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Abstract

To obtain a restoring and protective calcite layer on degraded limestone, five different strains of the Bacillus
sphaericus group and one strain of Bacillus lentus were tested for their ureolytic driven calcium carbonate
precipitation. Although all the Bacillus strains were capable of depositing calcium carbonate, differences
occurred in the amount of precipitated calcium carbonate on agar plate colonies. Seven parameters in-
volved in the process were examined: calcite deposition on limestone cubes, pH increase, urea degrading
capacity, extracellular polymeric substances (EPS)-production, biofilm formation, {-potential and depo-
sition of dense crystal layers. The strain selection for optimal deposition of a dense CaCOj; layer on
limestone, was based on decrease in water absorption rate by treated limestone. Not all of the bacterial
strains were effective in the restoration of deteriorated Euville limestone. The best calcite precipitating
strains were characterised by high ureolytic efficiency, homogeneous calcite deposition on limestone cubes
and a very negative {-potential.

Introduction

The natural and anthropogenic erosive impact on
limestone is high, due to the high receptivity of the
fragile calcium carbonate matrix. Since the
Industrial Revolution, NO, and SO, pollution
causes an acidification of the rain, dissolving the
calcite. Wind and dust cause an eroding effect on
limestone due to the continuous physical erosion
of the surface (Warscheid & Braams 2000).

A novel strategy to restore corroded limestone
is biomineralisation of calcium carbonate. Bio-
mineralisation is defined as a biologically induced
precipitation in which an organism creates a local

micro-environment, with conditions that allow
optimal extracellular chemical precipitation of
mineral phases (Hamilton 2003). Species of the
Bacillus group are able to precipitate calcite on
their cell constituents and in their micro-environ-
ment by conversion of urea into ammonia and
carbon dioxide (Castanier et al. 1999; Hammes
et al. 2003). The bacterial degradation of urea lo-
cally increases the pH and promotes the microbial
deposition of carbon dioxide as calcium carbonate
in a calcium rich environment (Warren et al.
2001).

The basic reaction of the calcocarbonic
system is:
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CO3™ + Ca’ «— CaCOs (Kyo = 3.8+ 10°) (1)

with K, the solubility product.

The driving force for precipitation of CaCOs is
the supersaturation level S, defined by the ratio of
the ionic product:

S = (Ca*™)x(CO37) /Ko 2)

During microbial urease activity, 1 mole of urea
is hydrolysed intracellularly to 1 mole of ammo-
nia and 1 mole of carbamate (Eq. 3), which
spontaneously hydrolyses to form an additional
1 mole of ammonia and carbonic acid (Eq. 4)
(Burne & Chen 2000).

CO(NH,), + H,0 — NH,COOH + NH; (3)

NH,COOH + H,0 — NH; + H,CO;  (4)

These products subsequently equilibrate in water
to form bicarbonate and 2 moles of ammonium
and hydroxide ions (Egs. 5 and 6).

H,CO3«—HCO; + H* (pK,, = 6.37)  (5)

2NH; + 2H,0——2NH} +20H™  (6)

The latter 2 reactions give rise to a pH increase,
which in turn shifts the bicarbonate equilibrium,
resulting in the formation of carbonate ions (Eq.
7). This pH increase takes place initially in the
local micro-environment around the bacterial
cell, and propagates in the bulk solution of the
bacterial cell suspension.

HCO5 + H" + 2NH; +20H"~
«— CO% +2NH{ +2H,0

Thus, the carbonate concentration will increase,
inducing an increase in S (according to Eq. 2)
and resulting in CaCOj; precipitation around the
cell, in the presence of soluble calcium ions. The
purpose of this study was to identify the key fac-
tors in the optimal biological calcium carbonate
precipitation on limestone. The latter can subse-
quently be used as criteria for the selection of
B. sphaericus strains in future research efforts to
optimise bio-deposition of calcium carbonate
(CaCO3). The biological key factors had to be
easy in use, and applicable for quick screening,
contrary to the slow chemico-physical structural
analyses.

Materials and methods
Selection of the limestone

Euville limestone is often used for building and
sculpturing. Euville is excavated in the ‘Départe-
ment de la Meuse’ in France. The stone has a
rough granulated structure and was created by a
mixture of fossilised crinoids and echinoids, ce-
mented together by crystalline calcium carbonate.
A characteristic feature of Euville stone is its high
water absorption.

Bacterial strains and culture conditions

Five different isolates of the Bacillus sphaericus
group and one Bacillus lentus isolate were examined
for their capacity to deposit a calcium carbonate
layer on limestone. Those strains were isolated from
a calcareous sludge from a biocatalytic ureolytic
calcification reactor, according to the protocol de-
scribed by Hammes et al. (2003). In brief, samples
were suspended in a sterile physiological solution
(8.5 g I"" NaCl (VWR International, Leuven, Bel-
gium)), diluted appropriately and plated on pre-
cipitation agar. Colonies were assessed every 5 days
with a stereomicroscope (WILD, Heerbrugge,
Switzerland) and positive colonies were selected
based on visual crystal formation within 10 days.
Positive isolates were purified by repetitive dilution
and plating. Based on their morphology, 6 unique
strains were obtained. Rowan et al. (2003) sug-
gested that these strains could be identified by using
an API CHB test kit (BioMérieux, Marcy-I’Etoile,
France). According to their biochemical properties,
these tests identified the isolates as species of the
Bacillus sphaericus group. The purified isolates were
additionally identified by DNA sequencing
according to the RNA extraction from soil with
mini-beadbeater protocol (Griffiths et al. 2000;
Kowalchuk et al. 1998) and the DNA sequences
were deposited to the National Center for Biotech-
nology Information (NCBI). The isolates were
deposited in the Belgian Co-ordinated Collections
of Micro-organisms culture collection (BCCM
Ghent, Belgium). The corresponding numbers are
listed in Table 1. For ease of reading, strains were
designated common names by means of their
abbreviated BCCM numbers: strain 55, 56, 57, 58,
59 and 60.
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Table 1. Identification of the six strains used in this study and the respective catalogue numbers in the deposited collections

Species Common number BCCM number Accession number
Bacillus sphaericus 55 LMG 222 55 Not available
Bacillus sphaericus 56 LMG 222 56 AY 766328
Bacillus sphaericus 57 LMG 222 57 AY 766327
Bacillus sphaericus 58 LMG 222 58 AY 766325
Bacillus sphaericus 59 LMG 222 59 AT 766324
Bacillus lentus 60 LMG 222 60 AY 766326

Liquid culture media consisted of 3 g 17! Nutri-
ent Broth (Oxoid N.V., Drongen, Belgium),
2.12 g I"" NaHCO; (VWR International, Leuven,
Belgium) and 10 g 1" urea (VWR International,
Leuven, Belgium). To solidify media, 20 g I agar
(Ox0id N.V., Drongen, Belgium) was added (Stocks-
Fischer et al. 1999). To avoid the possible ammonia
toxicity towards B. lentus, the ammonia was cap-
tured out of the reactors with growth medium by
means of tubes, open at the top and filled with 12 N
H,SO4 (VWR International, Leuven, Belgium), that
did not come in contact at any time with the growth
medium. The evaporated ammonia was captured by
the sulphuric acid as ammonium (Egs. 8-9).

CO(NH2)2 — NH; + CO, (8)
NH; + H,SO4 — l\IH;r + HSOZ (9)

All incubations were done at 28 = 2 °C on a sha-
ker at 100 rpm.

Microscopic inspection of calcium carbonate
produced on agar plates

Different isolates were plated from a liquid culture
on agar plates with 7.5 g I"! CaCl,-2H,0 (VWR
International, Leuven, Belgium) (Stocks-Fischer
et al. 1999). The calcium carbonate encrustations
were observed with a stereomicroscope (WILD,
Heerbrugge, Switzerland).

Total ammonium nitrogen and optical density
measurement

The production of ammonia by different Bacillus
isolates was measured as a function of growth in
liquid culture medium. After a 10% (v/v) inocula-
tion with an overnight culture, samples were taken
from 3 biological replicates every 3 h for optical
density (OD) and total ammonium nitrogen (TAN)
measurements. To obtain the chemical degradation

of urea as control, non-inoculated aliquots were set
up (n = 3) and analysed by the same procedures.
In order to assess the growth, the optical density
was measured with a spectrophotometer (Dr.
Lange 1SiS9000, Hegnau, Switzerland) at 588 nm.
TAN concentrations were measured colorimetri-
cally by the method of Nessler (Greenberg et al.
1992). The specific urea degradation rate (SUD)
was defined as the ratio of ammonium production
(AP) per unit of bacterial growth in a given time (t)
and is given by the following formula:

AP(g ammonium x 1_1)

SUD = [ODcells] X t(h) (10)

Extracellular polymeric substances-production

Extracellular polymeric substances (EPS) produc-
tion was tested according to the procedure described
by Friedman et al (2001). Briefly, the dye Congo red
was mixed in a 48 h Bacillus culture at a concen-
tration of 3.5 mg I”" in order to stain EPS-produc-
ing Bacillus strains and the aliquots were incubated
for 30 min (# = 3). The coloured culture was cen-
trifuged for 2 min at 12,110 x g (Eppendorf Mini-
Spin, Hamburg, Germany) to harvest the dyed cells.
The cells were washed with 1 ml of deionised water
to release adsorbed Congo Red into the water. To
remove the cells, the dyed culture was centrifuged
for 2min at 12,110 x g (Eppendorf MiniSpin,
Hamburg, Germany). The supernatant was mea-
sured at 430 nm with a spectrophotometer (Dr.
Lange ISiS9000, Hegnau, Switzerland). Destilled
water was used as negative control. The increase in
absorbance is due to the uptake of Congo red by the
EPS producing bacteria.

Biofilm production

Bacillus biofilms were established aseptically in
1/10 Nutrient Broth, supplemented with 2.12 g 1™
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NaHCO; and 10 g I”! urea (Molin & Molin 1997)
on glass plates (7x25 mm) in a flow system
(n = 3). The flow cell was initially sterilised by
rinsing whith NaOCI, 70% ethanol and sterilised
deionised water. The growth chamber was inocu-
lated with 10 % (v/v) of an overnight culture at
ODsgg 0.5 and 1 h of stagnation was applied to
allow initial adhesion of the bacterial cells to the
glass. After initial attachment of cells, the medium
was pumped through the flow channels at a rate of
0.5 ml min~' using a peristaltic pump (Watson
Marlow type 505S, Cornwall, England). When a
mature biofilm was obtained (120 h), the glass
plates were collected. Media and loosely bound
cells were removed from the glass plate by gently
rinsing with sterile distilled water.

The adherent bacterial cells were stained with a
0.1% crystal violet solution for 1 min at room
temperature. The superfluous dye was removed by
two rinses with distilled water. The bound crystal
violet was extracted from the stained cells with
3 ml 99% ethanol. The biofilm was quantified by
measuring the absorbance of the solution at
430 nm (Wen & Burne 2002).

{-potential evolution

The {-potential of bacteria is a measure for their
surface potential originating from (de)proton-
ation or (de)complexation of surface molecules
such as polysaccharides or proteins. It can be
calculated from the measured electrophoretic
mobility under a known electric field. Cultures
were grown in liquid defined medium, containing
2 g I”! NH,CI for 24 h for optimal growth con-
ditions (Hammes et al. 2003). The pH of 50 ml
aliquots of overnight Bacillus sp. cultures was
adjusted with 12 N HCl (VWR International,
Leuven, Belgium) and electrophoretic mobility (u)
was measured at pH 6, 7, 8 and 9, respectively
with a Malvern Zetasizer IIc (Malvern, Worces-
tershire, United Kingdom) device at 25 °C and an
applied electric field strength of 2000 V m™" using
the Helmholtz-Smoluchouski equation (Tsuneda
et al. 2003):

fxn
= 11
&y X & ( )

with: p being the electrophoretic mobility
(m? s™' V1) g, being the permittivity of vacuum
(C*J7'm™); ¢ being the dielectric constant; {

being the (-potential (V); m being the viscosity
(kg m~'s7h.

Adhesion of the newly formed layer to the surface

On Euville limestone, a calcium carbonate layer
was biologically deposited on the corroded sur-
face, in order to test the remediation potential of
the different Bacillus strains. Limestone cubes
(70x30x30 mm) were incubated in airtight steri-
lised jars with liquid medium, inoculated with 1%
of the different Bacillus strains (n = 3). No car-
bonate was initially present in the system, since
double-deionized (milliQ) water was used for cul-
ture broth preparation. The surface was rewetted
by shaking 5 min with an interval of 2 h at
100 rpm to create optimal conditions to grow a
biofilm. After two weeks CaCl, was added to the
medium, in a final concentration of 7.5 g ™!, in
order to precipitate calcium carbonate onto the
biofilm. The third week, the limestone cubes were
suspended in fresh medium in order to have a
second phase of biofilm growth. As before, the
medium was inoculated with the respective strains.
In the fourth week, by adding 7.5 g I"! CaCl,, a
new calcite layer was deposited onto the primary
precipitated calcite layer to smoothen the surface.
Finally, the cubes were dried at 200 °C to obtain a
dry calcium carbonate crystal structure. The sterile
control consisted of limestone cubes exposed to the
same treatment as described above in a sterile
environment, with only chemical precipitation of
CaCOs.

Scanning electron microscopy (SEM )

SEM of limestone cubes, to visualise the deposited
calcite crystals after treatment, was done with a
JEOL JSM5600LV scanning electron microscope
(Massachusetts, USA).

Ca-removal in ureolytic cultures

Limestone cubes (10x30x30 mm) were attached
to sterile jars, filled with the Bacillus medium and
airtight incubated after inoculation with a 10%
(v/v) Bacillus strain (n = 3). After 24 h of
growth, the liquid was removed and fresh Bacillus
medium was added, including 7.5 g 17! CaCl, at
pH 5. No NaHCO; was used to suppress the
chemical CaCOj; precipitation. Every 2 h, samples



were taken from the bulk for calcium analysis
and pH, up to 22 h after the start-up. Samples
from the bulk solution were diluted to the
appropriate concentration in 50 ml flasks and
analysed with a Perkin Elmer AAS 3110 appa-
ratus (Norwalk, USA).

Water absorption of the treated limestone surface

The limestone specimens were coated at the four
edges adjacent to the treated side, to ensure uni-
directional absorption through the treated side.
The coating (Dekguard, Tamworth, UK) con-
sisted of two layers of polysiloxane and one layer
of siliconpaint. After coating, the test cubes were
dried at 70 °C in a ventilated kiln, establishing a
mass change of less than 0.1% between two mea-
surements at 24 h intervals, to ensure low uniform
moisture content in the limestone matrix. The
specimens were submerged, to 10 = 1 mm of wa-
ter, with the treated side facing downwards, in an
atmosphere of 20 °C and relative humidity of
60%. At regular time intervals, the specimens were
removed from the water and the mass of water
absorbed was determined using an electronic bal-
ance. The test cubes were weighed every half hour
for the first 4 h of the test, then every hour until
8 h after the beginning of the test and after 24, 32,
48, 56, 72, 80, 96, 108, 168 and 216 h of the test.
The measurements were performed after removing
excessive water from the surface with a moist to-
wel. In order to determine the maximum absorp-
tion level, a vacuum saturation was applied on the
specimens during 2.5 h. Afterwards, water was
injected so that the samples were completely sub-
merged within 1 h. This submerged state remained
for another 24 h. This vacuum absorption test was
concluded with measuring the surface-dry weight
of the samples.

The capillary water absorption E.; during the
first part of the experiment is expressed as:

M= 100 (%) (12)

Ec,r =
mi

while the water absorption under vacuum E, is
expressed as:

v —
E,=—x100 (¢ 13
00 (%) (13)

with m; the initial mass of the test cube after
drying in the oven at 70 °C; m, the mass at time

361

t and m, the mass after water absorption under
vacuum.

The results of the capillary absorption mea-
surement can then be expressed as the relative
impregnation rate (S,) on a certain moment ¢:

S, :Eg” x 100 (%) (14)

y

Statistical analysis

To perform different statistical analysis the pro-
grammes SPSS6 and Microsoft Excel were used.

Results
Visualisation of specific calcite production

To determine the efficiency of calcium carbonate
precipitation by the six isolates, a dilution series of
each was plated on solid media containing CaCl,.
The calcium carbonate precipitation was visual-
ised as a mineral crust on the colonies. The min-
eral precipitation of the different colonies after
3 days is visualised in Figure 1. Based on micro-
scopic inspection, strains 57 and 59 produced
large crystal aggregates at about 95% of the sur-
face. Strain 56 produced large crystals at about
75% of the colony surface. Strains 55, 58 and 60
have the lowest calcite deposition onto plate col-
onies, only at the centre calcium carbonate was
precipitated.

Ca-removal in ureolytic cultures

During the urea degradation the pH started to
rise within the first 4 h to a pH of 8.4 £ 0.1 and
gradually to pH 9.0 = 0.2 after 16 h for all the
strains of the Bacillus sphaericus group. The
outgroup, Bacillus lentus, produced a slow
increase to a final pH of 8.0 £ 0.6. The pH in the
negative control rose in an initial phase to
6.3 £ 0.4, but after 18 h the pH started to rise
towards a final pH of 7.3 £ 0.1 (Figure 2). The
augmented carbonate concentration and the rise
in pH caused a precipitation of calcium carbon-
ate. The decline of the initial calcium concentra-
tion of 7.5 + 0.5 g 1I"! in the bulk fluid over 22 h
is shown in Figure 3. After 10 h of incubation, 3
significant groups could be distinguished. Strains
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Figure 1. These illustrations show colonies of 6 different strains of B. sphaericus and B. lentus on agar plates and their ability to

encrust themselves in a calcium carbonate.

55, 56 and 58 induced a quick calcium precipi-
tation after 4 h. The strains 57 and 59 had a
slower calcium removal rate and started to re-
move the calcium after 10 h. While 60 showed a
very slow calcium carbonate precipitation, it
started after only 12 h to precipitate calcium and
only a final calcium concentration in the liquid of
3.35 4+ 0.48 g I! was reached.

Urea degrading capacity

All the different isolates of the Bacillus group were
tested for their growth on a urea containing
medium. Only strain 60 exhibited slow growth.
When the ammonia was stripped out of the med-
ium and captured into sulphuric acid, 60 was
growing to a dense culture (data not shown). The
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Figure 2. Increase of pH due to urea degradation by the dif-
ferent Bacillus strains. Each value represents the mean value
of 3 independent replicates for treatment with: (A) 55; (A) 56;
() 57; (O) 58; (#) 59; (M) 60 and (O) sterile control.
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Figure 3. Calcium removal by formation of calcium carbon-
ate after urea degradation. Each value represents the mean
value of 3 independent replicates for treatment with: (A) 55;
(A) 56; (<) 57; (O) 58; (#) 59; (M) 60 and (O) sterile control.

urea degrading activity of the different bacteria
after 49 h is listed in Table 2. Three significant
groups could be distinguished (p < 0.05). Group 1,
consisting of 55, 56 and 57, produced TAN levels
up to 4.77 £ 0.13 g I"'. Group 2, strains 58 and
59, produced TAN levels up to 4.02 + 0.05 g 17"
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Group 3, represented by 60, showed almost no
urease activity. The chemical decomposition of
urea under the conditions of the test remained at
0.76 + 0.12 g 17", The specific urea degradation of
the different strains is illustrated in Figure 4a and
b and significant differences between the 6 strains

(a) 800
700

Specific urea 600
degradation 500 4

rate
(ing NH4/L.\) 400 -

300 4
200 4

100

0 3 6 9 14 17 20 23 26 30 33 49

Time (h)
(b) 800
700
Specific urea
degradation 600 4
rate 00 4
(g NH4/L.h)
400
300 +
200 A
100 4

D_
0 3 6 9 14 17 20 23 26 30 33 49
Time (h)

Figure 4. (a) The specific urea degradation rate for strains
with a high initial value. (b) The specific urea degradation
rate for strains with al low initial value. (A) LMG 222 55; (A)
LMG 222 56; (¢) LMG 222 57; (O) LMG 222 58; (¢) LMG
222 59; (M) LMG 222 60; no error bars were added to keep
the figure simple, values represent the mean of 3 biological
replicates.

Table 2. Overview of the different key-factors and their mean value + standard deviation for six isolates of the Bacillus species.

Strain (-potential Urea degradation after EPS- production® Biofilm production
number (mV) at pH 9 49 h (g NH,-N 71 (CFU mm™)

55 -8.78 £0.29 4.76 £+ 0.06 0.09 + 0.01 (1.4 £ 1.0)-10

56 -24.90 + 4.17 4.65 £+ 0.02 0.12 + 0.02 (1.4 + 1.1)10

57 -27.78 £ 1.73 4.90 +0.12 0.09 + 0.01 (1.6 £ 0.5)-10°

58 —13.96 £ 0.58 3.98 + 0.41 0.12 £ 0.01 (2.7 £ 0.5)-10°

59 -23.03 £ 1.01 4.07 £0.15 0.12 + 0.01 (3.2 + 0.6)-10*

60 -13.53 £0.72 0.82 £ 0.0.04 0.08 + 0.01 (1.4 £ 1.0)-10

EPS = Extracellular Polymeric Substances.
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were observed during the first 6 h of growth and
urea degradation. Strains 55, 56, 58 and 60
exhibited a low specific urea degrading activity.
The initial specific activity started at 105 £ 28 g
NH," I'"h™"  for strain 55, 184+6¢g
NH," I""h™' for strain 56 and 236+30g
NH, " "' h™! for strain 58. Strain 57 had a specific
urea degradation capacity of 459+ 13¢g
NH," I""h™! and strain 59 reached 807 +3 g
NH," I""h™". After 3 h the specific ureolytic

degradation rate decreased to 59+12g
NH," I"'h™" for strain 55, to 165+3g
NH," I''h™! for strain 56, to 269+2¢g

NH," I""h™! for strain 57 and to 125 + 12 g
NH, " I"" h™! for strain 58. Strain 59 had a specific
urea degradation rate of 176 =7 g NH, " "' h™'.

EPS-production

Based on absorbance (430 nm) of the supernatant
with extracted Congo red (Table 2), no biologi-
cally significant influences were observed between
all different strains.

Biofilm production

In Table 2, the results of a 5 day biofilm density
study are shown, after which a mature sessile
community was obtained. Monoxenic biofilms of
58 and 59 contained 270 and 320 CFU mm™>
respectively. Strains 55, 56, 57 and 60 were less
effective in covering the surface, with 140-160
CFU mm ™2, but these results were not biologically
significant.

{-potential

The cell surface electric properties are listed in
Table 2. At pH 6 and 7, the negative {-potential
is similar for all the strains, although 56 and 57
were more negatively charged (data not shown).
Also at pH 8, strain 57 had the most negative
{-potential (data not shown). Since pH rises due
to the ureolytic activity, the {-potential is relevant
for this study only at pH 9. At this pH, a sig-
nificant difference (p > 0.05, Student 7-test) was
found between 3 groups. Strains 56, 57 and 59
had the most negative (-potential, 55 had the
least negative {-potential and 58 and 60 had an
average (-potential.

Water absorption of the treated limestone surface

The capillary water absorption of the limestone
cubes, treated with the different strains, was
tested over a period of 5 days. The saturation
curves of the initial phase, over 8 h, are indicated
in Figure 5. After 2 days, the water capillarity of
the cubes started to approach a constant value of
64 + 4% (data not shown). Three groups could
be distinguished, based on the first 8 h. One
group consisted of the sterile control and sam-
ples treated with 55 and 56, exhibiting the
highest initial capillary absorption. A second
cluster represented 58 and 60 with a moderate
absorption level. A third group included 57 and
59, with the lowest initial capillary water
absorption.

Scanning Electon Microscopy of the treated surface

Two strains with the most and least beneficial
impact on capillary water absorption by limestone,
strains 59 and 58, respectively, were selected for
SEM evaluation of the treated surface. By means
of SEM, the crystal shape and distribution could
be evaluated. Strain 59 exhibited a homogeneous
calcite deposition of rhombohedrical attached
crystals, whereas the deposition by strain 58 was
characterised by dense curtains of calcite crystals
that were heterogeneously distributed over the
limestone surface (Figure 6a—c).

St (%) 40.00
35.00
30.00
25.00
20.00 -
15.00 A
10.00

00 05 10 15 20 25 30 35 40 50
Time (h)

Figure 5. Initial water capillary absorption of untreated and
treated limestone, correlated with the water repellent quality
of the newly formed calcite layer. Each value represents the
mean relative impregnation rate (S, ) of 3 independent repli-
cates for treatment with: (A) 55; (A) 56; (<) 57; (O) 58; ()
59; (M) 60 and (O) sterile control.
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Figure 6. (a) Scanning Electron Microscopy (SEM) image of a dense and homogeneous layer of calcite crystals produced by
B. sphaericus strain 59 on limestone; (b) SEM image of irregular calcite curtains produced by strain 58 on limestone; (c) Magnifica-
tion of (a), in which the typical rhombohedrical shape of calcite was visualised.

Discussion

Limestone is an aggregation stone and consists of
mineral material and pores. Pore volume and size
determine the capacity for fluid storage and salt
accumulation. Both factors are important for the
further erosion and the durability of the stone.
Frost weathering, by freeze and thaw action, and
salt crystallisation are the main cause for the dete-
rioration of stone (Caltrone et al. 2004; Prikryl
et al. 2003). A decrease in the ability to absorb
water will result in a deceleration of the weathering
process. A thin restoring layer of calcite can act as
an alternative for the natural calcite skin on the
stone surface. Biologically produced by ureolytic
activity, the calcite layer will clog the pores at the
surface of the limestone to decrease the water
absorption rate. The growth related microbiologi-
cal urea degradation is the main source of inorganic
carbon dioxide in calcium and carbonate oversat-
urated medium and the cause of calcium carbonate
precipitation (Merz-Preiss & Riding 1999; Yates &
Robbins 1999, Warren et al. 2001). Two of five
isolated Bacillus sphaericus strains, 57 and 59, were
effective in calcium carbonate precipitation to
remediate Euville limestone. The purpose of this
research was to identify the specific key-factors
correlated with the decrease of water absorption
capacity by the treated limestone, for fast screening
of the strains. The studied key-factors were: calcite
production on agar plates, urea degrading capacity,
production of extra-polymer substances, biofilm
production, production of dense crystals on lime-
stone surfaces, increase in pH, calcium precipita-
tion over 22 h and {-potential.

The homogeneity of the calcite layer precipi-
tated on limestone was evaluated by SEM, and the

pore-filling effect by capillary water absorption.
Water absorption is the process whereby fluid is
drawn into a porous unsaturated material under
the action of capillary forces. The capillary suction
depends on the pore volume and geometry, and
the saturation level of the limestone. Actually such
tests measure porosity which may be insensitive to
the transport mechanisms influencing durability
(Beushausen et al. 2003; Cultrone et al. 2004,
Prikryl et al. 2003). A modified version of the
sorptivity test is based on the Belgian norm NBN
B 05-201, which is an indicator for frost resistance.
In general, 57 and 59 were characterised by the
best calcite deposition on agar plates, whereas on
limestone these strains were very effective in pre-
cipitating a regular calcite layer to induce a de-
crease of capillary water uptake within 2 days.
Strains 55 and 56 had a similar absorption level as
the untreated stone. Strains 58 and 60 showed re-
sults in between those of the earlier mentioned
groups. A small water uptake rate is of major
importance for proof of limestone against short,
intense water contact. After 2 days, all the tested
cubes reached the same saturation level of
64 + 4% (data not shown).

B. pasteurii, B. cereus and B. sphaericus can use
urea as an energy source, resulting in the produc-
tion of ammonia and carbonate (Mobley & Hua-
singer 1989). This increases the pH and the
carbonate concentration near the cells, triggering
Ca’* and CO;*™ to precipitate as CaCO5 (Mobley
& Huasinger 1989; Castanier et al. 1999; Hammes
et al. 2003; Stocks-Fischer et al. 1999; Udert et al.
2003). B. sphaericus strains induced a fast pH in-
crease and when limestone cubes, covered with
active biofilm, were submerged in fresh liquid
broth, there was an instantaneous pH increase due
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to the release of ureolytic metabolites. The
B. lentus strain exhibited a slower urease metabo-
lism, coupled to a slow pH increase of the sur-
rounding environment and thus poor CaCOj
deposition on limestone cubes covered with a
biofilm. Limestone in a sterile environment re-
moved calcium from the surrounding bulk med-
ium due to sorption or by leaching of H,COj; from
the limestone into the unbuffered bulk solution at
pH 5. During concomitant pH increase, HCO;3~
reached the level at which supersaturation oc-
curred and resulted in CaCOj; precipitation into
the sterile control reactors (Eq. 14):

Ca*" + 2HCO; «—CaCO; 4 CO, + H,0 (15)

The CO, produced in this process will escape to
the headspace, until an equilibrium is reached.

The matrix of extracellular polymeric secre-
tions (EPS) has been discribed to influence the
calcium carbonate precipitation in a positive way
(Kawaguchi & Decho 2002). EPS appears to play
a role in the coverage of the surface by biofilms,
cell adhesion (Tsuneda et al. 2003) and possibly
the capturing of the produced calcium carbonate,
which might result in a homogeneous layer of
calcium carbonate. The importance of a biofilm is
to colonize the surface of the stones and react as
nucleation site for extracellular calcium carbonate
precipitation (Merz-Preiss & Riding 1999). In our
study, however, there were no significant differ-
ences in the ability of the six strains to form bio-
films and to produce EPS, so the importance of
these factors for the restoration of limestone could
not be elucidated.

The factor with the greatest predictive power
for screening Bacillus candidates for good lime-
stone restoration, was the {-potential. The {-po-
tential is a measure of the potential of the electric
layer at the surface of the cells. The {-potential is
an important factor in the adhesion and surface
colonisation by bacteria. Due to the postive {-po-
tential of the limestone, it will be an easier sub-
stratum for colonisation by bacteria with a highly
negative (-potential (Amer et al. 1985). The {-po-
tential of the limestone is similar for all the bac-
terial strains, but the colonisation capacity of the
strain itself depends upon its negative {-potential.
A more energetically favourable and thus easier
approach of the substratum by the ureolytic bac-
teria will result in a denser layer of calcium

carbonate (Stocks-Fischer et al. 1999). Although
the {-potential was measured at pH 6, 7, 8 and 9,
only pH 9 was of importance in this study, because
pH 9 is the growth optimum for B. sphaericus and
because the pH in the reactors increased to 9 very
rapidly. At pH 9, strains 56, 57 and 59 had the
most negative {-potential, which was almost three
times the {-potential of strain 55. Interestingly, the
{-potential values reflect the effect of the most
strains on initial water capillary absorption.
Strains 57 and 59, with the most negative {-po-
tential, had the most pronounced effect on de-
crease in capillary absorption of limestone. Strains
58 and 60, with intermediary (-potential values,
had an intermediary effect on initial water capil-
lary absorption between the untreated controls
and the effect of strains 57 and 59. And strains 55
and 56 had no significant impact on the limestone
capillary absorption properties. Only for strain 56,
there is no correlation between negative {-potential
and the effect on the limestone absorption. This
can probably be explained by the low initial urea
degradation rate by strain 56. The specific urea
degradation rate is the second important key fac-
tor investigated in this study. A high initial specific
urea degradation rate is typical for bacteria with a
high affinity for urea. This high affinity is typical
for a high substrate turn-over at low biomass
present.

It is the first time that {-potential and urea
degradation rate of Bacillus strains have been
linked to homogeneous surface colonization of
limestone and fast precipitation of a CaCO; layer
with a concomitantly decreased water absorption
rate by the limestone. The combination of a very
negative (-potential, a high initial urea degrada-
tion rate, high surface covering of colonies with
CaCOs; and a homogeneous precipitation of calcite
on a limestone surface explains why strains 57 and
59 are most suited for limestone restoration and
protection. These 4 parameters are easily deter-
mined and provide powerful microbiological
selection criteria for the bio-restoration of lime-
stone.

Conclusions

In this study, several key-factors involved in
microbiological remediation and conservation of
decayed limestone by the process of ureolytic



calcium precipitation were investigated. It was
observed that B. sphaericus strains with a very
negative (-potential, a high initial urea degrada-
tion and a continuous formation of dense calcium
carbonate crystals are most suitable for coherent
calcite production on degraded limestone. These
strains also significantly decreased capillary water
absorption of the treated limestone.
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