90°28'18.2" SL
and 124°55'54.3" EL. Stone sampling was carried out
aseptically by scraping the surface of the stone using a
sterile knife, and the stone chips obtained were inserted
into a sterile tube containing 15 mL of'a 0.85% (w/v) NaCl
solution. Rocks that were difficult to scrape were broken
using a sterile hammer. All samples obtained were
numbered to facilitate data collection.

2.2 Screening of bacterial-induced calcium carbonate
precipitation

Stone fragments that had been stored in a sterile 0. 85%
(w/v) NaCl solution were brought to the laboratory and
incubated at room temperature (28-30 °C) with shaking at
104 rpm for 5 days. A total of 50 pL of the culture media
from the incubated rock samples were inoculated onto the
selection media Nutrient Broth (NB)-urea-CaCl, using the
spreading technique??. The composition of the NB-urea-
CaCl, media in one liter was 8 g Nutrien Broth (Himedia,
India), 5 g NaCl, 20 g urea, 0.025 M CaCl,, and 15 g agar.
The cultures were incubated at 30 °C for 7 days. The
observation of carbonate precipitation formation by
bacterial isolates was carried out every 24 hours using a
stereo microscope (Olympus SZ61, Japan). Bacterial
isolates that showed carbonate deposition were
distinguished based on the morphology of the carbonate
crystals formed. Each isolate was assigned a numbering
code to facilitate further identification. Each isolate was
grown on slanted nutrient agar (NA) media for further
characterization

2.3 Urease activity assay of bacterial-induced calcium
carbonate precipitation

The urease activity of bacterial-induced calcium
carbonate precipitation was confirmed using Christensen's
urea agar medium?®). Each bacterial isolate obtained from
the previous stage was inoculated on Christensen's urecase
solid media and incubated for 48 hours at 30 °C. Positive
urease activity was indicated by a change in the color of
the medium from light orange to pink/purple. Negative
urease activity was indicated by the color of the medium
remaining orange or turning yellow. The bacterial isolates
with the highest ureolytic activity were subjected to
further analysis.
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2.4 Molecular identification of potential bacterial
isolates

The molecular identification of bacteria was began with
bacterial DNA genome extraction step. The extraction of
the bacterial DNA genome was carried out following the
method of Packeiser et al.?¥. Cells from single colony on
the surface of solid media were removed using a sterile
toothpick and suspended in 20 pL of nuclease-free water.
The suspension was then vortexed for ten seconds and
incubated at 98°C for five minutes. The supernatant was
separated from the cell debris by centrifugation, and was
used as a DNA template.

The 16S rRNA gene of bacteria was amplified using a
universal primer pair, 27F (5'-
AGAGTTTGATCCTGGCTCAG-3") and 1492R (5'-
GGTTACCTTGTTACGACTT-3"?Y. Each tube contains
ultrapure water 9.75 pL, GoTaq Green MasterMix
(Promega) 2x12.5 pL, primer 27F (10 puM) 0.625 uL,
primer 1492R (10 uM) 0.625 uL, DMSO 0.5 pL, and 1
puL template DNA sample with a total volume of 25 pL.
Amplification was carried out under Polymerase Chain
Reaction (PCR) conditions: predenaturation at 95 °C for
90 seconds, followed by 30 cycles consisting of
denaturation (95 °C, 30 seconds), annealing (50 °C, 30
seconds), elongation (72 °C, 90 seconds), and final
extension at 72 °C for five minutes, followed by 4 °C for
20 minutes. The amplification products were then
seperated through electrophoresis on an agarose gel with
a concentration of 1% (w/v). After completion, the gel was
immersed in a 5.0 pg/mL ethidium bromide solution for
30 minutes and visualized using a UV transilluminator.

The PCR amplicons were sequenced at Macrogen
Korea Laboratory using an automated DNA sequencer
(ABI PRISM 3130 Genetic Analyzer) (Applied
Biosystems). Sequencing data were processed using the
Bioedit program?®. The 16S rRNA sequence homology
was searched on the Eztaxon server. Reference sequences
were obtained from the GenBank/DDBJ/EMBL database,
which was accessed online via www.ezbiocloud.net??.
The phylogenetic tree was constructed using the neighbor-
joining method®®, which was carried out in MEGA 7.0
software?? with a bootstrap value of 1000x.

2.5 Observation of calcium carbonate precipitation
formation process by potential bacterial isolates

Five potential bacterial isolates obtained from the
previous stage were grown on NB-urea-CaCl, agar media
using a sterile loop. The cultures were incubated at 30 C
for 5 days. The observation of calcium carbonate
precipitate formation was carried out on single colony of
each bacteria isolates every 24 hours under a stereo
microscope (Olympus SZ61, Japan).

2.6 Production of calcium carbonate precipitation by
potential bacterial isolates

Five selected calcium carbonate-precipitating bacteria
isolates with high urease activity were further analyzed for
their ability to produce calcium carbonate precipitates in
liquid medium. The medium used was the same as the
initial screening medium without agar addition. Selected
bacterial isolates were first subcultured on Nutrient Broth
media for 16 hours. A total of 1% (v/v) culture was
inoculated into 50 mL of NB-urea-CaCl, production
medium. The cultures were incubated at room temperature
for 7 days with shaking at 104 rpm. The calcium carbonate
precipitate was separated from the medium using
Whatman No.1 filter paper with the help of a vacuum
pump. The precipitate obtained was rinsed using distilled
water three times. The precipitate was dried in an oven for
24 hours at 60 °C. The amount of calcium carbonate
precipitate was weight and expressed in mg/L media.

2.7 Precipitation characterization by FE-SEM and
EDS

The calcium carbonate precipitate produced by each
bacterial isolate was further characterized to determine its
morphology and elemental content. The precipitate
morphology was visualized using a Field Emission
Scanning Electron Microscope (FE-SEM) (Thermo
Scientific Quattro S). Qualitative and quantitative analysis
of elemental content on the sample surface was also
carried out with this tool because it was equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector.
This characterization was carried out at Advanced
Characterization Laboratories, Cibinong Integrated
Laboratory of Bioproducts, National Research and
Innovation Agency, Indonesia.

3. Results

3.1 Screening of ureolytic bacterial-induced calcium
carbonate precipitation

About 33 isolates of bacteria were obtained at the
screening stage using NB-urea-CaCl, media, which can
induce calcium carbonate precipitation. These bacterial
isolates came from six different limestone rock samples.
The number of bacterial isolates obtained from each rock
sample was five to seven. Each isolate was visually
distinguished based on the morphological characteristics
of the formed calcium carbonate precipitation. The
observation results using a stereo microscope showed that
there were morphological variations of calcium carbonate
precipitation found around the colonies. Generally,
calcium carbonate precipitate appeared from the center of
the bacterial colony. Its shape like a crystal granule. Some
of the morphological forms of calcium carbonate crystals
can be seen in Fig. 1.
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Fig. 1: Crystal morphology diversity of calcium carbonate
precipitation induced by different types of bacteria isolated from
stone using NB-urea-CaClz solid media on the fifth day of
incubation.

- = 7 - LY

Fig. 2: Change in color of medium in Christensen's urea agar

indicates urease activity. Positive = pink-purple; negative =
yellow-orange.

All isolates obtained from the screening stage were then
tested for their ureolytic activity qualitatively using
Christensen's urea agar media. The assay result showed
that only 16 isolates from 33 isolates were positive for
ureolytic activity, which was indicated by a change in the
color of the medium from orange to pink/ purple (Fig. 2
and Table 1).

Table 1. Urease activity assay of bacterial isolates induced-
calcium carbonate precipitation on Christensen's urea solid

media.
Sample code Isolate number | Urease activity

1 -

2 -
M.1 3 +

4 +++

5 +

1 -

2 +

3 +
M.2 4 +

5 +

6 +++

7 +

1 +

2 -
M.3 3 +

4 +

5 -

1 -

2 -
M.4 3 -

4 ++

5 ++

1 -

2 ++

3 -
M.5

4 -

5 -

6 -

Note:” - “= urease negative, “+” = urease postive (+ =

low, ++ = medium, and +++ = high)

3.2 Molecular identification of potential ureolytic
bacteria

Five selected isolates with the best ureolytic activity
were further identified to determine their identity. The
homology analysis of the 16S rRNA gene sequence using
the Eztaxon server can be seen in Table 2. All isolates had
a similarity level of above 98% with the strains already in
the database. The five isolates were identified as Bacillus
onubensis (isolate M.1.4), Mesobacillus campisalis
(isolate M.2.6), Agrobacterium pusense (isolate M.4.4),
Staphylococcus ~ wareri  (isolate ~ M.4.5), and
Microbacterium paraoxydans (isolate M.5.2 ).
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Table 2. The homology analysis of the 16S rRNA gene
sequences of bacterial isolates using the EZtaxon server

B.acterla Top hit taxon Top hit strain Similarit

1 isolate Yy

V14 Bacillus 091IMAR22V | o0 o
onubensis 3

M.2.6 Mesobacillus | x> ¢ 98.93
campisalis

M.4.4 Agrobacterium | \ 1595673 99.70
pusense

M.4.5 Staphylococcus | 1097836 | 99.86
warnerit

M.5.2 Microbacteriu | \pp 103076 | 100.00
m paraoxydans

3.3 Observation of calcium carbonate precipitate
formation process by potential bacterial isolates

Figure 3 exhibited the development of calcium
carbonate precipitation of five selected bacterial isolates.
It showed that each isolate produced a different
morphology of calcium carbonate crystals, particularly in

shape and size. Each of isolates had a different period
when the calcium carbonate precipitate first emerged. The
fastest initiating calcium carbonate precipitation was
found on isolates M.2.6 and 2.4.4, which required 48
hours/2 days of incubation. The bacterial isolate that takes
the longest time to form calcium carbonate precipitation
was M.2.4.5, which takes 96 hours (4 days) incubation.

Precipitation of calcium carbonate by isolate M.1.4
(Bacillus onubensis) started with amorphous formation
until the second day, began to change into crystal form on
the third day, and continued to grow. Whereas in isolate
M.2.6 (Mesobacillus campisalis), calcium carbonate
precipitation was homogeneous and there was a crystal
nucleus in the center of the colony which looked darker.
As for the appearance of calcium carbonate precipitation
on isolate M.4.4 (Agrobacterium pusense), calcium
carbonate crystals were clearly visible with fairly large
size on day 2, different from the other four isolates.
However, no significant changes were seen in the days
that followed.

Fig. 3: The development of calcium carbonate precipitation formation by five bacterial isolates with the highest urease activity.

Bar size = 1000 pm

The appearance of calcium carbonate precipitation in
the form of crystals on isolate M.4.5 (Staphylococcus
wareri) was only clearly visible on the fourth day and

continued to increase in size on the fifth day. On the
previous day, it was only seen that there was a slightly
darker part in the center of the colony. It was different
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again with isolate M.5.2 (Microbacterium paraoxydans),
which had a homogeneous crystal form, small in size, and
spread throughout the colony. Interestingly, the colony
also contained calcium carbonate precipitation, which was
arranged in a circular, ring-like shape on the inside of the
colony.

3.4 Production of calcium carbonate precipitation by
potential bacterial isolates

Each isolate had a different ability to induce calcium
carbonate precipitation. The calcium carbonate precipitate
produced by the five selected isolates ranged from 1.4 g/L
to 2.6 g/L. The highest calcium carbonate precipitation
was produced by Mesobacillus campisalis strain M.2.6, at
2.6 g/L, followed by Bacillus onubensis strain M.1.4 at
2.53 g/L (Figure 4a). Microbacterium paraoxydans strain
M.5.2 had the lowest ability to precipitate calcium
carbonate compared to the other four strains, which was
only 1.4 g/L.

EN L

250+

[
8

Production of CaCO, precipitation
(g/L media)
]

M52

Bacterlal lsolate

(@
10
10 +
R 0 —]—
Tk
19
i
Contral M 14 M6 M52
Bacterial isolate
(b)

Fig. 4: (a) Production of calcium carbonate precipitate from
the five potential isolates after seven days of incubation in NB-
urea-CaCl2 liquid media, (b) the final pH of the medium after
seven days of incubation.

This study also observed the pH of the media at the end
of the incubation period (Figure 4b). All of the pH media
of the five potential isolates turn alkaline. The highest pH
media was founded on bacterial isolate M. 2.6, reaching a
pH of 9.8. There was a positive correlation between the

level of urease activity and the level of calcium carbonate
precipitation produced. The higher the ureolytic activity
of bacteria, the higher the calcium carbonate precipitation
produced.

3.5 Precipitate characterization by Field Emission
Scanning Electron Microscopy (FE-SEM) - Energy
Dispersive Spectroscopy (EDS)

The FE-SEM analysis showed that the morphology of
the calcium carbonate produced by each isolate was
different in shape and size (Fig. 5) . Calcium carbonate
crystals produced by isolates M.1.4, M.2.4, and M.4.4 had
a morphology similar to a rhombohedral structure with a
flat surface, while the crystal morphology produced by
isolates M.4.5 and M.5.2 was more likely to have an
irregular shape with spherical and uneven surfaces.

Further characterization of the components contained
in the precipitate produced by each isolate can be
determined using EDS. The study revealed that three main
elements—O, Ca, and C—dominated the mass percent
value. All samples obtained from each bacterial isolate
showed the same pattern, only varying in the percentage
of those three elements.

4. Discussion

Precipitation of calcium carbonate induced by bacteria
occurred as a result of cellular biochemical activities.
Several cellular biochemical activities have been reported
to be responsible for the induced precipitation of calcium
carbonate. This study focuses on the precipitation of
calcium carbonate as the urea hydrolysis activity.
Therefore, urea was used in screening media to select the
bacteria that were able to induce calcium carbonate
precipitation via urea hydrolysis. The hydrolysis of urea
by bacteria promoted the formation of carbonate ions due
to the increase in the environment's alkalinity.

The initial process of calcium carbonate precipitation
formation or nucleation starts at the surface of the
bacterial cell. Calcium ions are attached to the surface of
the outer membrane of bacterial cells, which are generally
negatively charged!>??. Consequently, calcium carbonate
precipitation will be concentrated in the colony when
carbonate ions are bound to calcium ions on the surface of
the outer membrane of bacteria. Nevertheless, there were
also bacterial isolates that induced precipitation scattered
outside the colony. A similar phenomenon has also been
reported by Reeksting et al., (2020)* found in the
bacterium  Sporosarcina  pasteurii DSM33. This
phenomenon was assumed to correlate with the localized
pH change in the medium. Higher urease activity will
prompt a rapid upshift in pH medium and promote
calcium carbonate precipitation out of bacterial colonies.

It is clear from the ureolytic assay results that not all
isolates that caused calcium carbonate precipitation
possessed ureolytic activity. Only half of all isolates
obtained could hydrolyze urea, as indicated by the change
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in media color. The changing in the color of the media the accumulation of ammonium produced from the
20)

from orange to pink/purple occurred as a consequence of hydrolysis of urea by bacteria

448
EEN ]
oA
0.4
0.2
.2

a1

Fig. 5: FE-SEM and EDS analysis of calcium carbonate precipitation produced by each bacterial strain. Left, morphologycal
appearance of carbonate precipitation and the area elemental profiling by EDS were indicated by the white box. Center, coresponding
EDS spectra showed the peaks of elemental profiling contained in carbonate precipitation. Right, the elemental analysis table showed

the amount of each element (weight%).

This finding revealed that urea metabolism is not the only process involved in the calcium carbonate
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precipitation by bacteria. Induction of calcium carbonate
precipitation by microorganisms can also involve non-
ureolytic pathway, for example photosynthesis, as found
in the Cyanobacteria group®”.The formation of CaCOs
precipitation through the photosynthesis pathway begins
with the capture of CO; by cells and will concentrate
intracellularly. Then the CO;-sequestering process will
cause the environment in the bacterial cells to become
alkaline, thus encouraging the formation of bicarbonate.
The presence of calcium around the cells will encourage
the formation of CaCOs precipitation around the cells.
CaCQOs; precipitation can also be formed from the
denitrification process by denitrifying bacteria.
Denitrifying bacteria use NOs™ as an electron acceptor in
the oxidation of organic acids to produce CO,, and then
promote the formation of bicarbonate of acid under
alkaline conditions. CaCOj; precipitation will form when
Ca®" ions are present in the environment*". In addition,
the sulfate reduction, and extracellular polysaccharide
polymer compounds produced by biofilm bacteria can
also induce the formation of calcium carbonate
precipitation®3?,

In order to determine the length of time required by
each bacterial strain to produce precipitation, the calcium
carbonate crystals development was periodically
observed for seven days. The observation results showed
that the time of precipitation formation varied among
bacterial isolates, ranging from 2 to 4 days. Similar
observations had been reported by Hammes et al.,
(2003)*» on a number of bacterial isolates isolated from
various sources, namely soil, pieces of concrete, and
mud.The microscopic observation result showed that the
precipitation of calcium carbonate formed ranged from 20
hours to 5 days, depending on the bacteria strain. The
precipitate formation started with the emergence of
amorphous calcium carbonate, indicated by the
appearance of a dark area in the center of the colony.
Afterward, it was followed by crystal formation and
maturation of calcium carbonate crystals®®.

The measurement result of precipitate production by
five potential isolates showed various weights. The
highest precipitate production was given by Mesobacillus
campisalis strain M.2.6. Mesobacillus campisalis strain
M.2.6 had a higher calcium carbonate precipitation
inducing capacity than the Bacillus megaterium strain that
Dhami et al., (2013)*9 reported, which is 1.87 g/L. These
five isolates were still unable to exceed Sporosarcina
pasteurii (BNCC 337394), which can precipitate 3 g/L
calcium carbonate in under 12 hours®®. However, the
composition of the media used was different. Calcium
carbonate production was determined not only by the high
activity of bacterial urease but also by substrate
concentration (urea), CaCl, concentration, incubation
temperature, initial pH of the media, and aeration 837,
Beside that, precipitation strategy by separating growth
step and inducing precipitation step could increase the
production of calcium carbonate precipitation.3®

Therefore, it was necessary to optimize the production of
calcium carbonate precipitation for further study.

Based on our knowledge, there have been no reports on
the ability of Bacillus onubensis, Mesobacillus campisalis,
and Agrobacterium pusense strains to induce calcium
carbonate precipitation. Only two strains have been
reported, including Staphylococcus wareri®® and
Microbacterium paraoxydans*” regarding their ability to
induce calcium carbonate. The genus Bacillus has been
studied the most in relation to bacteria-induced calcium
carbonate precipitation. Because of its high urease activity,
ability to survive in harsh environments with the
formation of endospores, and capacity to produce
extracellular polysaccharide compounds that aid
precipitation, the Bacillus genus was well known for its
exceptional capacity to induce calcium carbonate
precipitation*”.  Nevertheless, several non-ureolytic
Bacillus strains were reported to induce calcium carbonate
precipitation*?. However, studies related to non-ureolytic
bacteria induced carbonate precipitation are still limited.

Bacillus  pasteurii (now known as Sporosarcina
pasturii) is the most widely used bacterium in the study of
calcium carbonate precipitation-inducing bacteria,
especially in concrete strength-enhancing applications*!.
Some of the advantages of S. pasteurii besides having
high urease activity, are more negatively charged cell
surfaces, strong cell structures, and low mobility®.
Numerous studies have been carried out using these
bacteria, for example, increasing the compactness of
cement and soil*®*, self-healing concrete®), and heavy
metal bioremediation*®,

Further characterization of the calcium carbonate
precipitate obtained from the five potential bacteria strains
using FE-SEM showed the surface morphology of the
precipitate. There were two types of calcium carbonate
precipitate morphology: rhombohedral and spherical.
Rhombohedral crystals are characteristic of calcite, which
has a more stable crystal form than the spherical form*”.
According to Reeksting et al., (2020)??, the variation in
crystal morphology that each strain of ureolytic bacteria
produced was impacted by the ureolytic activity, which
had an effect on the precipitation rate. When precipitation
occurs rapidly, the crystals formed will be homogeneous,
resulting in a thombohedral crystal. Additionally, it was
stated that various mechanisms, such as ureolytic and non-
ureolytic bacteria, contributed to variations in crystal
shape. In non-ureolytic bacteria, the morphology of the
calcium carbonate crystals produced is spherical with a
large size due to the slow precipitation process??.

The EDS analysis offers details on the components
present in the precipitate as well as mass percent data for
each element. The results of the EDS examination
demonstrated that the precipitates generated were, in fact,
CaCO3. The mass ratio of approximately equivalent
CaCO3 provided evidence of this.

Further study was needed to explore the potential
application of these bacteria to develop green technology
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deal with various environmental problem whether as a
self-healing agent in concrete to develop construction
technology for durability building®®*?), heavy metals
contaminant remover in wastewater treatment’®!, or

another possible application.

5. Conclusion

Ureolytic bacteria isolated from rock samples were able
to induce calcium carbonate precipitation. Five potential
bacterial isolates with the best precipitation ability were
obtained. The best bacterial isolate induced the highest
calcium carbonate precipitation was M.2.6, which was 2.6
g/L. This bacterium was identified as Mesobacillus
campisalis with a similarity level of 98.93%. The calcium
carbonate precipitation produced by the five selected
isolates ranged from 1.4 g/L to 2.6 g/L. There was a
positive correlation between the level of urease activity
and the level of calcium carbonate precipitation produced.
Each isolate had a unique ability to induce calcium
carbonate precipitation, which resulted in distinct crystal
morphology. Bacterial strains M.14, M.2.4, and M.4.4
produced a homogenous rhombohedral-like structure,
whereas bacterial strains M.4.5 and M.5.2 produced an
inhomogeneous sphere-like structure. The results of
further characterization with FE-SEM and EDS showed
that the precipitate was CaCO3, which was confirmed by
the mass ratio that was close to calcium carbonate and
dominated by C, O, and Ca elements.
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