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Microbially induced carbonate precipitation (MICP) applied in the construction industry poses several disadvantages such as
ammonia release to the air and nitric acid production. An alternative MICP from calcium formate by Methylocystis parvus
OBBP is presented here to overcome these disadvantages. To induce calcium carbonate precipitation, M. parvus was incubated
at different calcium formate concentrations and starting culture densities. Up to 91.4% = 1.6% of the initial calcium was precipi-
tated in the methane-amended cultures compared to 35.1% = 11.9% when methane was not added. Because the bacteria could
only utilize methane for growth, higher culture densities and subsequently calcium removals were exhibited in the cultures when
methane was added. A higher calcium carbonate precipitate yield was obtained when higher culture densities were used but not
necessarily when more calcium formate was added. This was mainly due to salt inhibition of the bacterial activity at a high cal-
cium formate concentration. A maximum 0.67 =+ 0.03 g of CaCO, g of Ca(CHOOH), ! calcium carbonate precipitate yield was
obtained when a culture of 10° cells ml~" and 5 g of calcium formate liter ' were used. Compared to the current strategy employ-
ing biogenic urea degradation as the basis for MICP, our approach presents significant improvements in the environmental sus-

tainability of the application in the construction industry.

icrobially induced carbonate precipitation (MICP) is a well-

known process and has been extensively described in the
past (1-3). In short, MICP produces carbonate minerals, e.g., cal-
cium carbonate, as a result of alterations in environmental condi-
tions. In nature, examples of MICP include calcite formation in
soils (4), limestone caves (5), seas (6), and soda lakes (7). Four
different key parameters that govern microbially induced calcium
carbonate precipitation are the: (i) concentration of nonprecipi-
tated calcium, (ii) concentration of the total inorganic carbon,
(iii) pH, and (iv) availability of nucleation sites for calcium car-
bonate crystal formation (3). Among the four parameters, bacte-
rial activities mainly influence the pH of the environment (1).

MICEP is the basis for several biotechnological applications in
the construction sector (for a review, see reference 1 and refer-
ences therein). These include the use of calcium carbonate precip-
itate to protect concrete surface against the ingress of deleterious
substances (e.g., chloride ions) (8) or to heal cracks in aging con-
crete (9, 10). Among the bacterial activities that can induce cal-
cium carbonate precipitation, urea degradation by heterotrophic
bacteria is typically used for applications on building materials. In
biogenic urea degradation, urea is transformed to ammonia and
carbonate ions to initiate precipitation (11). Bacillus spp. (e.g., B.
sphaericus) is the most commonly applied urea degrader for MICP
in the construction sector due to several advantages such as the
high initial urea degradation rate by the strain and a highly nega-
tive { potential of the strain (12).

However, the use of urea degradation-based MICP in the con-
struction sector poses several drawbacks. First, ammonia produc-
tion can pollute the air. Second, with pKa of ammonium/ammo-
niaaround 9.25at 25°C (13), ammonium can be present inside the
building material and nitrified by the bacteria into nitric acid,
which in turn reacts with calcite from the building material to
form calcium nitrate. Calcium nitrate is a highly soluble compo-
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nent and the dissolution of this component in the building mate-
rial can contribute to the biodeterioration of the material (14).
Therefore, an alternative MICP for application in the construc-
tion sector needs to be investigated.

Methane-oxidizing bacteria (MOB) are a subset of methyl-
otrophic bacteria capable of utilizing methane as their carbon and
energy source (15). As part of the dissimilatory methane oxidation
pathway, MOB oxidize formate to CO, using the formate dehy-
drogenase enzyme. Methylocystis parvus OBBP, a type Il MOB, has
been previously investigated for biotechnological applications. M.
parvus OBBP is known to synthesize poly-3-hydroxybutyrate
(PHB), a biopolymer that is used as a raw material for bioplastics
(16). The strain accumulates PHB intracellularly when it is pro-
vided with an excess of carbon source and in the absence of suffi-
cient essential nutrients (e.g., nitrogen, phosphorus, etc.) (16, 17).
For bioremediation purposes, the particulate methane monooxy-
genase enzyme expressed by Methylocystis spp. can also degrade
several pollutants such as halogenated alkanes (18, 19).

In this research, M. parvus OBBP is investigated as an alterna-
tive biocatalyst to induce calcium carbonate precipitation from
calcium formate. We hypothesize that formate utilization by M.
parvus OBBP will lead to an increase of pH and carbonate produc-
tion. With the availability of calcium ions from calcium formate
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and the potential use of M. parvus OBBP cell wall as the nucleation
site, calcium carbonate precipitation is favored. This study is di-
vided into two parts. First, a proof of principle of calcium carbon-
ate precipitation by M. parvus OBBP from calcium formate was
performed. Second, the influence of the culture density and cal-
cium formate concentration to the calcium carbonate precipitate
yield was investigated.

MATERIALS AND METHODS

Bacterial strain and culture condition. Methylocystis parvus OBBP was
obtained from Colin Murrell (School of Environmental Science, Univer-
sity of East Anglia). M. parvus OBBP was grown in nitrate mineral salt
(NMS) medium (20) in serum bottles (Schott-Duran, USA) under an
~20% (vol/vol) methane mixing ratio in the headspace. The bottles were
incubated on a shaker (120 rpm) at 28°C. For the precipitation experi-
ments, 20-fold-lower phosphate buffer concentrations (i.e., 35.9 and 13.6
mg of Na,HPO,-12H,0 and KH,PO, liter ", respectively) in the NMS
medium were used. This was done to minimize the buffering capacity of
the medium but for the medium to still sufficiently provide a phosphorus
source for the bacterial growth. Experiments were performed using
125-ml PYREX serum bottles (Corning, USA). Bottles were acid washed
by immersion in 1 M nitric acid (VWR, Belgium) for 1 day and left to dry
to remove trace metals from the bottles’ surface. Incubations were per-
formed aseptically by autoclaving the bottles at 120°C for 20 min before
experiments and by preparing the set up under laminar flow.

Calcium carbonate precipitation by M. parvus OBBP. This experi-
ment was performed to investigate MICP from calcium formate by M.
parvus OBBP. M. parvus OBBP was grown until mid-logarithmic phase
before the cells were collected by centrifugation at 10,000 X g for 10 min,
washed twice with saline solution (8.5 g of NaClliter '), and resuspended
in NMS medium. A 50-pl portion of the culture was sampled to deter-
mine the total number of cells before they were added into the serum
bottles. Sterile calcium formate and NMS medium were mixed in different
bottles (working volume, 7 ml) to have final formate concentrations of:
0.04,0.14,0.44,0.72,1.1, 1.44,1.83,2.32,and 2.88 g liter "'. Then, 1 ml of
the culture was added to each bottle. Serum bottles containing bacterial
culture and NMS medium without formate addition served as a reference.
Next, 2-ml portions of liquid sample were taken from each bottle, filtered
using a 0.22-pm-pore-size filter (Millipore, USA), and stored at 4°C until
further analysis. The bottles were then capped with butyl rubber stoppers
(Rubber B.V., The Netherlands), sealed with crimp caps (Agilent Tech-
nologies, Belgium), and incubated on a shaker (120 rpm) at 28°C for 4
days, after which sampling was performed. Approximately 2 ml of liquid
was taken at the end of incubation period from each bottle for bacterial
cell counting and liquid sample analysis. After cell count determination,
the liquid samples were filtered using a 0.22-pm-pore-size filter (Milli-
pore) and stored at 4°C until further analysis.

The influence of methane addition on calcium carbonate precipitation
by M. parvus OBBP was also investigated. Sealed serum bottles with bac-
terial inoculated mixture of calcium formate and NMS medium were
injected with methane (99.5% [vol/vol]; Air Liquide, Belgium) to reach
~10% (vol/vol) methane mixing ratio in the headspace. Afterward, the
headspace gas composition was determined, and the gas pressure was
measured using a tensimeter (WIKA, Germany). This was repeated daily.
Methane oxidation rate (MOR) by M. parvus OBBP was determined by
linear regression after the methane depletion in the headspace over time.
The liquid sampling procedure, as described previously, was done before
and after the incubation.

For all types of incubations, reference incubations containing M. par-
vus OBBP in sodium formate and uninoculated calcium formate were
performed. For both incubations, methane was added into the bottles.
Incubations in sodium formate were done to investigate the evolution of
measured parameters (e.g., bacterial growth) when calcium carbonate
precipitation was absent. The uninoculated calcium formate incubations
were performed to verify that the calcium carbonate precipitation was
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driven by the bacterial formate oxidation. Incubations were performed in
triplicates. For simplification, the following symbols were assigned to the
different treatments: bacterial incubations in methane and calcium for-
mate (M1), calcium formate (M2), and methane and sodium formate
(M3). M4 was assigned to the uninoculated incubations containing cal-
cium formate under methane.

Optimization of calcium carbonate precipitate yield from calcium
formate by M. parvus OBBP. This experiment was performed to deter-
mine the influence of calcium formate concentrations and bacterial cell
densities to the calcium carbonate precipitation yield from calcium for-
mate [g of CaCO; g of Ca(CHOOH), ']. Triplicate incubations from
each of 10°, 107, 10%, and 10° M. parvus OBBP cells ml 'and 0.5, 2.5, 5,
and 10 g of calcium formate liter~' were prepared. M. parvus OBBP was
grown in NMS medium, and the cells were collected as described previ-
ously. The bacterial culture was resuspended in deionized water. For each
treatment, an 8-ml mixture of sterile calcium formate and the bacterial
culture was made in the serum bottles. Before and after the incubation, 2
ml of liquid sample was taken, filtered using a 0.22-pm-pore-size filter,
and stored at 4°C until further analysis. The serum bottles were then
capped with butyl rubber stoppers and incubated for 1 day on a shaker
(120 rpm) at 28°C. In this experiment, methane was not added into the
bottles. When the process is applied on building wall, to minimize bacte-
rial washout due to environmental effects such as rain, then fast precipi-
tation is preferred. Thus, a short incubation time was set in the experi-
ment.

Additional 50-ml incubations of 10° M. parvus OBBP cells ml ™" with-
out calcium formate addition and in 2.5, 5, and 10 g of calcium formate
liter ! were carried out. The bigger liquid volume was used in order to
obtain a sufficient biomass pellet from the culture after the experiment.
The pellets were used to determine calcium carbonate crystals morphol-
ogy, phase, and polymorphs. The biomass pellets were collected after the
experiments as described previously.

Bacterial cell count. Bacterial cell count was performed using a BD
Accuri C6 flow cytometer (BD Biosciences, Belgium) according to the
live/dead staining protocol described by Van Nevel et al. (21). For the
analysis, each culture sample contains a 500-pl mixture of bacterial cul-
ture (5 or 50 pl, depending on the dilution factor), fluorescent dyes (5 .l;
the dye composition is described in reference 22), and sterile physiological
solution (0.9% [vol/vol] NaCl). The total number of propidium iodide-
and SYBR green-tagged cells per ml of the analyzed sample was reported
as the culture density.

Gas composition analysis. Methane and oxygen were measured by
using a compact gas chromatograph (GC; Global Analyser Solution, The
Netherlands) equipped with a thermal conductivity detector, a Porabond
precolumn, and a Molsieve SA column. Then, 1 ml of gas sample was
taken from each serum bottle before injection into the GC using a gas-
tight syringe (Hamilton, Belgium).

Liquid sample analysis. Liquid samples were analyzed for (i) formate
concentration, (ii) soluble calcium concentration, and (iii) pH. The for-
mate concentrations in samples were measured by using DX-500 BioLC
liquid chromatograph that was equipped with an AS1 column and an
ED50 conductivity detector (Dionex, USA). The soluble calcium concen-
tration was measured by using an AA-6300 atomic absorption spectro-
photometer (Shimadzu, Japan). Portions (100 and 200 wl) of 65% (vol/
vol) nitric acid (VWR, Belgium) and 1 g of lanthanium standard solution
(Chem-Lab, Belgium) liter "', respectively, were added to each sample
before analysis. The amount of calcium carbonate precipitated was calcu-
lated from the amount of the removed soluble calcium in the culture. The
pH was measured using a C-532 pH electrode (Consort, Belgium).

XRD. Stored biomass pellets of an M. parvus OBBP culture of 10° cells
ml 'in0, 2.5, 5, and 10 g of calcium formate liter "' were used for the
identification of the calcium carbonate precipitated crystal phase by X-ray
diffractometry (XRD) analysis. XRD spectra for each sample was analyzed
using a Thermo Scientific ARL X’TRA powder diffractometer equipped
with a Peltier cooled detector. The X-ray diffractometer was operated at
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40 kV and 30 mA with monochromated CuKa radiation. XRD data, over
arange of 3 to 60° 20, were collected with a step size of 0.02° and a preset
time of 1 s at each step.

SEM. Stored biomass pellets of an M. parvus OBBP culture of 10° cells
ml~!in 5 g of calcium formate liter ' were used for the scanning electron
microscopy (SEM) analysis. The pellet was placed on an aluminum stub
with a carbon conductive tab and dried at 60°C for approximately 2 h to
remove the water content in the pellet. In addition to the image analysis,
elemental composition analysis of the samples was also carried out using
an energy-dispersive X-ray spectroscopy (EDS). SEM and EDS analysis
were performed using a Phenom ProX desktop scanning electron micro-
scope (Phenom-World BV, Eindhoven, The Netherlands), with 10- and
15-kV accelerating voltages for image and EDS analysis, respectively. Be-
fore analysis, samples were sputtered with a 2-nm Pt-Pd coating. Samples
of nonbiogenic calcium carbonate were also analyzed by EDS and used as
a reference.

TEM. Stored biomass pellets of an M. parvus OBBP culture of 10° cells
ml™!in 5 g of calcium formate liter ~' were used for transmission electron
microscopy (TEM) analysis. The bacteria were fixed in 0.1 M cacodylate
buffer containing 4% paraformaldehyde and 5% glutaraldehyde. TEM
images were collected at 50 kV using the method previously described by
Hosseinkhani et al. (23). Images were obtained by using Zeiss TEM 900
transmission electron microscope using (Carl Zeiss, Germany).

Statistical analysis. Other than pH measurements, except as stated
otherwise, values are means from triplicate measurements, and error bars
represent standard deviations. pH measurements were carried out once
for each type of incubation. Statistical analyses were done in SigmaPlot
v12.0 (Systat Software, Inc., USA) to compare significant differences of
values between different incubations by means of one-way analysis of
variance test (P = 0.05).

RESULTS

Calcium carbonate precipitation by M. parvus OBBP from cal-
cium formate. A 1- to 2-log increase in M. parvus OBBP culture
densities was observed in almost all methane-amended cultures
compared to their initial culture densities (Fig. 1a). However, for
all type of incubations, lower culture densities were exhibited by
the bacteria at formate concentrations higher than 1.44 g liter "
The MOR exhibited by M. parvus OBBP also decreased at higher
formate concentrations (Fig. 1b). The bacteria showed a higher
MOR in M1 than in M3 when the same amount of formate was
added, except for 1.83 and 2.88 g of formate liter ', where the
differences were not significant (P > 0.05).

M. parvus OBBP exhibited higher calcium removal in M1 than
in M2 at formate concentrations higher than 0.5 gliter ~' (Fig. 1¢).
In M1, it was observed that the bacterial calcium removal exhib-
ited a hyperbolic increase from 3.5% = 0.6% to 91.4% = 1.6% at
0.04 and 2.88 g of formate liter ', respectively. M. parvus OBBP
could not remove >50% of the initial calcium in M2 at all of the
formate concentrations tested. The bacteria removed formate
completely at different formate concentrations in M1, whereas
various formate removals were exhibited by the bacteria in M2 or
M3 (Fig. 1d). Decreasing formate removal was exhibited by the
bacteria in M2 and M3 when a formate concentration higher than
1.5 g liter ' was added. In M2, M. parvus OBBP exhibited only a
maximum of 61.7% * 9.1% formate removal, and this was ob-
served when 1.1 g of formate liter ' was added into the culture.
The calcium and formate removal exhibited in all M4 incubations
were not significant. An increase in pH in all cultures was observed
when formate was added into the M. parvus OBBP culture (Table
1). A greater pH increase was observed in M3 when formate at
>1.44 g liter”' was added. In M1 and M2, at concentrations of
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FIG 1 Culture density (a), methane oxidation rate (b), calcium removal (c),
and formate removal (d) exhibited in M1 (open squares), M2 (gray-shaded
circles), M3 (solid triangles), and M4 (open diamonds) incubations. The sym-
bols represent different types of incubations: bacterial incubations in methane
and calcium formate (M1), calcium formate (M2), and methane and sodium
formate (M3). M4 was assigned to the uninoculated incubations containing
calcium formate under methane. The dotted line in panel a indicates the initial
M. parvus OBBP culture density (9 X 10° cellsml™"). Values are the average of
triplicate measurements. Error bars represent the standard deviations.

>0.44 mg of formate liter ', the pH changes in the cultures were
not appreciable.

Influence of calcium formate concentration and bacterial
cell density on the calcium carbonate precipitation yield. The
calcium and formate removal of M. parvus OBBP was dependent
on the calcium formate concentration and the culture density
used (Table 2). At the same calcium formate concentration, higher
calcium and formate removal was obtained in cultures when
higher culture densities were used, the exception being bacterial
calcium removal at 0.5 g of calcium formate liter '. However,
using the same value of culture density, higher calcium and for-
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TABLE 1 Initial pH and pH differences in M1, M2, and M3 cultures
before and after incubation

pH or dpH”

.. M1 M2 M3
Initial formate concn
(gliter ") pH dpH pH dpH pH dpH
0 6.6 0 6.6 0 6.6 ND
0.04 6.6 0.8 6.6 0.4 6.4 0.9
0.14 6.6 1 6.6 0.9 6.5 1
0.44 6.7 1.2 6.7 1.2 6.6 1.0
0.72 6.8 1.1 6.8 1.3 6.7 1.1
1.10 6.9 1.1 6.9 1.1 6.7 1.2
1.44 6.9 1.1 6.9 1.3 ND ND
1.83 6.9 1.1 6.9 1.2 6.7 1.8
2.32 6.8 1.3 6.8 1.2 6.8 1.6
2.88 6.7 1.2 6.7 1.2 6.8 1.3

“ pH refers to the initial incubation pH (i.e., at t = 0) of the M. parvus OBBP culture.
dpH is the pH increase in the M. parvus OBBP culture before and after the incubation
period. ND, not determined.

mate removal was not necessarily exhibited by bacteria when
greater calcium formate concentrations were used. For example,
in a culture of 10° cells ml ™}, less calcium and formate removal was
observed in the cultures at 10 g of calcium formate liter ' (36.7% =
7.1% [formate] and 31.8% = 5.6% [calcium]) than at 5 g liter ' of
calcium formate (98.5% =+ 0.1% [formate] and 87.4% = 3.8% [cal-
cium]).

The maximum calcium carbonate precipitate yield obtained
from different culture densities and calcium formate concentra-
tions tested was 0.67 = 0.03 g of CaCO; g of Ca(CHOOH), !
(Table 2). The yield was calculated from the amount of calcium
carbonate precipitated (i.e., the removal of soluble calcium) over
the amount of the calcium formate added. For each tested culture
density, the maximum calcium carbonate precipitation yield
could be obtained when 2.5 g of calcium formate liter ' was
added. The maximum calcium carbonate precipitation yield, as
described previously, was obtained from 5 g of calcium formate
liter "' and cultures of 10° cells ml~'. However, there was no sig-
nificant yield difference when either 2.5 or 5 g of calcium formate
liter ! was added (P > 0.05).

Morphologies, polymorphs, and cellular locations of the cal-
cium carbonate crystals produced by M. parvus OBBP. Vaterite
and calcite were the two main polymorphs identified in the cal-
cium carbonate crystals from M. parvus OBBP cultures at various
formate concentrations (Fig. 2). Several peaks of vaterite and cal-
cite polymorphs were depicted in almost all XRD spectra from

Counts

FIG 2 XRD pattern from the biomass pellets of M. parvus OBBP cultures in 0
(i.e., no calcium formate addition), 2.5, 5, and 10 g of calcium formate liter .
V and C indicate the XRD peaks that correlate with valerite and calcite peaks,
respectively.

each type of culture. The highest vaterite peak was significantly
shown in the culture at 10 g of calcium formate liter ', The vat-
erite compositions in all incubations except at 5 g of formate li-
ter ' were between 80 to 90% (wt/wt), whereas the calcite com-
position at 5 g of formate liter ™ was 58.5% (wt/wt) (calculated
data). Aragonite was also detected in crystals from all type of in-
cubations with a maximum of 6.6% (wt/wt) in culture at 10 g of
formate liter ! (calculated data).

The morphologies and likely cellular locations of the bacteri-
ally induced calcium carbonate crystals are indicated in TEM and
SEM images (Fig. 3 and Fig. 4). Calcium carbonate crystals seem to
accumulate and adsorb on the surface of the bacterial cell wall
(Fig. 3). This observation was seen in almost all bacterial cells in
the TEM images. Spherical crystals shape were observed in bacte-
rial cultures when 5 or 10 g of calcium formate liter ' were added
(Fig. 4). Grouped spherulite crystals were observed in an SEM
image of the culture at 10 g of calcium formate liter ' but not at 5
g of calcium formate liter~'. The energy-dispersive spectra of the
spherulite were similar to those of nonbiogenic calcium carbon-
ate, whereas the mean peak of calcium (i.e., 3.69 keV) in the energy
dispersive spectra at places without the spherical crystals were sig-
nificantly lower.

TABLE 2 Formate removal, calcium removal, and calcium carbonate precipitation yield in cultures of M. parvus OBBP*

Mean formate removal, calcium removal, and calcium carbonate precipitation yields = the SD at an M. parvus OBBP culture density cells ml~' of:

10° cells ml ™! 107 cells ml ™!

108 cells ml ™! 10° cells ml ™!

Calcium

formate  Formate Calcium Formate  Calcium Formate  Calcium Formate  Calcium

concn removal removal  CaCO, removal  removal ~ CaCO, removal  removal  CaCO, removal  removal

(gliter™") (%) (%) yield (%) (%) yield (%) (%) yield (%) (%) CaCO, yield
0.5 58+22 109*19 0.08*0.01 33.0*x14 72=*=31 0.06=*0.02 100 51+ 1.6 0.04 £0.01 100 55*23 0.04 £0.02
2.5 0.7* 8.5* 0.07* 59*16 198*41 0.15*0.03 672*15 574*35 044 *=0.03 969 0.1 82.1*47 0.63 x0.04
5 1.4+08 9.0*21 0.07*002 25*19 90*38 0.07*0.03 340*11 261 *26 0.20*0.02 985*0.1 87.4*38 0.67*0.03

10 0.7*+04 75*41 0.06*0.03 23*05 46=*20 0.04=*0.02 102=*21 67*26 005*002 36.7=*71 31.8*56 0.24*0.04

@ Formate removal, calcium removal, and calcium carbonate precipitation yields were determined in the cultures of M. parvus OBBP incubated at various culture densities and
concentrations of calcium formate. Calcium carbonate (CaCO3) yields are expressed as g of CaCOj; g of Ca(CHOOH), . The value in boldface indicates the maximum calcium

carbonate precipitation yield obtained from the test. ¥, averages of duplicate measurements.
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FIG 3 (ato d) TEM images of M. parvus OBBP cultures in 5 g of calcium formate liter . The arrows indicate the likely locations of calcium carbonate crystals

on the bacterial cells.

DISCUSSION

Calcium carbonate precipitation by M. parvus OBBP from cal-
cium formate. Significant bacterial growth was only observed in
the methane-amended cultures (Fig. 1a). This was due to the fact
that biomass could only be synthesized by the bacteria from meth-
ane but not formate. Methane oxidation by M. parvus OBBP gen-
erates formaldehyde, an intermediate for carbon assimilation via
the serine cycle (15). Formate transformation to CO, generates
NADH that can only be used as a reducing power in other meta-
bolic processes, for example, hydroxypyruvate conversion to glyc-
erate in the serine cycle (24). Moreover, formate addition could
inhibit M. parvus OBBP growth, as indicated by the lower MOR
exhibited by the bacteria (Fig. 1b). From the Herbert-Pirt equa-
tion, alow specific substrate utilization rate results in a low specific
biomass growth (25). In our study, the low MOR was likely caused
by the low methane concentration in the liquid phase. From the
hyperbolic substrate utilization kinetic (26), with methane as the
sole carbon and energy source, MOB exhibited low MOR at a low
methane concentration. The lower dissolved methane concentra-
tion upon formate addition was likely a consequence of the lower
methane solubility; salt addition lowers the water potential and
thus lowers the methane diffusivity into the liquid phase (27).
Without significant calcium and formate removal in M4, cal-
cium carbonate precipitation occurred as a result of the bacterial
formate oxidation (Fig. 1c and d). Formate conversion to CO, by
M. parvus OBBP led to an increase of the pH in the culture (Table
1). Previous studies have shown that bacterial or fungal utilization
of low molecular organic compounds such as formate (e.g., ace-
tate) would lead to an increase in environmental pH (4, 28, 29). In
a solution, formate and CO, are in equilibrium with formic acid
and carbonic acid, respectively. The pH increase in the cultures
occurred due to the bacterial conversion of formic acid to the
weaker carbonic acid, and this would shift the carbonate system
toward carbonate ions production (equation 1 [30]). Calcium
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carbonate was then formed from the reaction between calcium
ions from calcium formate and carbonate ions from the formate
conversion (equation 2).

COyg <> COyuq) + HyO <> H,CO; <> H + HCO;™ «> HY
+CO;~ (1)
Ca*" + CO42~ <> CaCO;, (2)
_ a(Ca*")a(CO;*7)

@ K

Wlth Kso calcite, 25°C
S0

=3.8 X 10" mol liter ! (3)
Based on the thermodynamic approach, when the total ionic
activity product from the calcium carbonate formation exceeds
the calcium carbonate equilibrium constant (K, ), then the system
is supersaturated (i.e., saturation state [()] > 1), and calcium car-
bonate precipitation is likely to occur (see equation 3) (1).
Influence of calcium formate concentration and bacterial
cell density on the calcium carbonate precipitation yield. Higher
calcium carbonate precipitate yields were obtained when higher
M. parvus OBBP culture densities were used but not necessarily at
higher calcium formate concentrations (Table 2). At higher for-
mate concentrations, the precipitation time, salt stress, and crys-
tallization surface area availability were limiting the precipitation
rate. A longer incubation time was needed for the substrate (e.g.,
formate) conversion to induce precipitation at a high substrate
concentration (31). A higher formate and calcium removal exhib-
ited by the bacteria are therefore anticipated at longer incubation
times. A high calcium formate addition also increased the salt
stress imposed on the cells, thus limiting their activity (18).
Methylocystis spp. are generally known to be robust and able to
withstand different forms of stress (18, 32, 33); however, M. par-
vus OBBP is not proven to be a halophilic MOB (20). Hence, the
addition of salt may eventually inhibit the activity of the bacteria.
The inhibition effect of calcium formate to the precipitation yield
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FIG 4 SEM images and EDS spectra of M. parvus OBBP culture in 5 g (a) or 10 g (b) of calcium formate liter ~'. EDS analyses were done at predicted calcium
carbonate crystal spots (i.e., spots 1 and 3 [red line]) and at places without calcium carbonate crystals (i.e., spots 2 and 4 [blue line]). For reference, the EDS of

nonbiogenic calcium carbonate crystals are also shown in the graph (black line).

was observed especially when 10 g of calcium formate liter ' was
added. Moreover, there was a limited surface area available for the
bacteria to bind calcium ions for a given amount of biomass.
Therefore, further addition of calcium formate did not necessarily
result in a higher calcium carbonate precipitate yield. Overall, as
observed in another study (34), there is an optimum process con-
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dition to obtain a maximum calcium carbonate precipitate yield.
In our study, 5 g of calcium formate liter ' and 10° cells ml ™' were
the optimum calcium formate concentration and culture density,
respectively, to obtain a maximum calcium carbonate precipitate
yield.

On a per-cell basis, the optimum biomineralization rate ob-
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TABLE 3 Comparison of calcium carbonate biomineralization rates obtained in this study with a urea-based approach

Biomineralization rate”

1072 gCa®" 10 °gCa®" 10 *gCa®* CaCO, crystal Source or
Strain (hcell)™* (hOD) ! (h CFU) ! polymorph(s) Biomineralization substrates” reference
M. parvus OBBP 6.0 £ 0.4 Calcite, vaterite, aragonite ~ Ca(CHOOH), (5 g liter ") This study
B. pasteurii ATCC 6453 16 Calcite Urea (3 g liter ') and CaCl, (2.8 g liter ) 11, 35, 36
S. pasteurii ATCC 118597 7.2 Calcite and vaterite Urea (20 gliter ') and CaCl, (2.8 mgliter ') ~ 47-52
B. megaterium ATCC 10788 0.16* Calcite and vaterite Urea (20 gliter ') and CaCl, (2.8 gliter ')/ 53
B. megaterium AP6 0.83* Calcite Urea (20 g liter ') and CaCl, (2.8 g liter ') 54
E. coli HB101¢ 13 Calcite Urea (3 g liter ') and CaCl, (2 g liter ") 52
E. ludwigii 33 Calcite and vaterite Urea (20 gliter ') and CaCl, (18.8 gliter ') 55
P. vulgaris 4.3 Urea (20 gliter ') and CaCl, (28.3 gliter™") 56
S. soli KNUC401 23.8 Calcite Urea (20 g liter ') and CaCl, (3.7 g liter ') 57
B. massiliensis KNUC402 13.1 Calcite Urea (20 g liter ') and CaCl, (3.7 g liter ") 57
A. crystallopoietes KNUC403 13.9 Calcite Urea (20 g liter ') and CaCl, (3.7 g liter ") 57
L. fusiformis KNUC404 15.2 Calcite Urea (20 gliter ') and CaCl, (3.7 g liter ") 57
S. ginsegisoli CR5 5.4 Calcite, vaterite, aragonite ~ Urea (20 g liter ') and CaCl, (2.8 mg liter ') 58
K. flava CR1 2.7 Calcite and aragonite Urea (20 g liter ') and CaCl, (3.7 g liter ') 59, 60

“ The biomineralization rate is expressed as the soluble calcium removal rate in the bacterial culture. *, these two biomineralization rates were calculated assuming that the mass of

one bacterium is 10~ '% g.

b If several references are given for a specific strain, then the substrate composition and the biomineralization rate were taken from or calculated based on the first reference

provided.

¢ This biomineralization rate value was taken from cultures that exhibited the highest calcium carbonate precipitation yield (5 g of calcium formate liter ' and 10° cells ml~'). The
value is the average of triplicate measurements. The error value represents the standard deviation.

4 Previously known as Bacillus pasteurii ATCC 11859.

¢ Plasmid pBU11 was constructed with the entire sequence of the urease gene cluster taken from S. pasteurii ATCC 11859.

£35% (vol/vol) CO, was added in the headspace of the incubator.

tained from our study (i.e., at 5 g liter ' calcium formate and 10’
cells ml™") is still approximately three times lower than the max-
imum urea based biomineralization rate (B. pasteurii ATCC 6453;
Table 3). B. pasteurii ATCC 6453 has also been applied in other
areas of environmental biotechnology as the biocatalyst to reme-
diate contaminated soils (35, 36). The urease-based MICP from
Bacillus spp. was the focus of many studies because they are known
to possess the urease gene and exhibit a high urea degradation rate
(12, 37). Accordingly, the construction industry mostly utilized
these strains for the MICP based biotechnological applications
(e.g., concrete surface treatment and self-healing concrete) (1, 38,
39). The MICP of strains from other bacteria have also been stud-
ied but, the assessment of their biotechnological potential com-
pare to our study is difficult as other studies used different units to
express biomineralization rates (Table 3). For future study, an
optimization in the biomineralization rate of the MICP based on
calcium formate utilization by M. parvus OBBP should be con-
ducted.

The morphologies, polymorphs, and cellular locations of the
calcium carbonate crystals produced by M. parvus OBBP. Cal-
cium carbonate precipitation was further confirmed from XRD,
TEM, and SEM analyses (Fig. 2, Fig. 3, Fig. 4). The three possible
calcium carbonate crystal polymorphs (i.e., calcite, vaterite, ara-
gonite) were observed in the M. parvus OBBP cultures in 5 g li-
ter ' of calcium formate. Thermodynamically, vaterite and ara-
gonite are metastable crystal phases, whereas calcite is the more
stable polymorph (40). Vaterite, commonly formed at a high su-
persaturation, was suggested to be the precursor of calcite, which
is formed at a low supersaturation (41, 42). In our study, vaterite
seemed to be the main crystal phase at most incubation type. The
type of calcium carbonate polymorphs is important for biotech-
nological applications in the construction industry. Calcite is the
most preferred crystal phase due to its stability and its higher con-
solidating effect (41). However, vaterite is not a disadvantage as it
could also be stabilized in the longer term (43).
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From the EDS spectra analyses, it could be confirmed that the
spherulite crystal in SEM images were composed mostly of cal-
cium carbonate. The spherulite crystal observed from SEM anal-
yses is known to be the final morphological stage of the biogenic
calcium carbonate crystal development (28, 31). However, in con-
trast to a previous study (31), the grouped spherulite crystals were
formed at a high salinity (i.e., 10 g liter ™" of calcium formate)
instead of at low salinity. The lower EDS peaks from calcium car-
bonate crystals spots compared to the pure calcium carbonate
might indicate that the biogenic crystal was lower in purity. This
could be due to the incorporation of an organic matrix, such as the
cell debris, in the crystal. Moreover, although the exact role of
bacterial cell in MICP is still debatable (1), SEM and TEM analyses
indicate that bacteria could act as the nucleation site for the crys-
tals (3). Previously, it was hypothesized that the bacterial cell wall
provide a template for the calcium carbonate crystal formation
(44). The cell wall, consisting of different functional groups (e.g.,
hydroxyl, carboxyl), binds calcium ions and further react with the
carbonate ions to form calcium carbonate (41).

This study presents the first report of calcium carbonate pre-
cipitation from calcium formate, using M. parvus OBBP culture;
furthermore, the optimum precipitate yields from different cul-
ture densities and calcium formate concentrations in grown M.
parvus OBBP culture were described. For biotechnological pur-
poses, this process has several advantages compared to urea based
biogenic precipitation. Because MICP from calcium formate
would not release ammonia to the air nor produce nitric acid as
by-product, when applied on building materials, less pollution
would impact the environment and the biodeterioration risk of
the material would be decreased. In addition, MOB could also
remove methane, a greenhouse gas, adding further functionality
to the building material. In the construction industry, the formate
oxidation-driven MICP could be used to improve the durability of
concrete by means of surface treatment (8) or to conserve stone-
based buildings or historical monuments from deteriorating by
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consolidation the stone (12, 45, 46). For all of these applications,
replacing the currently applied urea-based MICP as the basis of
the process would represent a significant improvement toward an
environmental sustainable approach.

For future studies, the process needs to be applied on building
materials. It should be determined if the calcium carbonate depo-
sition on the material’s surface could sufficiently protect the ma-
terial from deterioration or ingression of deleterious substances.
Comparison should also be made to the performance of the bio-
logical surface treatment on building materials using the urea-
based approach.
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