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Abstract Extracellular polymeric substance (EPS) is pro-
posed to facilitate calcium ion supersaturation through its nu-
cleation effect during the microbially induced calcium carbon-
ate precipitation (MICP) process. However, the supersatura-
tion effect of Ca2+ via EPS in MICP has not been clearly
demonstrated. Enhanced exopolysaccharide production of
the alkali- and halotolerant MICP-capable bacteria, Bacillus
sp. JH7, was achieved through glycerol addition. This was
demonstrated by measuring cellular precipitation and Congo
red binding. Interestingly, field emission scanning electron
microscopy and energy-dispersive X-ray spectrometry analy-
sis demonstrated that there was no MICP under glycerol-
amended conditions. Although glycerol promoted
exopolysaccharide capture of Ca2+ ions, Ca2+ embedded onto
EPS did not participate in MICP formation. The pH was re-
duced in glycerol-added media, which led us to analyze high
acetate production under our test conditions. Purified
glycerol-induced exopolysaccharide showed a higher capacity
of Ca2+ capture than the control. Quantitative RT-PCR analy-
sis showed that three genes involved in exopolysaccharide
production were highly upregulated by glycerol. The amounts
of three detected monosaccharides (arabinose, glucose, and
mannose) were altered by glycerol. Cell hydrophobicity mea-
surements indicated that glycerol could confer more hydro-
philic characteristics to cells, which might enhance Ca2+ bind-
ing onto EPS. Unexpectedly, our data demonstrated, for the
first time, that glycerol could promote exopolysaccharide and

acetate production under our test condition, which could in-
hibit MICP by reducing the availability of free Ca2+.
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Introduction

Microbially induced calcium carbonate precipitation (MICP) is
an established process that commonly occurs in a variety of nat-
uralenvironments, includingsoils,caves,hotsprings, freshwater,
and hypersaline, by incorporating a significant amount of atmo-
spheric CO2 through the biogenic activity of living microorgan-
isms (Gat et al. 2016; Kim et al. 2016; Zhu and Dittrich 2016).
Carbon immobilization in carbonates is reportedly carriedout by
photosynthetic bacteria such as Cyanobacteria, denitrifying
Bacillus, ureolytic Pseudomonas, Acinetobacter, Myxococcus,
Bacillus (Bacillus cohnii,Bacillusmegaterium,Bacillus subtilis,
Bacillus cereus, Bacillus sphaericus), Sporosarcina
(Sporosarcina pasteurii, Sporosarcina soli, Sporosarcina
ureae), and sulfur-oxidizing Arthrobacter (Jansson and
Northen 2010; Erşan et al. 2015; Kim et al. 2016; Kumari et al.
2016; Zhu and Dittrich 2016). These bacteria promote the alka-
line pH of the surrounding area that readily accelerates the depo-
sition of intracellular/extracellular calcium carbonate
(Zamarreño et al. 2009; De Muynck et al. 2010; Couradeau
et al. 2012). This carbonate deposition process is nowadays ac-
knowledged for its potential for the stabilization of soils, self-
healing concrete, and carbon sequestration in reducing global
warming (DeMuynck et al. 2010; Gat et al. 2016; Kumari et al.
2016; Zhu and Dittrich 2016).

Bacterialextracellularpolymericsubstances(EPS)consistingof
proteins, nucleic acids, lipids, and exopolysaccharides are reissued
factors inmicrobialMICP, andmight be linked toprovide surfaces
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for thesupersaturationofcalciumions(Duprazetal.2009;Tourney
et al. 2009; Santana and Gonzalez 2015; Zhu and Dittrich 2016).
Traditionally, EPS is known to function as protective templates for
maintaining bacterial viability in various forms of slime or
microcapsular polysaccharides (De Philippis et al. 2011; Nwodo
et al. 2012; Jittawuttipoka et al. 2013). However, adherent proper-
ties of bacterial EPS began to be acknowledged for providing nu-
cleation site duringMICP, owing to diverse properties in composi-
tion and function of EPS (Ercole et al. 2007; Nwodo et al. 2012;
Zivkovic et al. 2015) such as heteropolysaccharide consisting of
high-molecular-mass residues such as glucose, galactose, man-
nose, arabinose, and fructose (Pereira et al. 2009; Chowdhury
et al. 2011; Kumar and Shah 2015; Zivkovic et al. 2015), as well
as negatively charged residues of carboxyl, phosphate, amine, and
hydroxyl groups (Braissant et al. 2007; Oggerin et al. 2013).
Because of their viscous and negatively charged characteristics,
EPS can incorporate nearby metal cations such as Mg2+, Fe3+,
Mn2+, and Ca2+, and induce encrustation of microbially mediated
extracellular calciumcarbonate (Shao et al. 2014;ZhuandDittrich
2016), thereby, accelerating aggregation of bacteria and calcium
carbonate (ZhuandDittrich2016).Oxygenconcentration, pH lev-
el, temperature, media composition, and salt ion concentration af-
fect thecompositionandamountofEPS(Oggerinetal.2013;Shao
etal.2014),whichdifferentiatesthemorphologyandmineralogyof
those induced by bacterial species (Ercole et al. 2007; Zhu and
Dittrich 2016). Regarding howbacteria adapt to different environ-
ments, the chemical characteristics of the bacterial surface involv-
ing EPS vary between the exposed environments, which signifi-
cantly alters themorphology of precipitated calcium carbonate.

Despite the overall potential of EPS inducing bacterial
MICP, EPS can act as a duplex inhibitor in microbial MICP
(Dupraz et al. 2009; Zhu and Dittrich 2016). It can remove
free Ca2+ from reacting to carbonates or bicarbonates by bind-
ing them to negatively charged groups composing of EPS,
thus reducing the possibility of supersaturation of Ca2+ ions
around the cell wall and precipitation of calcium carbonate
(Zhu and Dittrich 2016). Therefore, excessive amounts of
EPS can reduce the potential of microbial MICP. However,
despite of a possible link between EPS’ nucleation site and
MICP (Dupraz et al. 2009; Tourney et al. 2009), to this date,
there have been relatively few reports demonstrating a direct
correlation between EPS and MICP (Bai et al. 2017).

In this study, we investigated how glycerol-induced
exopolysaccharide of EPS modulates microbial MICP
in Bacillus sp. JH7, the MICP-capable bacteria isolated
from old concrete wall (Kim et al. 2016). We investi-
gated whether excessive amounts of exopolysaccharide
under glycerol-amended conditions could induce a
reduction in the microbial MICP of strain JH7 by re-
ducing the concentration of free Ca2+ participating in
MICP as a result of the tight bonding connection be-
tween EPS and Ca2+. A significant drop in pH due to
high acetate production through glycerol metabolism,

alteration of exopolysaccharide composition, cell hydro-
phobicity, and motility were evaluated to elucidate the
inhibitory effect of MICP by glycerol.

Materials and methods

Bacterial strain and growth conditions

Bacillus sp. JH7 was isolated from the inner part of the con-
crete wall of an old building (Kim et al. 2016). The genome of
strain JH7 was sequenced as scaffolds as previously described
(Park et al. 2016). Its sequence and annotation information can
be accessed from the National Center for Biotechnology
Information (NCBI) database under the accession numbers,
LPUS00000000 and KU168426, respectively. Also, strain
JH7 was deposited in Korean Agricultural Culture
Collection (KACC) under the number KACC 19226. Strain
JH7 was incubated in Luria-Bertani (LB) broth at 37 °C over-
night, prior to experiments. The media used for the experi-
ments consist of 0.1% (g/v) yeast extract, 1% (g/v) NH4Cl,
0.2% (g/v) NaHCO3, 0.3 M urea, and 25 mM CaCl2 (YUC
media). The following were added if necessary: 0.3% (v/v)
glycerol (YUCG; YUC with glycerol), glucose, galactose,
fructose, xylose, sorbitol, and raffinose.

Quantification of precipitates and exopolysaccharide

Strain JH7 was aerobically incubated in YUC, supplemented
with 0.3% (g/v or v/v) glucose, galactose, fructose, xylose,
sorbitol, raffinose, and glycerol, if needed, for 72 h (37 °C,
220×g). The cells were centrifuged (20 min, 3000×g) to pre-
cipitate the cell-calcium carbonate aggregated pellet, freeze-
dried, and measured in dry mass. Exopolysaccharide quanti-
fication was conducted according to a previous study (Kim
et al. 2016). One milliliter of cell culture was incubated at
37 °C for 30 min with Congo red (CR) at a final concentration
of 35 mg/l. After centrifugation (10 min, 13,000×g), the su-
pernatant was measured at OD480 and calculated using the
obtained standard curve equation. The measurement value
was normalized to OD600 of 1 ml of cell culture.

FE-SEM, EDX, and XRD analysis and mineral
purification

For microbially induced MICP analysis, strain JH7 was incu-
bated in YUC and YUCG for 72 h. Then, 5 ml of cells was
harvested by centrifugation (1 min, 13,000×g), and the pellets
were fixed using Karnovsky’s fixation method at 4 °C over-
night. After cold incubation, the pellets were washed with
0.05 M potassium phosphate buffer three times for 10 min
each at 4 °C. Dehydration of cells was performed at room
temperature using 100% ethanol. The samples were coated
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with platinum (Pt) before field emission scanning electron
microscopy (FE-SEM) (FEI, Japan) analysis. Energy-
dispersive X-ray (EDX) spectrometry mapping analysis was
conducted using the NORANSystem 7: Silicon Drift Detector
(Thermo Fisher Scientific, USA), with an accelerating voltage
of 15 kV.

To observe sole minerals induced by strain JH7, the culture
was boiled for up to 1 h to lyse the bacteria and then filtered
using nitrocellulose membrane filters, pore size 0.45 μm
(Whatman, England), to obtain mineral. Minerals were
completely air-dried before EDX analysis. To determine
whether precipitates are CaCO3, X-ray diffractometer (XRD;
Dmax2500/PC) (Rigaku, Japan) analysis was conducted. The
culture was freeze-dried prior to experiment.

HPLC analysis for metabolite analysis

Strain JH7 (5 ml) was incubated in YUCG medium for 72 h
and then centrifuged (1 min, 13,000×g) to obtain a clear su-
pernatant for the analysis of acidic metabolites by UV/visible
high-performance liquid chromatography (HPLC) (1525,
2707, 2489, 2414, CHM, Waters Co., USA). The method
was conducted according to the manufacturer’s instructions.
Briefly, the type of column used was Aminex HPX-87H (Bio-
Rad, USA), which was set to 30 °C. H2SO4 (5 mM) was used
as the solvent, and the flow rate was fixed to 0.6 ml/min.
HPLC analysis was performed by Biosystems, Korea.

Exopolysaccharide purification and calcium ion
quantification

Exopolysaccharide purification was conducted using the eth-
anol precipitation method. Strain JH7 was incubated in 1 l of
YUC and YUCG media for 72 h, and was centrifuged to
obtain a clear supernatant. Three times the volume of the eth-
anol supernatant was added and incubated at 4 °C overnight.
Then, the sample was centrifuged, and the pellets were
washed three times with 80% ethanol solution, followed by
three washes with PBS to remove residues, and then freeze-
dried. To analyze the efficiency of exopolysaccharide of EPS
capturing calcium ions, the remaining calcium ion concentra-
tion was examined using a calcium ion-selective electrode
(ISE; Thermo Fisher Scientific, USA). All samples were cen-
trifuged to obtain a clear supernatant prior to ISE analysis.

Expression levels of genes involved in an
exopolysaccharide operon by qRT-PCR

For qRT-PCR, total RNAwas isolated from 50 ml of cells at
stationary phase using theRNeasyMiniKit (Qiagen), according
to the manufacturer’s instructions. Complementary DNA
(cDNA)wassynthesized from1μgofRNA,and theprimerpairs
(AU379_RS18510 F/R (F_GCTCGTGACATTGCTAACAC

A, R_ TTGGGCGTGGTTTAATTGGC), AU379_RS18535
F/R (F_ ATGGGGGCTCATGTAAAGGC, R_ AGCCTCAA
TGACTTCGCTCA), and AU379_RS18550 F/R(F_
TGCTTTAGGGGAACAGTGGA, R_ TCGGGATC
ATCGGATACCTGT)) were synthesized using RevertAid H
Minus First Strand cDNA Synthesis Kit (Fermentas). Then,
qRT-PCR was conducted using StepOnePlus (Thermo Fisher,
USA). For real-time RT-PCR, the same RNA sample was used
to produce cDNA. cDNA (1μl), 5 pmol of primers, 0.5× SYBR
Green, and1unit ofTaqpolymerase (Fermentas)were alsoused.
Fluorescence was measured at each endpoint of extension at
72 °C, and was analyzed using the StepOne software (Thermo
Fisher, USA). The 16S ribosomal RNA (rRNA) gene was used
for quantification.

HPAEC analysis

The purified exopolysaccharide of strain JH7 incubated in
YUC and YUCG for 72 h was freeze-dried prior to EPS com-
position analysis via High-Performance Anion-Exchange
Chromatography (HPAEC; ICS-5000, Dionex Co., USA).
The CarboPac PA-1 (Dionex Co., USA) column was used
with 18 mM NaOH as the solvent, at a flow rate of 1.0 ml/
min at 25 °C. HPAEC was performed by Biosystems, Korea.

Salt aggregation test and microbial adhesion
to hydrocarbon assay

Bacteria (108 cell/ml) from YUC and YUCG were suspended
in 0.001 M sodium phosphate buffer (pH 6.8). Ten microliters
of bacterial suspension was dotted onto sterile glass slides and
immediately mixed with an equal volume of ammonium sul-
fate at concentrations from 0.2 to 4M. Safranin (1μl) was also
added to the mixture for easy aggregation recognition. Strain
JH7 inoculated in YUC and YUCG was suspended with PBS
to obtain OD600 = 0.5. Next, 3 ml of bacterial suspension was
vigorously vortexed with filtered hexadecane (100, 150, 200,
250, and 300 μl) in a sterile glass tube for 1 min. Then, the
tubes were stationed until a vivid layer of water-oil phase was
visible. Bacteria from the water layer on the bottom were
pipetted separately, and the OD600 was measured.

Colony motility assay

Strain JH7 (1 ml) that was incubated until stationary phase
(15 h) was washed twice with PBS, prior to inoculating
10 μl of bacterial suspension onto YUC and YUCG agar
plates. Continuous static incubation was held in 37 °C, and
colony motility in the sample was monitored in a time-
dependent manner using ColonyDoc-It™ (UVP, USA).
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Results

Enhanced bacterial precipitation and exopolysaccharide
production by glycerol

To maximize biological MICP via bacteria and minimize its
chemical synthesis,MICPmediumwasoptimizedby testing sev-
eral concentrations of nutrients and NaHCO3 because these two
parameters could affect chemicalMICP. Since the amount of cal-
cium ion dissolved in themedia was equivalent in all conditions,
theremainingcalciumionconcentrationofthemedia(1%NH4Cl,
0.3Murea, 25mMCaCl2)was analyzed inmediawithout bacte-
ria. Several concentrationsofyeast extract (YE) (0.1 to0.3%)and
NaHCO3 (0.2 to 3.2%) were tested, and the concentration of re-
maining calcium ion was monitored using calcium ion-selective
electrode (ISE). Low concentrations of YE (0.1%) andNaHCO3

(0.2%) were chosen for observing biological MICP because of
theirminimaleffectonchemically synthesizedcalciumcarbonate
precipitation under our tested conditions (Fig. 1a, b). To gain
insight intopossibleMICPefficiency throughenhancedEPSpro-
duction in Bacillus sp. JH7, 0.3% of several different carbon
sources including glucose, galactose, fructose, xylose, sorbitol,
raffinose, and glycerol were supplemented in YUC medium,
and the amount of precipitates and exopolysaccharide produced
by strain JH7 was measured (Fig. 1c, d). Although there was no
direct quantitative correlation between precipitates and
exopolysaccharide production, the precipitated mass and
exopolysaccharideweremuchhigherunder theadditional carbon
source conditions (Fig. 1c, d).The supplementationof glycerol to
themedia induced theproductionofprecipitatebiomassby3-fold
and EPS production by 4.4-fold. Therefore, glycerol was chosen
for further examination as it demonstrated the most enhanced
production of precipitates and exopolysaccharide.

Inhibition of calcium carbonate precipitation by glycerol

To verify whether the biomass precipitates in glycerol-
amended media (YUCG) have calcium carbonate minerals,
precipitates from control (YUC) and YUCG were analyzed
using field emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray (EDX). Strain JH7 was
capable of inducing extracellular MICP in YUC in form of
CaCO3, as the aggregated minerals were determined as calci-
um ions and CaCO3 by EDX and XRD analysis, respectively
(Fig. 2). The induced calcium carbonates in YUC had amor-
phous rough surfaces with some of the mineral particles set on
top of the bacterial surface, representing the nucleation effect.
However, most of them seemed to precipitate away from the
cell surface and then aggregate to each other, indicating pos-
sible induction of a specific micro-atmosphere for bacterial
MICP. Conversely, strain JH7 was unable to precipitate calci-
um carbonate under glycerol conditions, as neither calcium
ion nor minerals of calcium carbonate were detected via

EDX and XRD, respectively (Fig. 2c, d). Rather, the cells
showed elongated rod shapes bound with mucous EPS, and
the extent of aggregation was more severe than YUC as the
aggregates looked like supercoiled springs (Fig. 2a). Our data
suggests that glycerol-induced exopolysaccharide could be
inhibitory to MICP.

Glycerol-induced physiological changes: growth, Ca2+

absorption, pH, and metabolites

To understand why glycerol addition inhibited precipitation of
calciumcarbonateminerals in strain JH7despite the highest pro-
duction of exopolysaccharide, the growthmeasurement, ionized
calcium concentration, pH changes, and metabolites were mon-
itored. Improved growth of strain JH7 was observed 8 h after
inoculation only in YUCG, probably because of initiation of
glycerol consumption, depicting a diauxic growth curve
(Fig. 3a). The maximum OD600 under the glycerol condition
was approximately 2-fold higher than the control media until
48 and 72 h. After 72 h, the OD600 values of strain JH7 in both
media decreased, most likely due to depletion or limited acces-
sion of nutrients because of the encrustation effect of induced
MICP. Strain JH7 incubated in bothYUCandYUCGwas capa-
ble of capturing freeCa2+, and the consumptionpatternwas sim-
ilar. The remainingCa2+ concentration in bothYUCandYUCG
drastically decreased after 4hof incubation (Fig. 3a), and a sharp
decrease in Ca2+ concentration occurred at 4 h in YUCGmedia.
At 96 h, the remaining ionized calcium was almost zero, which
suggested that Ca2+ was either precipitated as CaCO3 or simply
absorbed onto EPS produced by strain JH7. Based on our previ-
ousFE-SEMandEDXdata (Fig.2), it appears thatoverproduced
exopolysaccharidesbyglycerol additioncould absorbCa2+, thus
inhibiting strain JH7 to precipitate calcium carbonate.
Interestingly, the pH of YUC increased from 7.325 to 8.32 at
maximum, while in YUCG, the pH decreased from 7.31 to
4.635 (Fig. 3a). These pH differences started only after 8 h of
incubation, indicating that the reduced pH could further inhibit
MICP due to the alkali pH requirement for MICP formation. To
delineate the types of metabolites during glycerol metabolism
which induced acidity in YUCG, higher-performance liquid
chromatography (HPLC) was conducted using the supernatant
ofYUCG.High concentration of acetic acid and low amounts of
pyruvic acid were detected at the concentration of 23.9 and
0.56 mg/l, respectively (Fig. 3b). Other acidic metabolites such
as succinic, formic, levulinic, propionic, glucuronic, glycolic,
lactic, citric, malic, and oxalic acids were not observed.

Absorption capacity of purified exopolysaccharide

To determine the modulation effect of glycerol-induced
exopolysaccharide, the Ca2+ binding capacities of purified
exopolysaccharide from YUC and YUCGmedia were analyzed
using ISE.Purified exopolysaccharide extracted fromcells grown
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inbothYUCandYUCGmediademonstrated thecapacity tobind
toCa2+cation,sincetheconcentrationlevelofCa2+wasreducedin
both conditions. However, the exopolysaccharide extracted from
cells grown in YUCG showed higher binding efficiency of Ca2+

than that of YUC-grown cells (Fig. 4a). The partial genome of
strain JH7 was previously sequenced (Park et al. 2016), and the
putative exopolysaccharide operon-forming genes of strain JH7
were determined by comparison with exopolysaccharide-
encoding genes from the genomes of B. cereus and Bacillus
thuringiensis groups. Among 17 exopolysaccharide candidate
genes, three genes (AU379_RS18510; capsular biosynthesis pro-
tein, AU379_RS18535; UDP-glucose 6-dehydrogenase,
AU379_RS18550; glycosyl transferase)were chosen to examine
relative gene expression under YUC and YUCG media because
the glycerol-supplemented condition induced a higher amount of
exopolysaccharide as shown in our experiments. The expression
ofgenes involved in exopolysaccharide synthesiswasdistinctive-
ly higher under YUCG conditions (Fig. 4b), which is consistent
with the mass of purified exopolysaccharide from both media
(Fig. 4c).

Change of exopolysaccharide composition and cell
membrane hydrophobicity under glycerol

To validate whether glycerol alters the chemistry of the cell
membrane, exopolysaccharide composition was analyzed in
comparison to YUC and YUCG, using HPAEC. Purified
exopolysaccharide extracted from cells grown in both YUC
and YUCG media consisted of arabinose, glucose, and man-
nose, whereas rhamnose, galactose, and xylose were not de-
tected (Fig. 4d). The composition concentration pattern dif-
fered between exopolysaccharides from cells grown in YUC
and YUCG. Among the three monosacchar ides ,
exopolysaccharide from cells grown in YUCG had 2-fold
more arabinose and glucose than exopolysaccharide of
YUC. Mannose was detected the highest concentration in
YUCmedia (25.9μg/mg), whereas 19.6μg/mgwas identified
in YUCG. The change in monosaccharide composition linked
to membrane surface hydrophobicity is unclear; however, we
speculated that these different monosaccharide compositions
might contribute to cell surface hydrophobicity, which results

Fig. 1 Optimization of calcium carbonate precipitation inducing media
and quantification of precipitates (cell biomass and putative calcium
carbonate mineral mass) and exopolysaccharide. a ISE and pH analysis

in YE concentration gradient. b ISE and pH analysis in NaHCO3

concentration gradient. c Quantification of precipitates. d Quantification
of EPS using Congo red
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in different Ca2+ absorption. The cell hydrophilicity of strain
JH7 incubated in YUC and YUCG media was evaluated; the
salt aggregation test (SAT) illustrates that the surface of strain
JH7 incubated in YUCG became more hydrophilic than that
of YUC, as a higher threshold was observed (YUCG 1.65 M

NH4Cl, YUC 1.025 M NH4Cl) (Fig. 5a, b). This observation
is consistent with microbial adhesion to hydrocarbon (MATH)
test, which at 100 μl volume of hexadecane, the percentage of
initial OD600 was higher in the YUCG condition, suggesting
reduced attachability (hydrophobic) compared to strain JH7

Fig. 2 FE-SEM/EDX/XRD
analysis of precipitates fromYUC
and YUCG media. a FE-SEM
analysis of bacterial precipitates
of YUC and YUCG, 72 h after
incubation. Red arrows indicate
MICP, while yellow ones indicate
the whole cell of strain JH7.
Magnification was ×10,000, and
the scale bar indicates 5 μm. b
FE-SEM analysis of purified
precipitates from YUC and
YUCGmedia. c EDX of bacterial
precipitates from YUC and
YUCG. The red box indicates
Ca2+ peaks. d XRD analysis of
minerals precipitated in YUC
medium. The mineral indicates
CaCO3, with 2-Theta (deg)
indicating 31.873 (Color figure
online)
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incubated in YUC (Fig. 5c). Therefore, these hydrophilic
changes might have affected the levels of free Ca2+ in partic-
ipating MICP.

Reduced motility through calcium carbonate encrustation

To analyze the existence of a relatively differentiated regula-
tion pattern of motility formation and exopolysaccharide pro-
duction of strain JH7, a colony motility assay was performed
in YUC and YUCG media. In YUC and YUCG, marked
differences in phenotype were observed between the colonies
developed by the initially congruent strain JH7 that was pre-
incubated in LB, although the diameter of the colony formed
was similar at each time point (Fig. 6). YUCG induced the
formation of reasonably opaque white, smooth surfaces,
whereas YUC colonies were a rather dense, opaque circled
belt with no changes in size. Inside this circle, mineral looking
colony dots were visible, which became a little vague as incu-
bation time increased. Both conditions demonstrated radial
shaped motility, but with opacity differences. Colony motility
in YUC presented a semi-translucent phenotype, whereas
YUCG was comparably turbid. In addition, the wrinkles of

YUCG were more distinct and thick than YUC, which corre-
lated with the growth difference between YUC and YUCG.

Discussion

The nucleation effect of bacterial EPS has also been an accept-
ed notion for bacterial MICP (Dupraz et al. 2009; Tourney
et al. 2009; Kim et al. 2016; Zhu and Dittrich 2016).
However, only few in-depth studies on the scientific linkage
between EPS and MICP have been scrutinized. In this study,
the supersaturation of Ca2+ around the cell membrane, specif-
ically nucleation of EPS, has been examined during bacterial
MICP formation. The Ca2+ cation absorption efficiency of
EPS under different media conditions was distinctive from
each other, and the results show that excessive amount of
exopolysaccharide production induced by glycerol could in-
hibit MICP formation probably because of a strong ionic bond
between Ca2+ and exopolysaccharide.

Recent studies on microbial MICP use a variety of MICP
inducing media such as urea-CaCl2 (Kim et al. 2016), 0.3%
beef extract, 0.5% peptone, 2% urea (Kang et al. 2014), 0.4%
YE, 0.5% glucose, 1.5% calcium acetate (Park et al. 2013),

Fig. 3 Growth measurement of
strain JH7 in YUC and YUCG
media. a Time-wise measurement
of growth in OD600, pH, and ISE
analysis of YUC and YUCG. b
High-performance liquid
chromatography (HPLC) analysis
of organic acid metabolites of
YUCG
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0.3% NB, 0.212% NaHCO3, and 30 mM CaCl2 (Hammes
et al. 2003). However, these studies do not account for the
fact that those media conditions not only help bacterial
MICP, but also promote its chemical synthesis. Although
NH4Cl and NaHCO3 could buffer the medium, NaHCO3

can be a source for HCO3
−, which could react with the Ca2+

of the given CaCl2. In addition, nutrient sources such as nu-
trient broth can capture Ca2+ due to an ionic reaction of protein
residues in the aqueous state. Therefore, minimizing the
amount of possible reacting NaHCO3 and nutrient ingredients
is crucial. In this study, we utilized YE at a concentration of
0.1% (g/v) because YE has a lower amount of nutrients than
Difco Nutrient Broth consisting of peptone beef extract, which
promotes bacterial growth as carbon and nitrogen sources
(Peighamy-Ashnaei et al. 2007). Furthermore, more than
3 g/l of YE can induce the inhibition of microbial MICP due
to the prevention of electron exchange between Ca2+ and the
anionic cell wall (Seifan et al. 2016). In addition, the combi-
nation of YE, urea, and calcium chloride is known to prolif-
erate bacterial MICP in Bacillus licheniformis, which has
94.37% 16S rRNA sequence identity with strain JH7 (Seifan
et al. 2016). Our results demonstrate that the lowest concen-
tration of YE generated the least chemical synthesis of MICP
(Fig. 1a); however, since YE itself showed capability of

absorbing Ca2+, urease activity was further investigated to
determine whether sole YE had urease activity to decompose
urea. Yet, no significant differences in urease activity in all YE
concentration gradients were observed (data not shown). With
respect to YE, NaHCO3 also showed a high capability of
chemical MICP, as the calcium carbonate saturation point
seemed to be at 0.4% NaHCO3 with no significant change
of Ca2+ parts per million thereafter. This emphasizes the
prompt chemical reaction of Ca2+ with HCO3

−, which delin-
eates that a higher amount of NaHCO3 could reduce the
amount of available Ca2+ sources for bacteria to use in micro-
bial MICP.

The amount of precipitates (cell and MICP) is important in
application, as it alters the efficiency of plugging and cemen-
tation effects (Zamarreño et al. 2009; De Muynck et al. 2010;
Zhu and Dittrich 2016). Here, EPS can help absorb free cal-
cium ions to precipitate calcium carbonate and aggregate cells
and minerals together to form organic-inorganic monomers
(Braissant et al. 2007; Baker et al. 2010; Rusznyák et al.
2012; Oggerin et al. 2013; Zhu and Dittrich 2016).
Therefore, many scientists assume that the velocity and effi-
ciency of microbial MICP can be increased under sufficient
EPS production. To test this possibility, we attempted to in-
crease the production of exopolysaccharide of strain JH7

Fig. 4 Discrepancy in the
chemical properties of purified
exopolysaccharide under YUC
and YUCG. a ISE analysis of the
Ca2+ absorbing capability of the
purified exopolysaccharide of
YUC andYUCG. bRelative gene
expression of three genes of the
putative exopolysaccharide-
related EPS operon of strain JH7.
The values indicate gene
expression under YUCG, which
was normalized to gene
expression under YUC. c
Quantification of
exopolysaccharide mass of YUC
and YUCG using the EtOH
precipitation method. d High-
performance anion-exchange
chromatography (HPAEC)
analysis of the exopolysaccharide
composition of YUC and YUCG
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using several monosaccharides (glucose, galactose, fructose,
xylose, sorbitol, raffinose) and glycerol, which is composed of
exopolysaccharides of Bacillus (Baker et al. 2010;
Chowdhury et al. 2011; Zivkovic et al. 2015) and known to

promote motility formation (Gallegos-Monterrosa et al.
2016). Strain JH7 produced the highest amount of
exopolysaccharide under glycerol-amended conditions, which
proliferated better growth; however, it was not able to induce
bacterial MICP (Fig. 3). We assume the reason for this inhi-
bition effect as a result of utilization of glycerol as a carbon
source, thereby decreasing pH with acetic and pyruvic acidic
metabolites in YUCG. Since the media did not contain acetic
or pyruvic acids, the pta-ack pathway under glycerol and low
nutrient conditions may account for this observed phenome-
non (Grundy et al. 1993). Excessive carbohydrate in the form
of glycerol might have led to extracellular acetic and pyruvic
acids during growth through the acetyl-CoA-to-acetate path-
way (Grundy et al. 1993). In verifying whether glucose sup-
plement, which also supports better growth of strain JH7,
leads to acidic pH and thus inhibits the MICP of strain JH7,
pH changes were determined using bromothymol blue; the pH
under the glucose-amended condition also became acidic (da-
ta not shown). Thus, it became clear that comparably high pH
is crucial in engendering precipitates (Seifan et al. 2017).

Whenever bacteria encounter a new environment, it is inevita-
ble for them to change their physiological characteristics to adapt
to such atmospheric conditions. These characteristics could be
membrane fluidity, EPS composition, cell elongation or contrac-
tion, and hydrophobicity (Ercole et al. 2007; Santana and
Gonzalez2015;ZhuandDittrich2016).Similarly, underdifferent
media conditions, the YUC and YUCG, strain JH7 induced dis-
similar exopolysaccharide composition and amount, which may
have altered the efficiency of capturing Ca2+. Bacterial
exopolysaccharides are affected by temperature and pH
(Oggerin et al. 2013), and since the incubating temperature was
constant throughout the assay (37 °C), the distinguishable
exopolysaccharide composition in YUC and YUCG might be
influenced by pH change, as the pH of YUCG media became
relatively acidic at 72 h. Although the structure of
exopolysaccharide extracted fromYUCGmedia is not specifical-
ly determined as ei ther heteropolysacchar ide or
homopolysaccharide or consisting of glucose,mannose, or arabi-
nose, there is a possibility of the exopolysaccharide existing as a
heteropolysaccharide, containing twoormoredifferentmonosac-
charide units. Repeating units of glucose and mannose can be

Fig. 5 Change in cell hydrophobicity of strain JH7 incubated in YUC
and YUCG. a Salt aggregation test (SAT). b Visualization of SAT test
using safranin red. c Microbial adhesion to hydrocarbon (MATH) test

Fig. 6 Time-wise colony motility
formation of strain JH7
inoculated in YUC and YUCG
agar media
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substituted by acetylated residues and pyruvate (Manca et al.
1996),whichmight favor capturing freeCa2+ ions, thereby reduc-
ing thechanceof aMICPreaction inYUCGmedia. In fact,HPLC
showed excessive amounts of acetic and pyruvic acid in YUCG,
which may have decreased the concentration of mannose in the
exopolysaccharide composition ofYUCG. The results were con-
sistent in ISE and qRT-PCR analysis, in that purified
exopolysaccharidefromYUCGhadahigherefficiencyinbinding
Ca2+, and theamountof exopolysaccharideproducedwasdistinc-
tively higher, respectively (Fig. 4). In addition, the hydrophilic
surface change of strain JH7 under glycerolmight have increased
the chance of supersaturation of Ca2+ on EPS. Hydrophilic sur-
faces can lead to higher cation binding capability since most hy-
drophilic functional groups of bacteria consist of mainly hydrox-
ide (−OH) (Ercole et al. 2007; Baker et al. 2010; Renner and
Weibel 2011), and these characteristics may increase resistance
to hydrophobic circumstances such as non-charged minerals.
Therefore, we speculated that the relatively hydrophilic strain
JH7 incubated inYUCGwas able to adhere tomore Ca2+, which
decreased the chance of Ca2+ in participating inMICP (Fig. 5).

It is almost profound that cells inoculated inYUCandYUCG
form different types of motility, as nutrients alter the general
metabolism of signaling molecules related to production of mi-
crobial EPS and motility formation (Gallegos-Monterrosa et al.
2016).Bothconditionshad radial shapedmotility, butwithopac-
ity distinction, probably due to growth differences and a differ-
entiatedregulationpatternofmotility formationandEPSproduc-
tionof strain JH7.Although thewrinkle inYUCwas thinner than
YUCG, this may indicate higher demand of nutrients or water,
thusformingalargersurface-volumeratio(Gallegos-Monterrosa
et al. 2016) as YUC is relatively minimal and induces MICP. In
fact, the encrustation of strain JH7 under YUC had a higher
survival ratewhen exposed to 2μg/ml of tetracycline, than strain
JH7 incubated inLB (data not shown).Moreover, due to encrus-
tation, it appeared that only a portion of cells was able to gain
motility, as theopacity of circled belt remained similar over time.

This study is the first to analyze the inhibitory effect of
excessive exopolysaccharide in the MICP of Bacillus sp. JH7
due to tight Ca2+ binding, owing to alteration of the chemistry
changes in exopolysaccharide via glycerol. This study also
provides insight into the mechanisms underlying bacterial
MICP. The findings extend to the rational for bacterial calcium
carbonate encrustation, as strain JH7 tends to precipitate calci-
um carbonate under a minimal nutrient state. Further extensive
investigation on the functional mechanism of bacterial MICP
is required; however, researchers should consider the intercon-
nected roles of EPS in MICP for further application.
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