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Abstract Microbial carbonate precipitation has emerged
as a promising technology for remediation and restoration
of concrete structures. Deterioration of reinforced concrete
structures in marine environments is a major concern due
to chloride-induced corrosion. In the current study, halo-
philic bacteria Exiguobacterium mexicanum was isolated
from sea water and tested for biomineralization potential
under different salt stress conditions. The growth, urease
and carbonic anhydrase production significantly increased
under salt stress conditions. Maximum calcium carbon-
ate precipitation was recorded at 5 % NaCl concentration.
Application of E. mexicanum on concrete specimens sig-
nificantly increased the compressive strength (23.5 %) and
reduced water absorption about five times under 5 % salt
stress conditions compared to control specimens. SEM and
XRD analysis of bacterial-treated concrete specimens con-
firmed the precipitation of calcite. The present study results
support the potential of this technology for improving the
strength and durability properties of building structures in
marine environments.
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Introduction

Strength and durability are often regarded as the most
important criteria in concrete structure design [26]. Poor
concrete durability and corrosion of reinforced concrete
(RC) bars are the primary cause of structural deteriora-
tion. It has become increasingly apparent that attack by
aggressive agents such as chloride ions leading to corro-
sion of embedded steel may cause a structure to deterio-
rate. Chloride-induced corrosion of reinforcing bars is the
primary cause of deterioration of RC structures in onshore
and offshore marine environments [39]. Thus, the corrosion
of reinforcing steel in concrete due to chloride transport
in marine environment has received increasing attention
in recent years because of its wide spread occurrence and
high cost repair [35]. Corrosion is initiated by chloride con-
tamination, often in conjunction with inadequate cover or
poor quality concrete, which leads to cracking and spalling.
To improve the durability for RC structures built in marine
environment, high performance concrete, increased con-
crete cover and use of admixtures are recommended, which
tend to increase the initial cost of structures, but do not
completely eliminate the risk of corrosion [39]. This has
paved the way for more radical, sustainable and holistic
approaches.

In the last few years, use of microbial-induced calcium
carbonate precipitation (MICP) has emerged as an attrac-
tive and successful alternative for remediation and restora-
tion of different building materials [12, 15]. This technol-
ogy offers the benefits of being eco-friendly and straight
forward. MICP in nature has been a widely recognized
phenomenon reported in different environments such as
sea water, freshwater, industrial wastewaters and soil [9,
16, 21]. The precipitation of carbonates is governed mainly
by four factors: (1) calcium concentration, (2) carbonate
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concentration, (3) pH of the environment and (4) presence
of nucleation sites [21]. Different mechanisms have been
proposed for precipitation of carbonates in alkaline envi-
ronments rich in Ca?* ions [29]. Precipitation of calcium
carbonate by ureolytic bacteria is one such mechanism
where urea is hydrolysed into ammonium and bicarbonate.
The Ca’* ions subsequently react with the CO32_ ions,
leading to the precipitation of CaCOj; at the cell surface
that serves as a nucleation site.

bacteria

CO(NH,); 4+ H,0 =" NH,COOH + NH3 (D
NH,COOH + H,0 — NHj + H,CO; 2)
H,CO3 — 2H +2C05~ 3)
NH; + H,0 — NHJ + OH™ 4)
Ca>" +CO3™ — CaCoO; 5)

Precipitation of carbonates by carbonic anhydrase (CA)
is another mechanism [14]. This enzyme has been found to
have the most potential biological catalyst for hydration of
CO, leading to formation of CaCO; in presence of calcium
source [24]

If HCO;™ is the source of dissolved inorganic carbon
(DIC), CA may catalyze its conversion into CO,

HCO; + HT — H,0 + CO; (6)

If CO, is the source of DIC, CA may catalyze its conver-
sion into HCO;™

CO, + H,0 — HCO; + HF (7)

Recent studies have confirmed the efficacy of bacterial
CA for CO, sequestration and calcium carbonate precipita-
tion [41].

Several genera of halophilic bacteria have been reported
to precipitate carbonates in natural marine habitats, which
include Halomonas, Deleya, Flavobacterium, Acineto-
bacter and Salinivibrio [17, 27, 28]. These bacteria have
the potential to grow in wide range of osmotic concentra-
tions, which makes them very useful for studying the effect
of different salt concentrations on carbonate precipitation
efficacy. Halomonas halophila is reported to have a salin-
ity range between 2 and 30 % NaCl with its optimum at
7.5 % [33]. Halophilic biomineralizing bacteria have been
reported to have different strategies to overcome the stress
of high salt concentrations either by maintaining cytoplas-
mic KCI concentration similar to environment or by using
organic osmolytes, which balance the osmotic pressure and
maintain high intracellular turgor [20]. The potential of such
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halophilic bacteria has already been explored in various
industrial applications including salt-tolerant enzymes isola-
tion and recovery of saline soils [33]. Precipitation of calcite
by halotolerant, alkaliphilic Bacillus sp. VS1 significantly
reduced the seepage rate of sand line model pond by sealing
the sand particles [36, 37]. Alkali-tolerant and halotolerant
Sporosarcina sp. HY008 and Bacillus sp. JH7 isolated from
concrete samples showed calcium carbonate precipitation
abilities [22]. Though many bacteria have been reported to
play an important role in enhancing the durability of build-
ing structures, no reports are available on the application of
marine halophilic bacteria for offshore concrete structures,
which might be more promising for such environments. The
biotechnological potential of halophilic bacteria isolated
from marine sources may prove to bear high potential in
remediation of structures adjoining sea shores and coastal
regions with high salts through MICP.

In the present investigation, the biomineralization effi-
cacy of Exiguobacterium mexicanum (MSR1), an halo-
philic bacterial isolate recovered from sea water, was tested
for its ability to grow and produce urease and carbonic
anhydrase enzymes under different salt stress conditions.
Further, this isolate was applied on concrete specimens to
improve the strength and water absorption properties of
concrete materials under salt stress conditions.

Materials and methods
Isolation of bacteria

Sea water samples were collected from Nellore district of
Andhra Pradesh, India and stored at 4 °C. The sea water
samples were analyzed and determined to have the follow-
ing characteristics: pH 7.6, Electrical conductivity (juS/cm)
1824, major ion concentrations (mg/L); chloride 19.29,
Na 10.71, Mg 1.3, sulfate 2.65, Ca 0.42 and potassium
0.39. Sea water samples were filtered through 0.22 um
Millipore membrane filter and the material captured on
the filters were transferred into 50 mL sea water medium
(SWM) (Medium composition g/L: 27.5 NaCl, 5.0 MgCl,,
2.0 MgSO,, 0.5 KCl, 0.001 FeSO,, 5.0 peptone, 1.0 yeast
extract, pH 7.5) with 2 % urea and incubated at 37 °C for
5 days under shaking conditions (130 rpm) to enrich urea
degraders. Sub- culturing was done for four generations.
Ureolytic bacteria were enumerated using the serial dilu-
tion technique by total plate count method on sea water
agar plates. The plates were incubated at 37 °C overnight.
For isolation of ureolytic bacteria, all the cultures were
screened on urea agar base (Hi Media, India), a urease
selective medium, to check the production of urease. One
of the isolates MSR1 was selected for further studies based
on its ability to produce high amount of urease.
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Growth and enzyme activities

To study the effect of salinity on the growth, urease, and
carbonic anhydrase production of E. mexicanum, sea water
medium (SWM) was supplemented with different concen-
trations of NaCl (3.6, 5, 7.5 and 10 %). The final pH of the
medium was adjusted to 8.0. The growth was determined
by measuring the optical density at 600 nm. To determine
the urease production, 5.0 wM nickel chloride along with
2 % urea was amended in SWM [11]. Carbonic anhydrase
production was determined by supplementing 10 pM
zinc sulfate and 25 mM NaHCO; in SWM. The culture
was incubated at 37 °C for 96 h under shaking conditions
(120 rpm) and tested for the growth, urease and carbonic
anhydrase activities at different time intervals (1, 2, 3 and
4 days). The urease activity was determined by measur-
ing the amount of ammonia released from urea accord-
ing to phenol-hypochlorite assay method [1]. One unit of
urease was defined as the amount of enzyme hydrolyzing
1 wmole of urea per minute. Carbonic anhydrase activity
was determined as described in Yadav et al. [40]. One unit
of carbonic anhydrase activity was defined as the amount
of enzyme required to form 1 pumole of p-nitrophenol per
minute. Triplicates were maintained for each treatment.

Precipitation of CaCOyj in different salt stress
conditions

To test the CaCOj; precipitation ability of E. mexicanum,
the bacteria were grown in SWM supplemented with 2 %
urea, 5 % NaCl and 25 mM CaCl,. Control set was pre-
pared without bacterial inoculation. The culture was incu-
bated at 37 °C in rotating shaker at 120 rpm for 24 h. The
aliquots from flasks were taken at regular time intervals
of 2 h and broth was centrifuged to quantify soluble Ca*"
in the supernatant by EDTA titration method as described
in Stocks-Fischer et al. [38]. Precipitation of CaCO; by
this isolate in different salt stress conditions (3.6, 5, 7.5
and 10 %) was also determined by growing the bacteria
for 96 h. The contents of the flasks were filtered through
0.45 ym Whatman filter paper, washed with phosphate
buffered saline and dried at 37 °C overnight. Precipitated
CaCO; was measured by EDTA titration method [2]. Trip-
licates were maintained for each treatment.

Effect of bacteria on concrete specimens

Compressive strength

To study the potential of isolated halophilic bacteria in
improving the strength properties of concrete specimen,

the E. mexicanum was grown in SWM. Ordinary Portland
cement of grade 43 confirming to IS 4031 was used to

make cement mortar cubes. Dry, clean, well-graded, river
sand was used as fine aggregate. Mortar mixes were pre-
pared using binder/sand ratio of 1:3 by weight. For control
mixes, water/binder ratio was taken as 0.47 (mL/g) and
for bacterial-treated mixes, equivalent amount of bacte-
rial culture ODgy, = 1.5 was used instead of water. Mortar
cubes of size 70.6 mm x 70.6 mm x 70.6 mm were cast as
per BIS: 4031-1988 [4]. All the cubes were cast and com-
pacted on a vibrating table to ensure good consolidation.
After de-molding, all the specimens were cured in SWM
with 2 % urea and 25 mM CaCl, along with 5 % NaCl at
room temperature. Compression testing was performed as
per BIS 516: 1959 [5] using automatic compression testing
machine, COMPTEST 3000 at 3-, 7- and 28-day intervals.
The cubes were tested perpendicular to the face of cast-
ing, and load was applied at the pace rate of 0.4 KN/s. The
average of five specimens was taken as the compressive
strength of the mix.

Water absorption

To determine the increase in resistance towards water pen-
etration, a sorptivity test, based on the RILEM 25 PEM,
was carried out on concrete specimens. The concrete speci-
mens were prepared exactly as mentioned in the compres-
sive strength and cured for 28 days. The specimens were
then dried at 45 °C in a ventilated oven, establishing a
mass equilibrium of less than 0.1 % between two measure-
ments at 24 h interval. The specimens were then exposed
to 10 &= 1 mm of water (water level just 2.0 mm above
the base of specimen). This was done in an atmosphere of
20 °C and relative humidity of 60 %. At regular time inter-
vals (15, 30 min, 1, 1.5, 3, 5, 8, 24, 72, 96, 120 and 144 h),
the specimens were removed from water and weighed, after
drying the surface with the wet towel. Immediately after
the measurement, the specimens were submerged again.
The sorptivity coefficient, k (cm s_m), was obtained by
using the following expression:

Q/A=kv1

where Q is the amount of water absorbed (cm?); A is the
cross section of the specimen that was in contact with water
(cm?); ¢ is the time(s), Q/A was plotted against the square
root of time. Five replicates were maintained for each
treatment.

SEM and XRD analysis

The morphology and chemical constituents of pure bacte-
rial crystals as well as concrete specimens were analyzed
with SEM and XRD. For the SEM analysis, pure crystals
were fixed overnight in 2.5 % glutaraldehyde in 0.1 M
sodium phosphate buffer at 4 °C, rinsed in 0.2 M phosphate
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buffer saline solution (pH 7.4) for 1 h and dehydrated in a
series of graded ethyl alcohol. In case of mortar samples,
1 cm® samples were cut from the surface, dried at room
temperature and analyzed. SEM observation was done
under the following analytical conditions: EHT 20.00 kv,
WD 10-11 mm. X-ray diffraction spectra (XRD) was
obtained using X’ Pert PRO diffractometer with a Cu anode
(40 kV and 30 mA) and scanning from 3° to 60° 26. X-ray
diffraction identified different crystalline phases of calcium
carbonates formed. The components of the sample were
identified by comparing them with standards established by
the International Centre for Diffraction Data.

Statistical analysis

The data are presented as mean =+ standard deviation. Data
of growth, enzyme activities, compressive strength and
water absorption were statistically analyzed by analysis
of variance (ANOVA) and the means were compared by
Tukey’s honestly significant different test. All the analyses
were performed by using Graph pad prism (5.1)® software.

Results and discussion
Isolation and identification of bacteria

Growth of halophilic ureolytic bacteria on urea agar plates
was detected by color change of the medium to dark pink.
Quantitative urease production was investigated in 20 col-
onies and one of the most efficient isolates (MSR1) was
selected based on its ureolytic activity. This isolate was
identified as Exiguobacterium mexicanum based on its
morphological and 16S rDNA sequence analysis. The 16S
rDNA sequence obtained in this study was submitted to
GenBank (NCBI) under the accession number KX345944.

Growth and enzyme activities

The growth, urease and carbonic anhydrase activities of E.
mexicanum were studied under different salt stress condi-
tions. E. mexicanum showed more growth at 7.5 and 10 %
salt concentrations than 3.6 and 5 % (Fig. 1a). Urease pro-
duction was significantly higher at lower concentrations of
salt (3.6 and 5 %) than at higher concentrations (7.5 and
10 %) grown at different time intervals. Maximum urease
production was observed in 5 % salt concentration on 4th
day (Fig. Ic). When compared to 7.5 and 10 % salt con-
centrations, higher urease production was recorded with
7.5 % salt stress than 10 % (Fig. 1b). Carbonic anhydrase
production also increased with time in 3.6 and 5 % salt
stress compared to higher concentrations. Maximum car-
bonic anhydrase production was observed on 4th day at
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Fig. 1 Growth and enzyme activities of E. mexicanum grown under
different salt stress conditions at different time intervals a optical
density at 600 nm, b urease activity and ¢ carbonic anhydrase activity.
Mean values (n = 3) are plotted, with error bars representing + one
standard deviation. The difference between mean values sharing a
common letter is not statistically significant at P < 0.05

5 % salt stress. When compared with high concentrations,
the enzyme production was higher in 7.5 % salt stress than
10 % (Fig. lc).

Constitutive production of urease is a common feature
of many species of soil bacteria [6] but efficacy of enzyme
production under saline environments needs to be inves-
tigated as highly saline conditions cause osmotic stress,
and result in bacterial cell lysis and loss of both intra- as
well as extracellular enzyme production [19]. In this case,
the potential of isolates to produce significant enzymes
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Fig. 2 Precipitation of CaCO, by E. mexicanum a soluble Ca** ion
levels in sea water medium supplemented with 5 % NaCl for differ-
ent time intervals and b calcium carbonate crystals precipitated under
different salt stress conditions after 96 h. Mean values (n = 3) are
plotted, with error bars representing + one standard deviation. The
difference between mean values sharing a common letter is not statis-
tically significant at P < 0.05

indicates their adaptability for such conditions. Two
mechanisms have been found responsible for this osmo-
adaptation; (a) through maintaining cytoplasmic KCI con-
centration similar to environmental condition and (b) by
using organic osmolytes to balance osmotic pressure and
maintain high intracellular turgor [33].

Calcium carbonate precipitation

The concentration of soluble Ca>* decreased significantly up
to 6 h (from 25 to 7.4 mM) then slowly decreased up to 10 h
(3.6 mM) due to CaCO; precipitation and remained in the
same levels thereafter (Fig. 2a). The abiogenic precipitation of
calcium carbonate (without bacteria) has been ruled out since
insignificant carbonate precipitate was observed in the control
suggesting the involvement of bacteria in carbonate precipi-
tation. The precipitation of CaCOj; decreased with increasing
salt concentration and the maximum carbonate precipitation
was observed at 5 % salt concentration (155 mg/100 mL) fol-
lowed by 3.6 % salt (131 mg/100 mL). However, the CaCO;
precipitation decreased significantly at 10 % salt stress
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Fig. 3 Influence of E. mexicanum on a compressive strength of
cement mortar at different days of curing and b water absorption of
cement mortar cubes treated with 5 % NaCl. Mean values (n = 5) are
plotted, with error bars representing + one standard deviation. The
difference between mean values sharing a common letter is not statis-
tically significant at P < 0.05

conditions (Fig. 2b). Few studies have reported the negative
influence of excess salts on carbonate biomineralization [3,
17]. But some moderately halophilic bacterial strains have
been reported to have an optimal salt concentration between
10 and 20 % for biomineralization of carbonates and forma-
tion of inorganic crystals is suppressed at low salt concentra-
tions [33]. Hammes and Verstraete [21] found that microbes
influence most mineralization factors such as pH, calcium
and dissolved inorganic carbon. In the present study, E. mexi-
canum formed higher amounts of crystals at 5 and 3.6 %, but
had shown more growth at 7.5 and 10 % salt concentrations.
These results confirm with the previous findings of Ferrer
et al. [18] that inhibitory effects of salts is milder in halophilic
bacteria compared to non-halophilic ones.

Effect of E. mexicanum on concrete specimens
Compressive strength

The compressive strength of cement mortar is the most
common performance measure to estimate the durability
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of concrete structures. Figure 3a summarizes the positive
effect of E. mexicanum on strength of concrete mortar
specimens over different time intervals treated with 5 %
salt. During the initial 3 and 7 days, there was a small,
but not statistically significant increase in compres-
sive strength of bacterial-treated mortar specimens (8.2,
14.6 MPa) compared to control samples (7.4, 12.5 MPa),
which might be due to slow acclimatization of the bacte-
rial cells to concrete environment. At the end of 28 days
of curing, E. mexicanum-treated specimens showed a
statistically significant increase (23.5 %) of compres-
sive strength of mortar specimens compared to con-
trol (Fig. 3a). Earlier studies have reported significant
improvement of strength (up to 30 %) in concrete and
mortar specimens by different non-halophilic bacterial
isolates ([11] and references therein). Stabnikov et al. [36]
reported the potential of halotolerant alkaliphilic bacte-
ria Bacillus sp. VSI and VUK 5 in cementation of sand
grains. The increase in strength has been attributed to the
formation of carbonates on the exterior surface of the con-
crete as well as within the pores of cement matrix [12].
The pores in the matrix are plugged due to accumula-
tion of carbonates, which act as a binder to enhance the
strength of the specimens. The flow of nutrients and oxy-
gen to bacterial cells stops due to carbonate accumulation
on the surface of the bacteria, which eventually lead to the
death of cells or formation of endospores [25].

Water absorption

The water absorption test was carried out at the end of
28 days of bacteria curing. Significant decrease of water
uptake was observed compared to control specimen
(Fig. 3b). Nearly five times lesser water absorption was
recorded in case of bacterial-treated specimens with respect
to the control ones. The deposition of bacterial calcite
crystals on the surface of concrete specimens acts as bio-
sealant layer. Similar studies have been carried out by non-
halophilic bacterial isolates wherein significant reduction
of porosity has been reported [8, 10, 12]. The deposition
of carbonate layer on the surface of concrete specimens
under marine conditions resulted in decrease of the sorptiv-
ity paving way to blockage of water and other substances.
Our earlier studies also reported the formation of CaCOj;
crystals within sand plugs and mud blocks by B. megate-
rium [13].

SEM and XRD analysis of carbonate crystals
The carbonate crystals formed by E. mexicanum were char-

acterized by SEM and XRD. The crystal size varied from
20 to 50 pm and rod-shaped bacterial cells were clearly
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Fig. 4 Morphology and chemical analysis of CaCOj; crystals precipi-
tated by E. mexicanum a scanning electron micrograph of crystals.
Arrows show rod-shaped bacterial cells (bc) in close contact with the
carbonate crystals (cc) b X-ray diffraction analysis showing the crys-
tals as calcites and vaterites

seen embedded inside the crystals as well as in close pack-
ing association (Fig. 4a). X-ray diffraction results showed
that calcite is the major phase formed followed by vater-
ite and aragonite (Fig. 4b). SEM analysis of the bacterial-
treated mortar specimens revealed the presence of dense
matrix of crystals with visible rod-shaped bacterial cells in
close association with the crystals (Fig. 5a, b). The asso-
ciation of calcite crystals with bacterial cells indicates that
bacterial cells served as nucleation sites during the biomin-
eralization process [38]. XRD analysis of mortar specimens
showed that the major phase in bacterial-treated specimens
is calcite (Fig. 5c¢).

Several studies have been conducted to understand
the enigma behind the formation of a variety of carbon-
ate polymorphs, which are found to be dependent on dif-
ferent factors such as growth media, substrate type, pH,
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Fig. 5 Examination of concrete specimens treated with E. mexica-
num a, b scanning electron micrographs of cement mortar specimens
showing layer of calcite crystals with rod-shaped bacterial cells and ¢
X-ray diffraction showing precipitation of calcites in bacterial-treated
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temperature, bacterial species, organic matter and satura-
tion index to [Ca2+]/[CO32’] ratio [31]. Ferrer et al. [17]
reported that the ionic strength of the medium affects
different groups of halophilic microorganisms in differ-
ent ways. High salt concentrations promote the forma-
tion of monohydrocalcite in few microorganisms. The
formation of carbonate polymorphs such as vaterite and
aragonite have been reported under unfavorable growth
conditions while calcite and dolomite have been reported
under optimal growth conditions [31]. Some authors also
reported that, in case of saline environments, calcite for-
mation is inhibited and aragonite formation increases with
increasing concentration of Mg [7, 23, 34]. In the present
study, E. mexicanum successfully formed calcite, indicat-
ing strain specificity during biomineralization. Another
concern is that the minerals formed in high salt condi-
tions are richer in Ca’>* than Mg>*. Rosen [32] reported
that bacteria pump Ca’* towards the exterior of the cell
while Mg?* is pumped towards the interior. On negatively
charged surfaces of bacterial cells, Ca>t is adsorbed with
greater intensity than Mg>* due to its greater ionic selec-
tivity [30]. Though the precipitation of minerals in saline
environments is a complex phenomenon, the absence of
precipitation in control set without bacteria highlighted the
importance of bacterial metabolic activity.

Conclusions

Halophilic bacterial isolate E. mexicanum isolated from sea
water has been efficiently shown to produce high amounts
of urease and carbonic anhydrase enzymes along with pre-
cipitation of carbonates under high salt concentrations up to
10 %. Application of E. mexicanum on concrete specimens
significantly increased its compressive strength (23.5 %)
and reduced water absorption (five times) compared to
control specimens. The current study proved the feasibility
of halophilic bacterial isolates in remediation and restora-
tion of construction materials in marine environments. The
outcome of the current study supports the potential of this
technology for applications in several fields such as reme-
diation of concrete structures, stabilization of beach sands,
stability of embankments, strengthening of tailing dams,
improving resistance of offshore structures, controlling ero-
sions as well as mitigation of submarine sediment liquefac-
tion near the sea shores.
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