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Abstract. Biomineralization induced by microbial enzymes, which catalyse CaCO3 precipitation, is a
promising field of research for various applications in building eco-materials. Especially, this could provide an
eco-friendly process for protection of coastal areas against erosion. In the present investigation, fourteen
bacterial strains were isolated and characterized from both natural seawater and calcareous deposits formed on a
cathodically protected steel mesh inmarine environment. All of them induced calcium carbonate precipitation in
various media by producing urease and/or carbonic anhydrase enzymes. The calcium carbonate minerals
produced by bacteria were identified bymicroscopy andm-Raman spectroscopy. In parallel, an experimental set-
up, based on a column reactor, was developed to study biomineralization andmicrobial capacity of Sporosarcina
pasteurii to form sandy agglomerate. These well-known calcifying bacteria degraded the urea present in liquid
medium circulating through the column to produce calcium carbonate, which acted as cement between sand
particles. The bio-bricks obtained after 3 weeks had a compressive strength of 4.2MPa. 20% of the inter-granular
voids were filled by calcite and corresponded to 13% of the total mass. We successfully showed that bio-column
system can be used to evaluate the bacterial ability to agglomerate a sandy matrix with CaCO3.

Keywords: biomineralization / calcareous deposits / marine bacteria / calcium carbonate precipitation /
bio-bricks

Résumé. Biominéralisation du carbonate de calcium par des souches bactériennes marines isolées
de dépôts calco-magnésiens. La biominéralisation induite par des enzymes microbiennes qui catalysent la
précipitation du CaCO3 est un domaine de recherche prometteur pour diverses applications dans les éco-
matériaux de construction. Cela pourrait en particulier permettre d’établir un procédé écologique de protection
des zones côtières contre l’érosion. Dans le cadre de la présente étude, quatorze souches bactériennes ont été
isolées à partir d’eau de mer naturelle et de dépôts calcaires formés sur une grille en acier placée sous protection
cathodique en milieu marin. Toutes ces bactéries ont induit la précipitation de carbonate de calcium dans divers
milieux en produisant des enzymes uréase et/ou anhydrase carbonique. Les minéraux de carbonate de calcium
produits par les bactéries ont été identifiés par microscopie et par spectroscopie m-Raman. En parallèle, un
dispositif expérimental, basé sur un réacteur en colonne, a été développé pour étudier la biominéralisation et la
capacité microbienne de Sporosarcina pasteurii à former un agglomérat sableux. Ces bactéries calcifiantes bien
connues ont dégradé l’urée présente dans le milieu liquide circulant dans la colonne pour produire du carbonate
de calcium qui a agi comme un ciment entre les particules de sable. Les bio-briques obtenues au bout de trois
semaines avaient une résistance à la compression de 4,2MPa. Vingt pour cent des vides intergranulaires ont été
remplis de calcite et correspondent à 13% de la masse totale. Nous avons réussi à montrer que le système de bio-
colonne peut être utilisé pour évaluer la capacité des bactéries à agglomérer unematrice sableuse avec duCaCO3.

Mots clés : biominéralisation / dépôts calco-magnésiens / bactérie marine / précipitation du carbonate de
calcium / bio-briques
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1 Introduction

Coastal erosion poses a severe threat as it causes
degradation of dunes, beaches, cliffs and breakdown of
dikes. Coastal erosion is recognized as the permanent loss of
land along the shoreline resulting in the transformation of
the coast. Over the last 50 years, nearly 20% of the French
natural coastline has receded and about 30 km2 of land
have disappeared [1]. In order to protect coastal areas and
structures, it is necessary to find an effective means of
fighting erosion with a low impact on the environment. The
possibility way to promote the formation of an eco-material
by electrochemistry has been envisioned as a means to
stabilize the profile of beaches and to improve the
anchoring of rocks used as breakwaters [2]. The process
uses cathodic polarization of a metal structure that
promotes the formation of a calcareous layer, composed
of calcium carbonate (CaCO3) and magnesium hydroxide
(Mg(OH)2), close to the metal. These calcareous deposits
act as a cement between sediments, shells, and pebbles, and
give rise to a solid agglomerate that could reinforce dikes
and delay the erosion of beaches. As this process evolves in
a natural marine environment, the presence of numerous
microorganisms could also influence the formation of
calcareous deposits and it is necessary to take this into
account. Indeed, some microorganisms are able to promote
a mineral precipitation, called biomineralization. A local
microenvironment is generated by microorganisms, which
provides optimal conditions for themineral precipitation [3].
In marine environment, this phenomenon is responsible, in
the longterm, for the formationof rockssuchasstromatolites [4]
or beachrocks [5,6]. Calcium carbonate is one of the most
abundant minerals on earth, comprising 4% in weight of
the earth’s crusts [7]. Several microbial metabolic
processes are able to induce the precipitation of calcium
carbonate minerals (biocalcification) both in marine and
terrestrial environments: urea hydrolysis, ammonification
of amino acids, denitrification, dissimilatory sulphate
reduction and photosynthesis [7–9]. The most widely
studied metabolic pathway is urea hydrolysis driven by
bacterial urease, which leads to an alkalization of the
medium inducing precipitation of CaCO3 [8,10–12]. This
metabolism could be applied in particular to the repair of
concrete building materials [13], the stabilization of soils
[14], the depollution of materials contaminated with
heavy metals [15] and the consolidation of sandy substrate
[16,17]. Carbonic anhydrase enzymes are also involved in
the formation of CaCO3 precipitates under natural
conditions and can act synergistically with urease
[18,19]. Carbonic anhydrase promotes the interconversion
of CO2 into HCO3

� and H+, which under certain
conditions can capture atmospheric CO2 [20,21]. In the
context of coastal protection, our purpose is to design eco-
materials that mimic naturally-formed rock structures at
the seaside and to accelerate their growth kinetics by
coupling electrochemical processes with microbial mecha-
nisms of biomineralization. To do this, it is necessary in a
first step to identify marine bacteria able to induce
biomineralization and more specifically biocalcification. In
this work, fourteen marine bacteria have been isolated
from both natural seawater and calcareous deposits formed
on a cathodically protected steel mesh in marine environ-
ment. The mineralization products and metabolic pathway
involved in biocalcification have been characterized. Simul-
taneously, an experimental set-up of bio-solid column has
been developed and validated by using a well-known
calcifying bacterium, Sporosarcina pasteurii DSM33, able
to agglomerate a sandy substrate. The calcareous-sand
agglomerate obtained has been mechanically tested.
2 Materials and methods

In order to explicit the various types of experiments and the
links between them, the experimental procedure is
summarized in Figure 1.

2.1 Culture media and solutions

Two different media were used to isolate and cultivate
marine bacteria:

–
 the first one, Marine Broth (MB) (Condalab), was
composed of ammonium nitrate 0.0016 g/L, bacteriolo-
gical peptone 5 g/L, boric acid 0.022 g/L, anhydrous
calcium chloride 1.8 g/L, disodium phosphate 0.008 g/L,
anhydrous magnesium chloride 8.8 g/L, potassium
bromide 0.08 g/L, potassium chloride 0.55 g/L, sodium
bicarbonate 0.16 g/L, sodium chloride 19.4 g/L, sodium
fluoride 0.0024 g/L, sodium silicate 0.004 g/L, sodium
sulphate 3.24 g/L, strontium chloride 0.034 g/L, yeast
extract 1 g/L, ferric citrate 0.1 g/L. From this one, two
media were produced:MB enriched with calcium chloride
dihydrate at the concentration of 3.7 g/L (named
MB+CaCl2) and MB enriched with calcium chloride
dihydrate at the concentration of 3.7 g/L and urea at the
concentration of 20 g/L (named MB+CaCl2+urea);
–
 the second medium, M1, was adapted from the study of
Silva-Castro et al. [22]. Its composition was yeast extract
10 g/L, peptone 5 g/L, glucose 1 g/L and sea salts
(Sigma) 30 g/L. From this one, two media were
produced: M1 enriched with calcium chloride dihydrate
at the concentration of 3.7 g/L (named M1+CaCl2) and
M1 enriched with calcium chloride dihydrate at the
concentration of 3.7 g/L and urea at the concentration of
20 g/L (named M1+CaCl2+urea).

Themedia used to cultivate non-marine bacteria for the
control experiments and the bio-solid column were:

–
 medium 220 (M220) composed of peptone from casein
20 g/L, sodium chloride 5 g/L, with urea at the
concentration of 20 g/L;
–
 tryptic Soy Broth (TSB) composed of tryptone 17 g/l,
papaic digest of soybean meal 3 g/L, glucose 2.5 g/L,
dipotassium phosphate 2.5 g/L, sodium chloride 5 g/L,
pH of the ready use medium (25 °C) 7.3±0.2.

All these media were solidified by adding agar 12 g/L.
Artificial seawater (ASW) based on the standard

ASTM D1141 (Standard specification for substitute ocean
water, corrosion testing procedures, 1992) was prepared for
isolation of marine bacteria. It was composed of sodium



Fig. 1. Experimental procedure for obtaining bacteria able to carry out biomineralization in the marine environment (A) and setting
up a reactor for manufacturing bio-bricks (B). X: no colonies with mineral precipitation on their surface.
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chloride 24.54 g/L, calcium chloride dihydrate 1.54 g/L,
magnesium chloride hexahydrate 11.1 g/L, sodium sul-
phate 4.09 g/L, potassium chloride 0.69 g/L and sodium
carbonate 0.23 g/L.

Cementation medium, used for the bio-solid column,
was composed of Nutrient Broth (NB) 0.5 g/L, enriched
with calcium chloride dihydrate at the concentration of
3.7 g/L and urea at the concentration of 20 g/L, at the pH
of 7.5.

2.2 Sampling, bacterial strains and culture conditions

To isolate marine bacteria inducing biomineralization,
samples were collected from two different sites. Natural
seawater and calcareous deposits developed by cathodic
polarization on steel grid during 6 months were sampled in
La Rochelle harbour (Atlantic coast, France). Natural
seawater and mud were also sampled on the Atlantic coast
in Angoulins (village close to La Rochelle, France).

Approximately 4 g of calcareous deposits were placed in
50mL of MB+CaCl2, MB+CaCl2+urea, M1+CaCl2,
M1+CaCl2+urea and incubated at 25 °C, with shaking of
130 rpm, for 1week. For each culture condition, bacteria
were isolated by the serial dilution method consisting of
plating the samples on solid media MB+CaCl2, MB+
CaCl2+urea, M1+CaCl2, M1+CaCl2+urea, and incu-
bated for 3 days at 25 °C.

Bacterial strains contained in natural seawater of both
sites and in mud from Angoulins were isolated by the serial
dilution method in ASW solution by plating the samples on
solid medium M1+CaCl2 for 3 days at 25 °C.

Bacterial strains with mineral precipitation on the
surface of colonies were isolated and characterized. Strains
were conserved as frozen stocks with 25% glycerol at
�80 °C. For all tests, the bacteria were grown at 30 °C in
their respective isolation medium.
Sporosarcina pasteurii DSM33, used for the biocalci-
fication assays in bio-solid column, was cultivated in M220
medium+2% urea at 30 °C. Escherichia coli ATCC 25922
and Proteus mirabilis ATCC 25933, used as controls for
urease activity assay, were cultivated in TSB medium at
37 °C, corresponding to optimal growth temperature.

2.3 Morphological characterization of isolated
bacterial strains

Morphological characterization of colonies and cells was
performed by standard methods.

Bacterial colonies were observed with binocular
magnifying glass Leica M165C (x1.25 to x12).

Gram stain for light microscopy was done on heat-fixed
smears of bacteria according to the following procedure.
The bacteria were flooded with a dye (crystal violet) for
60 seconds, then flooded with amordant (lugol solution) for
an additional 60 seconds to fix the staining, and gently
washed under running tap water. Bacteria were decolorized
with ethanol 95°, washed with water and counterstained
with fuchsin for 60 seconds. Cells were then washed with
water, blotted dry, and observed by light microscopy
(Leica microscope LEITZ Biomed, x1000).

For the motility experiment, bacterial suspensions were
prepared with the MB medium inoculated with bacteria,
incubated at 30 °C with shaking of 130 rpm for 24 hours. A
droplet was placed between a lamella and a glass slide. The
motility was observed with Leica microscope LEITZ
Biomed (x1000).

2.4 Respiratory type of isolated bacterial strains

Each isolated strain was inoculated on the surface of
respective solid medium in aerobic and anaerobic con-
ditions and was incubated at 25 °C for 3 days. The



Fig. 2. Set-up of the column reactor adapted from Henze and Randall [23].

4 J. Vincent et al.: Matériaux & Techniques 108, 302 (2020)
anaerobic conditions were realised by using GasPakTM EZ
Anaerobe container system (Becton, Dickinson and
company) in airtight container.

2.5 Determination of medium pH

pH of samples was measured with a WTW pH-meter 3310
with electrode SENTIX Mic-D (WTW).

2.6 Urease activity assay

Indole urea solution (Biomérieux) was used to determine
bacterial urease activity. It is composed of L-tryptophan
3 g/L, potassium dihydrogen phosphate 1 g/L, dipotassium
hydrogen phosphate 1 g/L, sodium chloride 5 g/L, urea
20 g/L, phenol red 0.025 g/L, alcohol 95° 0.01ml/L and
final pH (at 25 °C) 6.8±0.2. Several colonies of each
isolated bacterium were inoculated in 1mL of indole urea
medium. Samples were placed at 30 °C for 24 hours. The
ability of the bacterial isolates that produce urease leads to
NH4

+ release and then increases the pH into alkaline
domain. As a result, the colour of the medium turns pink.
Escherichia coli ATCC 25922 was used as negative control
of urease activity and Sporosarcina pasteurii DSM 33 and
Proteus mirabilis ATCC 25933 were used as positive
controls of urease activity.

2.7 Carbonic anhydrase activity assay

The assay of carbonic anhydrase (CA) activity was carried
out with para nitrophenol acetate (p-NPA), which is a
colour indicator. A solution of 20mM phosphate buffer and
1mol/L p-NPA was used for this assay. Bacterial colonies,
grown on solid medium for 24 hours, were put in 3ml of
reaction solution and then incubated at ambient tempera-
ture for 1 hour. The esterase activity of CA was measured
by colour change of the solution induced by hydrolysis of p-
NPA used as CA substrate. Negative control was done with
3mL of reaction solution and sterile culture medium
without bacteria. Escherichia coli ATCC 25922 was used
as positive control of CA activity.

2.8 Crystals morphology

Isolated bacterial strains grew on respective solid isolation
media enriched in calcium (MB+CaCl2 orM1+CaCl2) for
3 days at 25 °C. Morphology of mineralization products at
the surface of the colonies was observed with binocular
magnifying glass Leica M165C (x1.25 to x12).

2.9 Crystals identification by m-Raman spectroscopy

m-Raman spectroscopy analysis was performed at room
temperature on a Jobin Yvon High Resolution Raman
Spectrometer (LabRAM HR Evo) equipped with a
microscope (Olympus BX 41), a Peltier-based cooled
charge coupled detector (CCD) and a Near Infra-Red diode
laser (785 nm). The acquisition time was variable and
depended on fluorescence background of the spectrum due
to the organic matter. It was generally equal to 60 seconds
but could be increased up to 5minutes to optimize the
signal to noise ratio. At least 5 or 6 zones (diameter of
approximately 2mm) of a given deposit were analysed
through a Long Working Distance 50� objective, with a
resolution estimated at 0.1 cm.

2.10 Experimental set-up of bio-solid column

An experimental set-up based on a column reactor was
built to study biomineralization and microbial capacity to
consolidate sand. The scheme is shown in Figure 2. This
experimental set-up has been adapted from experimenta-
tions of Henze and Randall [23]. The column had an inside
diameter of 44.5mm and a length of 150mm. The bottom
and top lids were identical and removable, both sealed with
an O-ring. Additionally, a scrub sponge and a filter were
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cut into a cylindrical shape with a diameter of 44mm and
placed on both sides of the column. A 0/4mm pure SiO2
sand (from Kleber Moreau Roussillon aggregates quarry),
which is similar to that of masonry sand, was used for these
experiments. It was sterilised at 115 °C for 20min.

Bacterial culture was prepared with Sporosarcina
pasteurii DSM33 in 100ml of M220 medium+2% urea
and incubated for 24 hours. For the inoculation of the sand
with bacteria, 350 g of sand was mixed with this bacterial
culture and shaked slowly (60 rpm) for 4 hours at 30 °C, to
favour bacterial adhesion to the sand. The sand-bacteria
mixture was then added to the column. The remaining
liquid was drained through the outlet. The column was
then closed and bacteria were kept for 3 hours. The system
was connected through a peristaltic pump to a bottle
containing sterile cementation medium. 50mL of cemen-
tationmediumwas injected every 3 hours at a rate of 10ml/
min during 3 weeks from the bottom of the column. The
liquid that flowed out on the top of the column was
collected in order to check the pH.
2.11 Mechanical and physical analyses of the
cemented sandy column

Axial compressive test and accessible water porosity were
performed on a cylindrical calcareous agglomerate of
43.2mm in diameter and 50.2mm in height that have
been sawn with a circular saw from the top of the column.
The difference between the agglomerate diameter and the
internal diameter of the column was due to the column
drying (one week at 37 °C). The axial compressive test
consisted of increasing the load progressively at the rate
50N/s until the fracture (one replicate). The compressive
strength in megapascals (MPa) is considered as the ratio
between the maximum load at fracture (Fc) and the area
where the load is applied (Ac). The accessible water
porosity was measured according to the AFPC-AFREM
procedure and assessed from water saturation under
vacuum (AFPC-AFREM 1997). Specimens were water-
saturated during 24 h under vacuum (around 2.5 kPa) and
then oven-dried at 105 °C. Volumes were determined by
hydrostatic weighing. The water porosity is then defined as
the intergranular voids volume on total volume ratio and
was averaged with 8 replicates. The initial intergranular
porosity, said to be accessible to water, corresponds to the
initial void volume and is expressed as a function of the
total volume of the sample:

Initial intergranular porosity %

¼ Volume of voids cm3ð Þ
Volume of the column cm3ð Þ � 100;

where

Volume of voids cm3
� � ¼ volume of the column cm3

� �

� Mass of the sand gð Þ
Density of the sand 2:65 g=cm3

� � :
Thermogravimetric analysis (TGA) was performed on a
Setaram Setsys Evolution 16/18 apparatus. 241.2mg of
samples were heated from 20 °C to 1000 °C at a 10 °C/min
heating rate, under neutral argon atmosphere. To get more
accurate results, data were analysed through the differen-
tial thermogravimetric curves. TGA results provide the
CaCO3 content of the tested sample.

3 Results and discussion

3.1 Isolation and characterization of marine bacteria
inducing biomineralization

Calcareous deposits, seawater andmud samples were taken
in order to isolate bacterial strains able to induce
biomineralization. After 1week in two culture media
(MB+CaCl2 and M1+CaCl2), bacteria were deposited
on the respective agar media (Fig. 1). After growth for
3 days, among all the bacteria that developed, only 14
colonies presented mineral precipitation on their surface.
These bacteria were then isolated on the respective agar
media (see bacterial colonies in Fig. 3). Isolated strains
were denoted CDi (i=1 to 10) for bacteria taken from the
calcareous deposit (CD), Md1 for bacteria coming from the
mud in Angoulins coast, and SWi (i=1 to 3) for bacteria
from seawater sampled in La Rochelle harbour or
Angoulins coast (Fig. 1).

The 14marine strains have been characterized accord-
ing to their morphotype by Gram coloration, their
respiratory type, their motility and the pH of their culture
medium (Tab. 1). We mostly observed motile bacilli types
with a majority of Gram-negative bacteria (71%). This
result is consistent with the predominance of Proteobac-
teria among the bacterial communities in seawater [24,25].
In our work, twelve of the isolated bacteria were facultative
anaerobe (FA) and two were obligate aerobe (OA). The pH
of the liquid culture medium MB+CaCl2 or M1+CaCl2
(according to the strains, see Tab. 1), initially at 7.5± 0.1,
increased to 7.9± 0.1 for CD6, CD9, CD10, SW3 and up to
8.2± 0.2 for CD8, after 3 days of incubation at 25 °C. All
isolated strains alkalinized their culture medium. Indeed,
the bacteria responsible for the phenomenon of biocalci-
fication are known to induce alkalization of their
environment to favour the mineral precipitation [7,8].

By their metabolism, these isolated strains were
responsible for cell environment alkalinisation, allowing
them to precipitate mineral agglomerates on the surface of
their colonies during their growth on solid medium.

3.2 Identification of CaCO3-precipitating bacteria and
characterization of the precipitated crystals in solid
and liquid media

Optical microscopy and m-Raman spectroscopy were used
to characterize the minerals produced by the 14marine
bacterial strains studied and by the biocalcifying bacterium
model, Sporosarcina pasteurii DSM 33, grown in several
solid and liquid culturemedia:MB+CaCl2,MB+CaCl2+
urea,M1+CaCl2,M1+CaCl2+urea. All bacterial strains
produced a high number of crystals on solid agar after 3



Fig. 3. Colonies of marine bacterial strains with mineral crust on the surface of the colonies. CD1 to CD8 were isolated on solid
MB+CaCl2, other bacteria were isolated on solid M1+CaCl2 for 3 days at 25 °C. Arrows indicate mineral agglomerate induced by
bacteria.
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days whereas no crystals were found in control plates
inoculated without bacteria. Figure 4 shows crystals
formed on the surface of colonies grown on solid culture
media and observed through a binocular magnifying glass.

The most common crystal morphology was dumbbell
shape. It was observed for CD1, CD3, CD8, CD9, CD10,
Md1, SW1, SW2, SW3. For CD2, CD4, CD7 strains, we
observed crystals forming contiguous spheres. Crystals of
strains CD5 and CD6 were of irregular form. The crystal
length of isolated marine strains was between 30mm for
CD7 and 100mm for Md1 (Fig. 4). Crystal morphology of
all isolated marine bacteria did not correspond with that of
spherical crystals (30mm) formed on the surface of
Sporosarcina pasteurii DSM 33 for the same incubation
time.

Some of the crystals present on the surface of bacterial
colonies were collected and analysed by m-Raman
spectroscopy. Raman spectra of crystals from three strains,
CD8, CD9 and Sporosarcina pasteurii DSM 33, are shown
as examples in Figure 5.

All Raman spectra exhibited a vibration band around
1085 cm�1 corresponding to the carbonate symmetric
vibration mode of CaCO3 (aragonite or calcite). In the
case of Sporosarcina pasteurii, aragonite was identified via
Raman vibration peaks at 155, 206 and a doublet at
707 cm�1 (Fig. 5b). For all other crystals obtained from
marine bacterial strains, either calcite or an undefined
CaCO3 was identified. Calcite is the most stable form of
CaCO3 and exhibits vibration bands at 1085 and 155 cm�1

as for aragonite, but with two other typical vibration bands
at 280 and 714 cm�1. Spectrum of Figure 5a obtained from
CD9 bacterial strain corresponded to calcite although some
slight peak shifts were observed probably due to the intense
fluorescence background observed. This fluorescence
background due to organic matter (biofilm, bacterial cells
or remaining culture medium) was sometimes so intense
that only the most intense vibration band of carbonate at
1081 cm�1 was visible (Fig. 5c). As it was not possible to
identify the allotropic form of limescale, it was named as
undefined type-CaCO3.

All the results for the fourteen biocalcifying bacteria
isolated and grown in several solid and liquid culture media
(MB+CaCl2, MB+CaCl2+urea, M1+CaCl2, M1+
CaCl2+urea) are listed in Table 2.

Characterization of these precipitates showed that
calcite was the main CaCO3 form produced by the strains
under the different culture conditions. In the liquid and
solid MB+CaCl2 with and without urea, all the isolated
marine strains produced calcite. Moreover, in solid medium
MB+CaCl2 with and without urea, the shapes of crystals
for CD1, CD2, CD4, CD5 and CD7 were different
depending on the presence or absence of urea. In the
M1+CaCl2 medium with and without urea, only CD9,
CD10, Md1, SW1, SW2 and SW3 produced calcite in solid
and liquid conditions. The other strains did not produce
CaCO3 in solid condition except CD8 that showed an
undefined type CaCO3 when urea was added. This can be
explained by the absence in the medium of a compound
necessary for biocalcification. Nevertheless, in liquid
condition with and without urea, some bacteria produced
CaCO3 but the spectrum obtained by Raman spectroscopy
did not precisely allow to identify the CaCO3 compound
obtained.

It is reported that the composition of the medium,
culture methods and bacterial isolates can control the type
of crystals produced [26,27]. This could explain why
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Fig. 4. Morphology of crystals observed at the surface of the colonies of marine bacterial strains inducing biomineralization. Marine
bacteria grew on solid isolationmedia for 3 days at 28 °C. The average crystal length depends on the strain. CD7: 30mm; CD2 and CD8:
50mm; CD3, SW1 and SW3: 60mm; CD1: 70mm; CD4, CD9, CD10, SW2: 90mm; Md1:100mm; CD5 and CD6: heterogeneous.
Sporosarcina pasteurii DSM 33: 30mm.
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Sporosarcina pasteurii DSM33 induced the formation of
aragonite in the medium M220+2% urea whereas this
strain induced calcite formation in the medium MB+
CaCl2+urea. In different cultures of marine bacteria, the
size of crystals was different (data not shown), as well as
their morphology and composition, showing the differences
of formed crystals mainly in accordance with microenvi-
ronment composition and isolates.

Interestingly, the nature of the compound obtained was
similar in solid and liquid cultures for most isolated marine
bacteria. Moreover, the fact that the marine bacterial
strains induced CaCO3 precipitation both in presence and
absence of urea suggests that several metabolic pathways
could be involved in biocalcification, including the urease
pathway in presence of urea [12] and anhydrase carbonic
pathway in absence of urea [28]. Therefore, we explored
whether the bacteria expressed the enzymes involved in
these two metabolisms.

3.3 Metabolic pathways involved in biomineralization

Enzymatic colorimetric assay was used to determine
presence or absence of urease and carbonic anhydrase
activities, enzymatic pathways identified to play a key role
in the biomineralization process (Tab. 3).

Using indole urea medium, 6 isolated marine strains
were shown to have urease activity: CD6, CD9, CD10,
SW1, SW2 and SW3. It is reported that urease pathway in
biocalcification is sufficient to induce CaCO3 formation
[10]. So, the 6 strains have the enzymatic capacity to use
the urea of the culture medium as inducer of the
biocalcification which is consistent with the CaCO3
production observed in presence of urea (except for CD6
in solid M1+CaCl2+urea, Tab. 2). However, these
urease-positive strains and the urease-negative strains
produce CaCO3 in absence of urea in the culture medium
(Tab. 2) suggesting that another metabolism was involved
in biocalcification.

Using p-NPA as a colour indicator during its
hydrolysis, we have determined that all isolated marine
strains could exhibit carbonic anhydrase activity. This
later has been found to have a great potential for
production of carbonates [20,21]. Carbonic anhydrase is
a major enzyme that plays an important role in carbon
concentrating mechanism and sequestration of CO2 into
calcium carbonate [29]. It is reported that an extracellular
Bacillus carbonic anhydrase produced calcite [28]. This
suggests that the carbonic anhydrase pathway alone can
induce biocalcification and this may explain the formation
of CaCO3 in urease-negative strains and urease-positive
strains without urea in the medium. Surprisingly, for DC1
to DC8 strains, the production of CaCO3 only worked in
MB+CaCl2 and not in M1+CaCl2 (in presence or
absence of urea). This result could be explained not only
by the metabolism of the bacteria but also by the
difference of the composition of the culture media.
Compound(s) of the M1 medium could interfere with
biocalcification.

The presence of carbonic anhydrase activity in the
fourteen marine bacteria needs to be confirmed because the
carbonic anhydrase assay was conducted without negative
control, i.e. without known bacteria issue from the
literature that does not exhibit carbonic anhydrase
activity. Indeed, carbonic anhydrase enzyme is widespread



Fig. 5. Raman spectra of crystals from three bacterial strains: (a)
CD9 grown on solid MB medium; (b) Sporosarcina pasteurii
DSM33 grown on M220 media; (c) CD8 grown on M1+CaCl2+
urea. A: aragonite; C: calcite.
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in prokaryotes [30]. Therefore, it will be necessary in an
upcoming study to use another method in order to validate
carbonic anhydrase activity of marine bacterial strains.

Both enzymatic pathways, urease and carbonic anhy-
drase, have often been studied separately as inducing
biomineralization [10,15,23,31,32] but it is possible that a
coupling of these 2 ways would allow better biocalcification
in some bacteria [18,19,33]. The urease pathway would
provide an alkalinisation around the cells by hydrolysis of
urea and the carbonic anhydrase pathway would provide
an additional source of HCO3

�.
Based on our results, 6 strains could couple the action of

both enzymes: CD6, CD9, CD10, SW1, SW2 and SW3. The
synergy of these 2 pathways would allow better efficiency of
the precipitation of calcium carbonate.

3.4 Assessment of biomineralization of Sporosarcina
pasteurii DSM 33 by formation of sand-limestone
agglomerate in the bio-solid column system

In order to evaluate the ability of the biocalcifying seawater
bacteria to agglomerate a sandy matrix with CaCO3, we
have developed a bio-solid column system as presented in
Figure 2. In order to validate our experimental setup, the
urease positive bacterium Sporosarcina pasteurii DSM33
was used as reference strain for biomineralization [23] with
the experimental conditions described in Section 2.10.
After 3weeks of treatment in the column system, solid
sandy agglomerate was produced (Fig. 6). m-Raman
analyses performed in zones between sand grains revealed
the presence of calcite (Fig. 7). This CaCO3, produced by
bacteria activity, acted as cement between sand grains.
The microorganisms acted as nucleation sites for CaCO3
precipitation and the CaCO3 crystals, as they grew, finally
created a bond between the grains of sand. This
phenomenon has already been observed in particular when
bacteria have previously been brought into contact with
sand particles [34].

In this experiment, it was calcite (Fig. 7) that
precipitated rather than aragonite, in contrast with what
was observed during the biocalcification tests in liquid
media M220+2% urea by Sporosarcina pasteurii DSM33
(Fig. 5b). Composition of the culture medium is one of the
factors that can influence the mineral type produced by
biomineralization [27], which could explain why two
allotropic forms of CaCO3 could be obtained with the
same bacterial strain in two different media. However,
several studies demonstrated that Sporosarcina pasteurii
produced calcite in similar conditions (sand, cementation
medium, mould) with different experimental duration
[35–38].

The most compact part of this concretion corresponded
to the bottom of the column. Bernardi et al. [35] also
reported that more cementation occurred on the inlet side
of the cementation medium and gradually decreased
throughout the brick length after the biocementation of
sand by Sporosarcina pasteurii. The biased cementation at
the bottom of the brick was likely due to a higher bacterial
concentration at the bottom of the brick since the bacteria
were regularly fed with cementation medium from the
bottom to the top. We also cannot exclude a problem of
sand heterogeneity throughout the column length, which
would explain an irregular diffusion of the cementation
medium. A piece of 50.2mm long and 43.2mm in diameter
was then cut by a circular saw and characterized by axial
compressive test, accessible water porosity, and thermog-
ravimetric analysis.

The initial intergranular porosity, said to be accessible
to water, corresponds to the initial void volume, expressed
as a function of the total volume of the sample, which can
potentially be filled by CaCO3 during the experiment. This
porosity decreases from 40% to 20%, which means that half
of the inter-granular voids have been filled by CaCO3
compounds, that corresponds to about 13% of the total
mass of the column. The most interesting results was the
mechanical compressive strength of this block that reached
4.2MPa, a resistance similar to that of a hollow concrete
block B40 type (compressive strength required of 4MPa)
after only 3 weeks of experiment. These results were
slightly better than those obtained by Bernardi et al. [35].
Indeed, they obtained bio-bricks with an optimum
compressive strength of 2.2MPa and a calcite content of
3.4% after 27 days. Other biomineralization studies showed
maximum mechanical compressive strengths for bio-bricks
of 0.9MPa [23], 0.9 to 1.1MPa [37], 2.7MPa [38] but no
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Table 3. Urease and carbonic anhydrase assay on isolates
marine strains.

Name code Urease Carbonic anhydrase

CD1 – +
CD2 – +
CD3 – +
CD4 – +
CD5 – +
CD6 + +
CD7 – +
CD8 – +
CD9 + +
CD10 + +
Md1 – +
SW1 + +
SW2 + +
SW3 + +

Fig. 6. Solid sand limestone aggregates obtained after 3 weeks
treatment in its entirety (a). The first 5 cm of the column were
used for analyses (b).

Fig. 7. Raman spectrum of the sand-limestone aggregates forme
pasteurii DSM33. C: calcite.
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d after 3 weeks treatment in the bio-solid column with Sporosarcina
values of calcite contents were given by the authors. The
variation in compressive strength for the experiments
reported here could be due to different liquid flow patterns,
surface area of the sand and sand colonization by bacteria
[37].

This test of biomineralization with Sporosarcina
pasteuriiDSM33 by formation of sand-limestone aggregate
in the bio-solid column system could be adapted to evaluate
the ability of our isolated marine strains to form CaCO3
aggregate.
4 Conclusion

For the first time, biocalcifying bacterial strains were
isolated from calcareous deposits formed on a cathodically
protected steel mesh in marine environment. They were
shown to have metabolisms responsible for alkalinisation of
cell environment. It resulted in CaCO3 precipitation on the
cell surface under different conditions. Calcite precipita-
tion was observed in presence and absence of urea, which
suggests the involvement of several biocalcification path-
ways. Among the fourteen isolated strains, six had the
enzymatic capacity to use the urea of the culture medium
as inducer of the biocalcification whereas all of them would
be carbonic anhydrase-positive. The synergy of these 2
metabolic pathways for CD6, CD9, CD10, SW1, SW2 and
SW3 strains would improve the precipitation of calcium
carbonate.

In parallel, we validated a column biomineralization
set-up with a biocalcification model, Sporosarcina
pasteurii DSM33. A solid bio-brick with a compressive
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strength similar to a hollow concrete block was obtained.
This experiment can be now adapted to our biocalcifying
marine bacteria to investigate their ability to agglomerate
a sandy matrix in marine cementation medium.
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