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Abstract The present research aimed at evaluating the

effects of urease enzyme and increasing pH on calcite

nanocrystal formation. Unlike some researches, the results

showed that CaCO3 precipitation is not a general phe-

nomenon among the bacteria and if a bacterium has not this

ability, it will not be able to produce calcite even with an

increase in pH. All urease-positive bacteria had this ability,

while only some urease-negative bacteria were able to

produce calcite. Production and characterization of nano-

crystals on precipitating medium were shown primarily by

light microscopy and then confirmed by X-ray diffraction

(XRD) analysis. Crystallite particle size was determined

using Scherrer formula that was sub-100-nm in all samples.

Based on qualitative and quantitative studies, strain C8 was

selected as the best calcite-producing strain. Phylogenetic

analysis indicated that this isolate has 99 % similarity with

Enterobacter ludwigii. 16S rRNA sequence of isolate was

deposited in GenBank with accession number JX666242.

The morphology and exact composition of nanocrystalline

particles were determined using scanning electron

microscopy (SEM) and energy-dispersive X-ray spectros-

copy (EDX). According to data obtained by SEM, we

suggest that nanocrystals of CaCO3 adhere to bacteria and

each other to form small aggregates and then complex

crystalline networks to trap bacteria. Many holes are

present in these crystalline networks that seem to be due to

the aggregation of nanocrystals.

Introduction

Microorganisms are active in a wide range of mineraliza-

tion processes and have been involved in the deposition of

minerals throughout the history of the earth. Bacteria from

soils, freshwater, and saline habitats have frequently been

reported to be able to precipitate calcite (calcium carbon-

ate) both in natural and in laboratory conditions. This

capability has been related to the formation of marine

calcareous skeletons, carbonate sediments, and soil car-

bonate deposits [9]. Chemoorganotrophic microorganisms

are major agents for distribution of carbon dioxide in nat-

ure by decomposition of organic matter during respiration.

These microorganisms are also capable of mediating bio-

precipitation of carbonate minerals that results from con-

tact between carbon dioxide and calcium ion [20].

Proposed innovative applications of calcite mineraliza-

tion by bacteria include biomimetic processes and exam-

ples of bioremediation in several fields ranging from

applied environmental microbiology (leaching, solid-phase

capture of inorganic contaminants), civil and environ-

mental engineering (sediment dikes, bioplugging, biogro-

uting, and self-healing of concrete and limestone

structures), and conservation of monumental calcareous

stones [5, 13, 25]. In addition, high purity and quality

calcite is required for better performance and it is a very

laborious and expensive process to obtain calcite with a

high degree of purity from natural sources. Thus, bacteri-

ally induced carbonate precipitation has received consid-

erable attention as an environmentally friendly method for

protecting and consolidating decayed ornamental carbonate

stone, that has significant benefits and advantages com-

pared to traditional restoration methods [18, 20].

Although there is no unified mechanism for the calcite

formation by microorganisms, following conditions can
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cause calcite deposition: (1) extracellular polymeric sub-

stances (EPS), that carry a net negative charge and have the

high binding ability to Ca2? ions, can result in CaCO3

precipitation [1, 3, 7, 8, 22, 25, 29], (2) in the environment

with higher content of dissolved inorganic carbon (DIC)

[22], (3) autotrophic pathways that reduce local carbon

dioxide in the bacterial environment [2], and (4) hetero-

trophic pathways that can lead to active or passive pre-

cipitation. Some bacteria through their metabolic processes

(photosynthesis, ammonification, denitrification, sulfate

reduction, and anaerobic sulfide oxidation and urea

decomposition) can passively induce extracellular precip-

itation of calcite by producing ammonia as a metabolic end

product which induces a pH increase. In active precipita-

tion, the production of CO3
2- is due to ionic exchange

through the cell membrane by calcium and/or magnesium

ionic pump [2, 10, 12, 15, 22, 23].

Calcite precipitation in solution occurs via the overall

equilibrium reaction of Ca2? ? CO3
2- $ CaCO3.

Because the production of carbonate ions (CO3
2-) from

bicarbonate (HCO3
1-) in water is strongly pH dependent,

an increase in CO3
2- concentration occurs under alkaline

conditions. Therefore, calcium carbonate precipitation

readily occurs in alkaline environments and high concen-

trations of the calcium and carbonate ions [25].

The present research is aimed at: isolation of calcite

forming bacteria from natural environments; comparison of

ability of urease-negative and urease-positive bacteria in

calcite precipitation; analyzing the type, shape, and size of

calcium carbonate formed; and selection of the best strain

for biotechnological applications.

Materials and Methods

Medium, Samples, and Their Maintenance

Soil, freshwater, chalk, cement, and activated sludge

samples were collected in sterile tubes and kept at 4 �C

until analyzed. Precipitation medium consists of 20 g/l

urea, 2.12 g/l NaHCO3, 10 g/l NH4Cl, 3 g/l nutrient broth

(NB), 25 g/l CaCl2�2H2O (Merck, Germany), and 15 g/l

agar (AppliChem, Germany) [11]. The pH of medium was

adjusted to 8 with addition 1 N NaOH.

Isolation of Calcite-Precipitating Bacteria

Samples (1 g) powered by mortar were suspended in 9 ml

sterile saline solution and vortexed for 1 min [6]. Fifty

microliter of the diluted samples was spread on precipi-

tating agar plates and inoculated at 28 �C for 2 weeks. All

experiments were carried out in triplicate. Colonies were

purified based on observation of calcite precipitation by

light microscope.

Studies of Crystal Formation

Each isolate was examined periodically with a light

microscope every day for up to 2 weeks after inoculation,

for comparing qualitative quantity of crystals produced by

different bacteria.

Analysis of Nanocrystals

Once crystals were detected, the colonies were harvested

and completely dried at 37 �C for X-ray diffraction (XRD)

analysis. XRD measurements were done by a one-circle

l = l diffractometer (XRD, D8 ADVANCE, Germany).

The work condition of XRD was CuKa radiation via a

rotating anode at 40 kV and 40 mA. The data were col-

lected in step of 0.05� 2-1 s and range of scattering angles

(2h) from 5� to 80�. The crystalline phases were identified

using the ICDD database (PDF2). Crystallite particle size

was determined by XRD using Scherrer formula [32].

Dried samples were ground into fine powder using agate

mortar and then coated with carbon for studying mor-

phology and size characteristics of nanocrystals by scan-

ning electron microscope (SEM) (LEO 1450 VP, England).

The elementary composition of the nanocrystals was

determined qualitatively with an IXRF500 EDS (energy-

dispersive X-ray spectrometry) detector.

Identification of Calcifying Bacterial Strain

Genomic DNA was extracted in order to identify best

precipitating bacterial strain.

DNA Extraction

DNA from culture was prepared by boiling. The samples

were centrifuged at 9,600g for 10 min. The supernatant

was eliminated, and the pellet was suspended in biology-

grade water and centrifuged at 9,600g for 10 min. Cells

were washed triple by this water. The pellet was twice

freeze–thaw and resuspended in 1 ml of molecular biol-

ogy-grade water and boiling at 100 �C in a water bath for

15 min, centrifuged at 6,700g for 5 min, and supernatant

was stored at -20 �C [31].

PCR

PCR was initially done on DNA extracts using the uni-

versal primers RW01, 50-AAC TGG AGG AAG GTG
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GGG AT-30, and DG74, 50-AGG AGG TGA TCC AAC

CGC A-30, which are highly conserved among all bacteria

[21, 30]. The amplified PCR product is approximately

370 bp in length. Amplification reactions were done in a

25 ll reaction volume. Reaction tubes contained primers,

1 ll of each primer-pair (0.3 lg/ll), 0.5 ll of dNTPs

(0.2 mM), X10 PCR buffer 2.5 ll, 25 mM MgCl2 0.75 ll,

PCR H2O 17 ll, template DNA extracted from bacterium

2 ll, and Taq polymerase (5 U/ll) 0.25 ll. The PCR was

performed in an Eppendorf Thermal Cycler using appro-

priate programs optimized for this primer. After denatur-

ation of DNA through heating for 2 min at 94 �C, the PCR

program involved 30 cycles; each cycle consisted of:

denaturation at 94 �C for 2 min, annealing at 55 �C for

1 min, and extension at 72 �C for 1 min. This was fol-

lowed by a final elongation step for 2 min at 72 �C. The

PCR products were separated on a 1.7 % agarose gel

containing ethidium bromide in 19 TBE buffer, run at

100 V for 1.5 h, and the gel was visualized on a UV

transilluminator. The purified PCR product was sequenced

in both directions using an automated sequencer by

Macrogen (Seoul, Korea). The sequences were edited using

Finch TV V.1.4.0., and the BLASTN program was used for

homology searches with the standard program default [27].

Urease Activity

All the isolates were tested for urease activity. Urea agar

slants were inoculated with purified cultures. When

organisms utilize urea, ammonia is produced that cause

phenol red turns pink [11].

Nessler Assay Method

Effect of urease on calcite precipitation was studied by

measurement of urea degradation rate in urease-positive

isolates. The production of ammonia by different isolates

was measured as a function of growth in liquid culture

medium. Samples were taken from 3 biological replicates

every 8 h for optical density (OD) and total ammonium

nitrogen (TAN) measurements. In order to assess the

growth, the optical density was measured with a spectro-

photometer (Spectronic 21D, Milton Roy Company, USA)

at 600 nm. TAN concentrations were determined colori-

metrically by Nessler method. The specific urea degrada-

tion rate (SUD) was defined as the ratio of ammonium

production (AP) per unit of bacterial growth in a given time

(t) and is given by the following formula [14]:

SUD ¼ APðg ammonium� 1�1Þ
½ODcells� � tðhÞ

Results and Discussion

Isolation of Calcite-Precipitating Bacteria

A total of 33 bacterial strains, C1–C31, were isolated from

various environmental sources on precipitating medium.

Strains C1–C5, C6–C7, C8–C24, C25–C27, and C28–C31

were isolated from freshwater, activated sludge, soil, chalk,

and cement, respectively. Among thirty-one strains iso-

lated, twenty-two strains had the ability to produce calcite

nanocrystals.

Urea Degrading Capacity

Among 22 strains with the ability to produce calcite, 12

strains were urease-positive. Some strains have high urea

affinities whereas some have lower affinities, by using the

Nessler assay method, it was estimated that strains C8 and
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Fig. 1 The specific urea degradation rate for different strains. Filled

triangle C4, open square C7, filled diamond C21, filled square C29,

open diamond C30 (a), filled circle C8, open circle C18 (b). The error

bars represent one standard deviation from three biological replicates
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C18 have maximum urea degrading capacity. The specific

urea degradation rate of the some strains is illustrated in

Fig. 1a and b. Maximum urea degrading capacity is

observed 18 h after inoculation for strains C4 (135 mg

NH4
? l1- h1-), C7 (125 mg NH4

? l1- h1-), C8 (2,883 mg

NH4
? l1- h1-), C21 (245 mg NH4

? l1- h1-), and C29

(127 mg NH4
? l1- h1-), after 24 h for strain C30 (226 mg

NH4
? l1- h1-), and after 40 h for strain C18 (658 mg

NH4
? l1- h1-). Urea degrading capacity in 5 other strains

was significantly lower (not shown here).

Crystal Precipitation

Microscopic observation showed that under laboratory

conditions in precipitating medium, 71 % of the isolates

(22 strains from 31 strains isolated during this study) were

capable of forming crystalline CaCO3. As seen in Fig. 2,

different types of calcite crystals can be produced by dif-

ferent bacterial strains, and bacteria with higher urease

activity produce smaller crystalline aggregates as strain C8

with highest urease activity has the smallest aggregates in

the size class and then, respectively, C18 and C7. Table 1

shows culture results of 14 strains (7 urease-positive strains

and 7 urease-negative strains) on 4 different media of

precipitating medium with urea (pH 7.0) and without urea

(pH 7.0, 8.0, and 9.0).

Unlike Rivadeneyra [24], Hammes [17], and Banks’ [4]

researches, we suggest that CaCO3 precipitation (calcifi-

cation) is not a general phenomenon among the bacteria

but can be produced by some bacteria with different

Fig. 2 Morphology of

produced crystals by some

isolates streaked on

precipitating medium at

49 magnification. C5 (a),

C12 (b), C17 (c), C7 (d),

C18 (e), C8 (f)
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mechanisms. If a bacterium has not this ability, it will not

be able to produce calcite even with increasing pH. The

strains C5, C12, C17, and 7 other strains (not shown in this

paper) among urease-negative bacteria have the ability to

produce calcite. Most calcite production occurs at alkaline

pH and in the presence of urea in urease-negative and some

urease-positive bacteria, respectively. Amount of calcite

production in presence of urea is the same with alkaline pH

in strains with low urease activity.

Although Fujita [16] and Chahal [11] believe that the

rate of calcite precipitation directly associated with the rate

of urea hydrolysis and therefore calcite precipitation is

reinforced in presence of urea hydrolyzing bacteria by

alkalinizing sedimentary environment, in this study it was

demonstrated that the effect of urea hydrolysis on calcite

production is more associated with carbonate ions. On the

other hand, the ability of a urease-positive strain for

nanocrystal production is directly related to urease activity

as the strain C8, isolated from Iranian Northern Soil, with

highest urease activity has maximum production and

strains C4, C7, and C29 with low urease activity have

minimum production among the isolated urease-positive

strains in this study. There is a direct relation between the

ability of a strain for hydrolysis of urea and the increase in

pH (due to the production of ammonia) and carbonate ion

concentration, while based on obtained results, the role of

pH is much less than carbonate ions because significant

change is not seen in amount of crystal production between

pH 8.0 and pH 9.0. Therefore, increasing pH is not only

consequence of urea hydrolysis in bacterial strains with

high urease activity.

Some urease-negative strains are able to produce calcite

only in the colony center (Fig. 2b) but some of them

(Fig. 2a, c) and all of urease-positive strains (Fig. 2d–f)

produce calcite in medium too. Therefore, some urease-

negative strains likely have ability to secrete different kinds

of enzymes that not introduced by previous researchers.

More research is needed to explore these enzymes.

Comparison of XRD Patterns Among Different

Treatments

In the XRD patterns, the characteristic diffraction peaks

occurred at 2h = 23.3�, 29.6�, 36.2�, 39.6�, 43.4�, 47.7�,

and 48.7�, and the strongest reflection occurred at

2h = 29.6. In all samples except C7, nanocrystals formed

by bacteria were calcite, as indicated by X-ray diffraction.

Vaterite was precipitated only by strain C7 (Fig. 3), iso-

lated from the activated sludge, at 28 �C. Vaterite is only

transiently found in nature. The crystallite size of nano-

particles was sub-100-nm as shown in Table 2.

Characterization and Identification of Strain C8

16S rRNA gene sequencing and biochemical characteris-

tics were used to identify strain C8. The results of bio-

chemical tests (e.g., positive results for myo-inositol and

3-O-methyl-D-glucopyranose) and BLAST analysis showed

that strain C8 is more than 99 % identical of Enterobacter

ludwigii; therefore, this bacterium is a strain of E. ludwigii

with positive urease activity. The accession number of G11

which submitted to the database of GenBank is JX666242.

Table 1 The qualitative and comparative study of amount of crystals produced by two groups of urease-negative and urease-positive bacteria in

precipitating agar with the help of light microscopy

Strain

number

Urea degrading capacity

(mg NH4
? l1- h1-)

Precipitating medium

with urea (pH 7.0)

Precipitating medium

without urea (pH 7.0)

Precipitating medium

without urea (pH 8.0)

Precipitating medium

without urea (pH 9.0)

C1 - - - - -

C2 - - - - -

C3 - - - - -

C6 - - - - -

C5 - ? ? ?? ??

C12 - ? ? ?? ??

C17 - ? ? ?? ??

C4 135 ?? ? ?? ??

C7 125 ?? ? ?? ??

C8 2883 1111 1 11 11

C18 658 ??? ? ?? ??

C21 245 ??? ? ?? ??

C29 127 ?? ? ?? ??

C30 226 ??? ? ?? ??

Bold entries indicate that strain C8 has the highest urease activity among urease-positive strains
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SEM and EDX Analysis

Scanning electron microscopy (SEM) showed that calcite

nanocrystals produced by strain E. ludwigii are heteroge-

neous in shape and size. Nanocrystals were seen in two

shapes of rhombohedra and rod-shaped. According to the

information contained from XRD analysis, particle size

was 35–79 nm (Table 2) but since bacterial cells act as

nucleation sites in the precipitation of the calcite

nanocrystals, over time these particles are placed on bac-

terial surfaces and so we see complex of bacteria covered

with nanocrystals by SEM (Fig. 4).

Jimenez-Lopez [19] showed that bacterial-oriented cal-

cite crystals typically appear as oriented compact aggre-

gates of rhombohedra, and the bacterial surfaces were

covered and limited by the newly formed crystals that help

identifying bacterial carbonate cements. Moreover, Tong

[26] suggested an assumption of limited-fusion or stepwise

aggregation mechanism for calcite precipitation from the

view of the small biomolecules polarity that can control

over the growth of the crystals and the formation of the

microcrystals. Similar to those, we believe that nanocrys-

tals of CaCO3 adhere to bacteria and each other to form

small aggregates, and then these small aggregates attract

each other and form complex crystalline networks to trap

bacteria. Many holes are present in these crystalline net-

works (Fig. 4f) that seems to be due to the aggregation of

nanocrystals. On the other hand, since this strain can pro-

duce two types of crystals, at least two different kinds of

Line Style Compound Name Formula

Calcite, syn CaCO3

Line Style Compound Name Formula

Vaterite CaCO3

Line Style Compound Name Formula Concentration (%W/W)

Calcite, syn CaCO3 54.3

Salammoniac, syn NH4Cl 45.7

(a)

(c) (d)

Line Style Compound Name Formula Concentration (%W/W)

Calcite, syn CaCO3 51.8

Halite, syn NaCl 48.2

(b)

Fig. 3 X-ray diffraction patterns of precipitates collected from several different strains. C8 (a), C18 (b), C7 (c) and C17 (d)

Table 2 Size of nanocrystals produced by some strains

Strains Size of CaCO3 nanocrystals (nm)

C8 63

C18 47

C21 37.01

C4 46.42

C7 35

C17 43.47
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pathways may be used and therefore urease is not the only

enzyme to induce CaCO3 synthesis.

Amorphous phases cannot be detected directly by XRD

analysis, because they do not produce additional visible

reflexes in the XRD diagram, but only increase the background

[28], and since there may be in the sample, we used EDX in

conjunction with SEM to ensure that chemical composition of

materials will be CaCO3. EDX spectrum of precipitates taken

from the region shown in Fig. 4f was typical for CaCO3.

Conclusions

Based on qualitative and quantitative studies, E. ludwigii

was selected as the best calcite-producing strain and used

for biosynthesis of calcite nanoparticles as a biological and

safe synthetic method. We concluded that CaCO3 precip-

itation (calcification) is not a general phenomenon among

the bacteria and if a bacterium has not this ability, it will

not be able to produce calcite even with increasing pH. On

the other hand, the ability of a urease-positive strain for

nanocrystal production is directly related to its urease

activity. Actually, higher production ability corresponds to

higher urease activity. In this way, the importance of pH is

much less than carbonate ions. The composition of crystals

was determined by XRD and EDX. Based on data obtained

from SEM, nanocrystals of CaCO3 associate with each

other for formation of complex crystalline networks to trap

bacteria and are heterogeneous in shape, therefore, urease

is not the only enzyme to induce CaCO3 synthesis in this

strain of E. ludwigii and enzymes or other factors will be

involved in this phenomenon.
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