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Drinking water plumbing systems appear to be a unique environment for microorganisms as they contain few
nutrients but a high mineral concentration. Interactions between mineral content and bacteria, such as microbial
calcium carbonate precipitation (MCP) however, has not yet attracted too much attention in drinking water
sector. This study aims to carefully examine MCP behavior of two drinking water bacteria species, which may
potentially link scaling and biofouling processes in drinking water distribution systems. Evidence from cell
density evolution, chemical parameters, and microscopy suggest that drinking water isolates can mediate CaCO3
precipitation through previously overlooked MCP mechanisms like ammonification or biosorption. The results
also illustrate the active control of bacteria on the MCP process, as the calcium starts to concentrate onto cell
surfaces only after reaching a certain cell density, even though the cell surfaces are shown to be the ideal location
for the CaCO3 nucleation.

1. Introduction
Microbial calcium carbonate precipitation (MCP) is an omnipresent
phenomenon that has been extensively studied in various contexts,
ranging from natural processes such as sediment lithification to engi
neering applications like concrete restoration (Boquet et al., 1973;
Dhami et al., 2013; Dupraz and Visscher, 2005; Hammes et al., 2003).
CaCO3 precipitation generally results from a pH increase and CO2 pro
duction mediated by different microbial metabolisms. Examples of the
reported CaCO3 precipitating metabolisms include photosynthesis, sul
fate reduction, methane oxidation, denitrification, ureolysis, and amino
acid deamination. Among these metabolisms, ureolysis and photosyn
thesis are the most studied while the amino acid deamination remains
poorly understood (Zhu and Dittrich, 2016). Even though bacterial MCP
has been commonly described as a “passive” process where CaCO3 is
formed as a byproduct without much biological control, there is also an
emerging discussion about the involvement of active genetic regulation

carried out by bacteria during this process (Dade-Robertson et al., 2017;
Keren-Paz and Kolodkin-Gal, 2020).
Drinking water is a special environment for bacteria where the
organic nutrient availability is extremely low but mineral concentra
tions suit the biological requirement. The interaction between biological
components and the abundant minerals can be one of the fundamental
processes in the study of drinking water microbiology, especially in
biofilms. Despite the extensive investigation of MCP in concrete engi
neering and geological recycling (Zhu and Dittrich, 2016), the important
role of calcium carbonate formation in biofilm has never been discussed
in the context of a drinking water environment. It has, however, been
found to be important for different sources of drinking water supplies
including ground water and surface water (Fujita et al., 2000; Liu et al.,
2017; Meier et al., 2017; Obst et al., 2006). In fact, the multiple benefits
MCP can bring to the biofilm growth, including enhanced interspecific
competitivity (Li et al., 2016), better resistance towards chlorine attack
(Keren-Paz et al., 2018), improved nutrient availability
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(Oppenheimer-Shaanan et al., 2016), and maintenance of calcium ho
meostasis (Anderson et al., 1992), can potentially lead to increased
difficulties of biofilm removal and scaling prevention simultaneously. In
the past, biofilm and scaling have been discussed separately as different
problems. The former focuses on biological development, the latter
emphasizes the chemical crystallization process. Therefore, a good un
derstanding of the MCP process in drinking water may provide an
important insight for numerous serious problems associated with both
biofilm formation and scaling issues including pipe corrosion, water
discoloration, regrowth of opportunistic pathogens, etc.(Hafid et al.,
2015; Prest et al., 2016; Vaz-Moreira et al., 2011).
On the other hand, the role of bacteria in scaling has also been
greatly ignored. Drinking water normally represents an undersaturated
environment for the precipitation of CaCO3 (Peng et al., 2010). It is
therefore unlikely, that CaCO3 spontaneously precipitates without the
assistance from a biofilm. It also has been reported that bacteria can
affect the morphology and polymorphs of crystals precipitated during
MCP. The biological components such as biopolymers made of amino
acids or carbohydrates can serve as template for crystallization and even
further stabilize the crystal structure (Enyedi et al., 2020). The various
CaCO3 species have different thermodynamic stabilities; the precursor
Amorphous Calcium Carbonate (ACC) being the least stable one without
a clear crystalline structure, followed by vaterite, aragonite, and calcite
which are the crystalline polymorphs ranked in increasing thermody
namic stability. Species like ACC or vaterite, which have been very
difficult to observe in chemical labs due to their unstable nature, can be
easily maintained by bacteria up to an age of half a year (Enyedi et al.,
2020).
Few previous studies reported possible MCP observations in drinking
water without further investigation. For instance, biofilms have been
identified as a hotspot of calcium accumulation, especially on the upper
surface of PVC drinking water pipes (Liu et al., 2017). In addition, calcite
and vaterite species have also been found in simulated drinking water
biofilm growing from both hard (280 mg/L hardness) and soft (49 mg/L
hardness) groundwater(Shen et al., 2018). Nevertheless, these studies
did not identify related metabolisms or confirm the biological original of
the CaCO3 species found in drinking water pipes or biofilm.
In this study, the two bacterial species isolated from tap water are
both common drinking water bacteria. However, they have very
different cell structures and scientific relevance. Sphingobium species are
rod-shaped, Gram negative bacteria that have been widely found in
drinking water distribution systems worldwide (Vaz-Moreira et al.,
2011). Their strong capabilities to form biofilms and to resist antibiotics
make them an important model organism for bacterial auto-aggregation
and biofilm formation studies (Blom et al., 2010; Douterelo et al., 2014;
Ramalingam et al., 2013). However, so far there is no report about
CaCO3 precipitation or mineralization of any other metals throughout
the Sphingobium genus. The other species isolated in this study, Micro
coccus luteus, is a Gram positive coccus that can be easily found in a
variety of natural environments. One of their most distinctive morpho
logical characteristics is the tetrad shape where the bacterium divides in
two planes to form a square of four bacteria. It has been recognized as an
opportunistic pathogen with a good resistance to chlorine disinfectants
in drinking water environment that threatens immunocompromised
patients (Fosse et al., 1985; Kao et al., 2014; Mir et al., 1997; Reith et al.,
2007). Mir et al. (1997) stated that M. luteus has a strong resistance to
chlorine compared to other freshwater bacterial isolates such as Pseu
domonas, indicating a potential risk for drinking water quality even after
disinfection treatment.
In this study, we hypothesize that some drinking water bacterial
isolates have the capability to mediate CaCO3 precipitation. Therefore,
we performed a comprehensive investigation on the MCP behavior of
seven isolates of two bacterial species, Sphingobium limneticum and
Micrococcus luteus, from tap water. Bacterial growth, evolution of rele
vant chemical parameters, and the development of CaCO3 crystals were
monitored with optical density (OD), ion chromatography (IC),

inductive-coupled plasma (ICP), scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDX) over time. X-ray diffraction
(XRD) was also performed for crystal identification. To our knowledge,
this is the first study to carefully monitor the development of MCP both
chemically and microscopically over time.
2. Material and methods
2.1. Isolation and basic characterization of bacteria
Drinking water samples were collected in autoclaved Scott bottles
directly from the tap of the Wetsus building (Leeuwarden, The
Netherlands) in April 2018, mixed thoroughly, and plated onto a cal
cium enriched B-4 medium (2.5 g/L calcium acetate (Sigma-Aldrich, St.
Louis, Missouri), 5 g/L glucose (Thermo Fisher Scientific, Radnor,
Pennsylvania, the Netherlands), 4 g/L Bacto™ yeast extract (Becton
Dickinson, Franklin Lakes, New Jersey), 15 g/L Bacto™ agar (Becton
Dickinson, Franklin Lakes, New Jersey)) (Oppenheimer-Shaanan et al.,
2016). The calcium acetate solution was autoclaved separately to avoid
precipitation with organic matter at high temperatures.
From the colonies enriched on B-4 medium plates, a quadrant
streaking isolation technique was further performed as described in
detail elsewhere (Benson, H., 2005), and seven single colonies that
produced CaCO3 crystals in distinctive morphologies were selected for
further experiments. For the basic growth characterization of the bac
terial isolates the automated Bioscreen C system (Lab systems Helsinki,
Finland) was used. Optical density (OD) with a broadband filter
(420–580 nm) was recorded and interval measurements taken at an
interval of every ten minutes were used to determine the standard
growth under various pH values and temperatures. Growth curves under
eight different pH values (7–10.5, with 0.5 interval) were measured in
the B4 medium. In addition, the growth curves of these seven isolates
under four different temperatures (20 ◦ C, 25 ◦ C, 30 ◦ C, 37 ◦ C) in LB
medium (10 g/L Pepton, 5 g/L Yeast Extract, 5 g/L sodium chloride) and
three temperatures (20 ◦ C, 25 ◦ C, 30 ◦ C) in B-4 medium were also
measured. The OD values were calibrated with a hemocytometer
counting chamber (0.100 mm depth, 0.0025 mm2) (Assistent®, Sond
heim vor der Rhön, Germany) using a 400x magnification in a bright
field DM750 microscope (Leica, Wetzlar, Germany).
To investigate the type of metabolism that induced the calcium
carbonate precipitation behavior of the isolates, a urease test was per
formed for all isolates. For the urease test, Stuart’s Urea Broth (Bacto™
yeast extract 0.1 g/L (Becton Dickinson, Franklin Lakes, New Jersey),
potassium phosphate monobasic 9.1 g/L (Sigma-Aldrich, St. Louis,
Missouri), potassium phosphate dibasic 9.5 g/L (Sigma-Aldrich, St.
Louis, Missouri), Urea 20 g/L (Sigma-Aldrich, St. Louis, Missouri),
Phenol red 0.01 g/L (Sigma-Aldrich, St. Louis, Missouri)) was applied
and the color change of the reagent was examined after 18, 24, and 48 h
after inoculation (Brink, 2010). The well-known urease-positive bacte
rium Bacillus subtilis was used as the positive control (Oppenheimer-
Shaanan et al., 2016).
2.2. Identification of bacteria and phylogenetic study
The matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) system (VITEK® MS, bioMérieux
Austria) were used firstly to identify the bacterial isolates, and three
isolates (M1-M3) were identified to be Micrococcus luteus. For the other
four isolates that could not be identified with the MALDI-TOF method,
sequencing with universal eubacterial primers of 16S rRNA gene was
performed (forward primer AGA GTT TGA TCC TGG CTC AG,position in
S16 8–27; reverse primer GGC CCG GGA ACG TAT TCA C, position in
S16 1390–1371).
One colony was suspended in 50 µL ultrapure water and incubated at
95 ◦ C for ten minutes. After short cooling on ice, the samples were
centrifuged at maximal speed in an Eppendorf Centrifuge 5427 R for one
2
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minute. The supernatant was used as template DNA in the PCR reaction.
Each reaction had a final volume of 25 µL consisting of: 16.55 µL ul
trapure water, 2.50 µL 10XPCR-reaction buffer, 1.25 µL dNTP (10 mM),
1.25 µL (10 mM) forward primer, 1.25 µL (10 mM) reverse primer and
0.2 µL taq polymerase and 2 µL of the template DNA or the controls
respectively. Taq DNA polymerase and dNTPs from QIAGEN (Hilden,
Germany) were used. PCR conditions were the following: initial dena
turation at 95 ◦ C for 5 min; 35 cycles at 95 ◦ C for 15 s, 57 ◦ C for 30 s, and
72 ◦ C for 60 s; and final incubation for ten minutes at 72 ◦ C. PCR pro
duces were cleaned with INVISORB Spin DNA Extraktionskit from
Invitek (Berlin, Germany) according to the manual.
Sequencing was performed by Eurofins Genomics (Ebersberg, Ger
many) sequencing service. 16S rRNA gene sequences (GenBank acces
sion number: MZ359908–11) were blasted in Genebank database for
species identification, then other Sphingobium species were downloaded
from Genebank based on Chen et al. (2013) and Sheu et al. (2013) and
compiled with our sample sequences into a FASTA file. Sequences were
then imported in R (R Core Team 2018) as DNAStringSet for subsequent
profile-to-profile multiple alignment with the DECIPHER package
(Wright, 2016). A phylogeny was constructed with the phangorn pack
age (Schliep, 2011) assuming nucleotide substitution rates following the
general time reversible (GTR+G + I) model (Kelchner and Thomas,
2007) which was rooted on S. paucimobilis isolate ATCC 29,837 using the
ape package (Paradis and Schliep, 2018) and visualized using the ggtree
package (Yu et al., 2018, 2017). The sequencing results showed all four
isolates belong to the genus Sphingobium (Supplementary Figure S1).

was performed at 10 kV.
2.5. Identification of crystal with X-ray diffraction
Based on the observation with SEM and EDS, precipitates produced
by Micrococcus luteus M2 and Sphingobium limneticum S2 and S3 were
selected for X-ray Diffraction analysis. Samples were incubated in B-4
medium at 30 ◦ C for 14 days and the sediment was collected after
centrifugation at 12,298 g for 10 min. All samples were washed with
MiliQ three times, dried in an oven for 24 h at 80 ◦ C and finely ground
before the measurement. X-ray Diffraction analysis was performed with
a Bruker D8 Advance powder diffractometer with Lynseye detector in
Bragg Brentano geometry (Bruker Scientific Instruments, Billerica,
Massachusetts).
3. Results
3.1. Drinking water bacterial isolates
During this experiment, seven drinking water isolates belonging to
two species, Sphingobium limneticum and Micrococcus luteus (Supple
mentary Figure S1), have shown CaCO3 precipitating behavior and
were studied in detail. To understand some basic characteristics of the
seven bacterial isolates, their growth curves under various temperatures
(20 ◦ C, 25 ◦ C, 30 ◦ C, 37 ◦ C) and pH values (7–10.5, with 0.5 interval)
were collected. The optimal growth temperature and growth range of
both species tended to be lower than previously reported for other iso
lates from fresh surface water (for Sphingobium limneticum) or human
body (for Micrococcus luteus) with a higher tolerance of high pH values
(Supplementary Figure S2–4).(Akbar et al., 2014; Chen et al., 2013;
Fosse et al., 1985; Kloss and Musselwhite, 1956; Pindi et al., 2013; Reith
et al., 2007; Sheu et al., 2013). In general, the optimal growth temper
ature and the range of temperature limit of the isolates in this study were
in agreement with the conditions of their in-situ drinking water envi
ronment (3–25 ◦ C) (Prest et al., 2016). The tolerance toward high pH
allows the possibility for the isolates to perform MCP metabolism.

2.3. Monitoring the cell growth, pH, ammonium, and calcium
In order to understand the metabolism that induced the CaCO3
precipitation in the calcium enriched B-4 medium, chemical parameters
including pH, ammonium concentration, and calcium concentration
were monitored during the growth. In detail, 50 mL of the liquid B-4
medium was inoculated with an overnight culture and incubated in 250
mL Erlenmeyer flasks at 30 ◦ C for 120 h. The medium is manually
shaken every 24 h. The initial concentration of Sphingobium limneticum
S3 was approximately 6.0 • 106 cells/mL and the initial concentration of
Micrococcus luteus M1 was approximately 5.0 • 105 cells/mL. At selected
sampling points, the optical density (OD) of the samples was measured
with a spectrophotometer (Shimadzu UV-1280 UV–VIS) at 600 nm and
the pH was measured with a pH meter (Seven Excellence pH Meter,
Mettler Toledo). Then the samples were filtered (0.8 µm isopore™ filter,
13 mm, Merck Millipore, Amsteram, the Netherlands) and diluted using
MiliQ water (Merck Millipore, Amsterdam, the Netherlands) to a
measurable range of calcium and ammonium concentration. The cal
cium concentration was measured by inductive coupled plasma (ICP,
type Optima 5300 DV, Perkin Elmer, Waltham, MA) while the ammo
nium concentration was measured by ion-chromatography method (IC,
Thermo Scientific Dionex Aquion, MA). All the experiments were per
formed in triplicates and blank media was used for negative controls.

3.2. CaCO3 precipitating metabolism
To have a better understanding of the CaCO3 precipitating meta
bolism performed by the bacterial isolates, the pH changes, ammonium
production, and aqueous calcium ions in the medium during the bac
terial growth were monitored for one representative isolates of each
species, Sphingobium limneticum S3 and of Micrococcus luteus M1 (Fig. 1).
The results suggest that even though the two bacterial species both
perform MCP under aerobic heterotrophic conditions, they employ very
different metabolisms.
For Sphingobium limneticum S3, pH and ammonium concentration
increased along with the cell growth, showing that the metabolism of the
bacterium leads to ammonium production and thus to a pH increase. In
contrast, the aqueous calcium concentration decreased until the lowest
concentration (415 ± 28.74 mg/L) at 62 h, suggesting that CaCO3 pre
cipitation was induced during the cell growth and pH increase. How
ever, after the cell growth entered the stationary phase at 62 h, even
though the ammonium concentration kept increasing, the calcium
concentration didn’t decrease further, indicating that the precipitation
of CaCO3 depends on the cell density, possibly because of the continuous
carbonate supply or nucleation sites (preferred starting point of crys
tallization) on the cell surface (Castanier et al., 1999; Rodriguez-Na
varro et al., 2012).
In contrast, Micrococcus luteus M1 only showed an slightly increased
ammonium concentration of 7 mg/L at 87 h which then drastically
decreased and finally ending below the detection level at 120 h. The pH
changes of the medium followed the same pattern as the ammonium
concentration and no calcium decrease was observed. These results
suggested that the metabolism of Micrococcus luteus M1 did not produce

2.4. Monitoring crystal growth with sem and edx analysis
The precipitates formed in the incubated cell culture of all bacterial
isolates were sampled every 24 h to monitor the development of calcium
carbonate crystals. At every sampling point, about 1 ml of the medium
containing precipitates was filtered out (0.45 µm filter) and air-dried at
room temperature for two days. In order to exclude the CaCO3 precip
itation during the air-drying process, the blank medium that contained a
high calcium concentration was also left air-dried on the filter and
examined as a negative control. The dried filters were then mounted
onto aluminum stubs with double-sided carbon tape before being sputter
coated with gold-palladium (JFC-1200 Fine Coater, JEOL, Waltham,
MA) and consequently visualized with a scanning electron microscope
(SEM) JEOL JSM-6480LV at 6 kV. The NORAN system SIX electron
dispersive spectrophotometry (EDX) (Thermo Scientific, Waltham, MA)
3
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2+
Fig. 1. Bacterial cell growth, pH changes, production of [NH+
4 ], and precipitation of [Ca ] monitored during the incubation time of ~100 h for Sphingobium
limneticum S3 (A (1) – (4)) and Micrococcus luteus M1 (B (1)-(4)) grown in calcium enriched medium. The error bars represents the standard deviation of the average
from three biological replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ammonium and the amount of CaCO3 that was precipitated was below
detection level with ICP. The CaCO3 precipitation observed via micro
scopy methods therefore requires an alternative explanation, which will
be further discussed in the following section.

(Fig. 3).
3.4. Identification of calcium biominerals
The chemical composition of the crystals was also monitored for the
duration of the cell growth and three different stages could be observed
from the MCP process (exemplary results are given in Fig. 4& 5). In
general, during the initial stage (24 h), only the growth of bacterial cells
could be observed with negligible amount of calcium detected on cell
surface. From the second stage (48 h), calcium was found to be
concentrated on the surface of the bacterial cells. In the last stage (96 h),
most of large crystals observed in the samples from both species have a
spherical shape with calcium, carbon, and oxygen elements identified on
them. XRD analysis provided further evidence that these spherically
shaped crystals represent vaterite, the least stable polymorph of calcium
carbonate (Fig. 6A).
Interestingly, for Sphingobium limneticum S3, a small number of large
blocky crystals that resemble the common morphology of calcite could
be observed, indicating some vaterite further recrystallized into calcite
(Fig. 7J ➔ k ➔ l and Fig. 4c) as the pH increased during the growth of the
bacteria (Fig. 1A). However, the amount of calcite present in the sample
was likely still too small to be detectable by XRD measurements.
Large plate-shaped calcium phosphate was found in medium of
Micrococcus luteus M1 (Fig. 5c) but the amount of calcium phosphate
species may have been too small to be clearly detected by XRD (Fig. 6A).
However, from the sample of Sphingobium limneticum S2, where a very
special spiky crystal morphology was found (Fig. 8H), only hydroxy
apatite could be identified from the XRD spectra (Fig. 6B). It could be
concluded that calcium phosphate crystallization can also be induced by
bacterial activities, as phosphate is released from the degradation of
yeast extract in the medium.

3.3. Development of MCP
The development of CaCO3 crystals in the bacterial culture was
monitored every 24 h using SEM (exemplary results are given in Fig. 2).
In the first stage (24 h), only bacterial cells could be observed. The cells
of Micrococcus luteus M1 showed spherical shape, and the cells Sphin
gobium limneticum S3 showed rod shape, which agrees perfectly with the
characteristics of the identified species. From the images at 48 h, more
bacterial cells were observed on the filter, and small crystals aggregating
on the cell surfaces could also be seen. The bacterial shapes also became
sharper than in the earlier stage, indicating a better cell integrity after
the drying process, possibly due to the higher calcium content on the cell
surface in the later phase. At 72 h, a thick biofilm covering the entire
filter and crystals (size > 5 µm) were present. With a higher magnifi
cation (inserts in Fig. 2) it can be seen that bacterial cells are located on
the surface of the crystals. At 96 h, the crystals from both species grew
further (size > 10 µm). The crystal from Sphingobium limneticum S3
showed an obvious bulky rhombohedral shape (Fig. 2H) that is
commonly identified as calcite (Chen et al., 2005). Two types of crystals
in different morphologies were observed in Micrococcus luteus M1
(Fig. 2H): one was in the same spherical shape as the crystal observed at
72 h, and the other one in the shape of a flat plate. The possibilities that
the crystals formed independently in the liquid medium and got trapped
by the biofilm are negligible due to the fact that chemical crystallization
of calcium carbonate is highly unlikely in undersaturated (Atkins et al.,
2018).
The blank Ca-enriched medium was used as negative control and no
bacterial cells or crystal formation was observed (Supplementary
Figure S5), which further illustrated that necessity of bioactivity for the
CaCO3 formation. Furthermore, the bacteria-shaped cavities that could
be observed in most of the crystals from both bacterial species also imply
a close interaction between bacterial cells and the crystallization process

3.5. Variation in crystal morphologies
Crystals with different morphologies could be produced by the same
bacterial isolate in the same medium solution (Fig. 7). For Micrococcus
luteus M1, three different crystal morphologies, spherical (Fig. 7C),

Fig. 2. The development of microbially induced CaCO3 precipitation during 96 h monitored by scanning electron microscopy for Sphingobium limneticum S3 (A-D)
and Micrococcus luteus M1 (E-H). The inserted images are details of the bacteria or crystals of the same sample at higher magnifications.
5
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Fig. 3. CaCO3 crystals with the bacteria covering the surface (orange arrows) and cavities on the crystal surface with bacterial shape (white arrows). Upper panel,
Sphingobium limneticum S4 culture incubated for 48 h; lower panel, Micrococcus luteus M2 culture incubated for 96 h.

plate-shaped (Fig. 7A), and disk-shaped (Fig. 7B) were produced by
isolate M1 after 72 h incubation. The spherical shaped CaCO3 was the
most common morphology in the sample. It was rare to find the diskshaped CaCO3 crystals, which formed possibly only at the contact with
the glass surface. The variations in crystal morphology might be caused
by different crystal growth patterns. As the plate-shaped and diskshaped precipitates seemed to grow by horizontal expansion, the
spherical-shaped vaterite (a more soluble polymorph of calcium car
bonate, see introduction) crystals (Fig. 7E, F, J) grew by aggregation of
smaller spherical-shaped particles. Also, on the surface of these spherical
vaterites, a tetrad-shaped structure, which is typical for Micrococcus
species, could be easily found together with bacteria-shaped cavities.
These observations suggest that the as tetrads aggregated bacterial cells
may serve as nucleation template for the initial crystallization process.
As shown in Fig. 7D, in the sample of isolate M2 (48 h), bacteria were
found to have a very rough surface composited of nano-scale granules
with very high calcium content (Supplementary Figure S6), suggesting
that calcium get adsorbed onto the cell surface, which may potentially
lead to crystallization and CaCO3 growth. These calcium-nanogranule
layer on the cell surface is quite thick as it made the cells look twice
as big as their original size. After further incubation of the same sample,
spherical precipitates with diameters higher than 10 µm were observed
with highly calcified bacterial cells on their surface (Fig. 7E).
Co-occurrence of morphological variated crystals by the same bac
terial isolate were also observed for Sphingobium limneticum, especially

in isolate S4 (Fig. 7J, K, L). But it seemed that the morphological dif
ferences represented different stages during a phase transition from
vaterite (the spherical shape) to calcite (rhombohedral shape). Also, the
role of bacteria in crystal shaping seems to be different in the three
different stages. In the early stage (Fig. 7J), many bacterial cells were
found on the surface of the spherical crystal, but in the intermediate
stage (Fig. 7K), much less bacterial cells could be observed on the rather
smooth crystal surface, and cavities that resemble the bacterial shapes
were found at the edge of the rhombohedron. In the last stage, dense
biofilm aggregated only at the two vertices of the smooth surface crystal.
Different crystal morphologies could also be caused by different
bacterial isolates. Even though spherical-shaped CaCO3 crystals pro
duced by the isolate M1 and M2 of the Micrococcus luteus looked similar,
they were still slightly different from each other. The crystal of M2
(Fig. 7E) had a much more regular spherical shape than the ones in M1
(Fig. 7C), possibly because the crystal of M2 grew by layers but those of
M1 grew by aggregation. For the isolate M3, the CaCO3 crystal had a
peanut shape (ca. 50 µm) and individual cells were observed on the
crystal surface instead of the biofilm. Similarily shaped vaterite was
reported in ammonia solution by Proteus mirabilis (Chen et al., 2009).
Noticeably, calcified individual bacterial cells were not so commonly
found in the samples of Sphingobium limneticum as the ones of Micro
coccus luteus. Instead, cavities of bacterial shape were more often
observed on the surface of crystals produced by the Sphingobium species,
illustrating that the surface of Gram positive Micrococcus luteus interacts
6
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Fig. 4. Elemental composition analysis using the energy dispersive spectroscopy (EDS) for monitoring the development of microbial induced calcium carbonate
precipitation processes of Sphingobium limneticum S3 at 24 h (a1–4), 48 h (b1–4), and 96 h (c1–5). Red dots: carbon; green dots: nitrogen; orange: calcium; lake green:
phosphorus; blue: potassium. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with calcium very differently compared to the Gram negative Sphin
gobium species (Fig. 4).

isolates were characterized. Our investigation suggests that bacterial
activities play a key role in the formation of calcium carbonate in terms
of creating favorable precipitation conditions; shaping the crystal
morphology and crystal phase; regulating the start of precipitation.
In this study, all CaCO3 precipitations observed started on the surface
of bacterial cells, possibly because cell metabolism creates favorable
precipitating conditions in a highly local manner. Generally, to initiate
the CaCO3 precipitation process, a (local) supersaturation of calcium
and carbonate ions needs to be reached first, then a hydrated calcium
carbonate precursor (ACC) that consists of dynamically ordered liquid
like oxyanion polymers or “DOLLOPs” is formed before an anhydrous

4. Discussion
4.1. Role of bacteria in caco3 precipitation and crystal morphology
We hypothesize that bacteria play an important role in mediating
CaCO3 precipitation, which can also potentially explain scale formation
in drinking water pipes in undersaturated conditions. To examine this
hypothesis, the CaCO3 precipitating behavior of two drinking water
7
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Fig. 5. Chemical composition analysis made by the energy dispersive spectroscopy (EDS) for monitoring the development of microbial induced calcium carbonate
precipitation process of Micrococcus luteus M1 at 24 h (a1–4), 48 h (b1–6), and 96 h (c1–5). Red dots: carbon; green dots: nitrogen; orange: calcium; lake green:
phosphorus; blue: potassium. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

final polymorph (vaterite, aragonite, calcite) can develop (Gebauer and
Cölfen, 2011; Tlili et al., 2006). In addition to the basic requirements
such as the availability of calcium and carbonate, other environmental
factors such as pH and available nucleation sites determine whether the
precipitation/dehydration process is thermodynamically feasible (Tlili
et al., 2006). Most often, bacterial cells assist the precipitation process
by increasing the pH, the carbonate concentration, and/or by providing
nucleation sites (Hammes et al., 2002). For instance, the Ca2+/proton
pump and negatively charged surface polymers (e.g., carboxyl groups in
the polysaccharides) allow calcium enrichment on the cell surface or the
extracellular polymeric substances (EPS) structures around the cells.
The breakdown of organic carbon and nitrogen can result in an increase
in bicarbonate and ammonia concentration, which in turn can increase
the local pH and provide bicarbonate (Castanier et al., 1999; Hammes
et al., 2002). In turn, the chemicals species and environment required for
precipitation of calcium carbonate are all best available on cell surface.
The two species studied here, however, appeared to have very
different mechanisms to create such a favorable condition for the cal
cium carbonate precipitation. For Sphingobium limneticum, this meta
bolism involves ammonia production, which is a common way for

aerobic heterotrophic MCP bacteria to modify the environmental pH.
While many MCP metabolisms are anaerobic or photosynthetic,
currently there are only two reported MCP metabolisms that involve
ammonium production, namely ureolysis and deamination of amino
acids (Zhu and Dittrich, 2016). In this study, all bacterial isolates were
urease-negative, which meant that the ammonia production observed
from Sphingobium limneticum was caused by ammonification. The
chemical reactions involved in the MCP mechanisms are given here as
Eqs. (1)-5, and are discussed in detail below.
C3 H7 NO2 + 3O2 →NH3 + 3CO2 + 2H2 O

(1)

−
NH3 + H2 O⇌NH+
4 + OH

(2)

CO2 + H2 O⇌H2 CO3 ⇌H+ + HCO−3

(3)

CO(NH2 )2 + H2 O→2NH3 + CO2

(4)

Ca2+ + HCO−3 ⇌CaCO3 + H+

(5)

Theoretically, 1 mol of amino acid can produce 1 mol of ammonia
8
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Fig. 6. A. XRD curves of the precipitates produced by Sphingobium limneticum S3, Micrococcus luteus M2, and the vaterite reference pattern; B. XRD curves of the
precipitates produced by Sphingobium limneticum S2 and the hydroxyapatite reference pattern.

and 3 mol of carbon dioxide (Eq. (1)), which further equilibrate in water
to form ammonium, hydroxide ions (Eq. (2)) and bicarbonate (Eq. (3)).
The formation of ammonium causes the rise of pH and therefore induce
the formation of CaCO3 (Eq. (5)). Hence, the production of ammonia
should be directly proportional to the CaCO3 precipitated. However, in
the results of this study regarding Sphingobium limneticum S3, the cell
growth followed an exponential pattern whilst the increase of ammo
nium was linear. Interestingly, the CaCO3 precipitation followed the
pattern of the bacterial growth, which leveled off as it entered the sta
tionary phase, despite the continued increase of ammonium and pH.
Similar observations were also reported in a previous study on ure
olytical calcium carbonate precipitation induced by Bacillus species in a
urea and calcium enriched nutrient broth at 25 ◦ C (Stocks-Fischer et al.,
1999). Noticeably, the hydrolysis of one urea molecule actually pro
duces 2 ammonia ions (Eq. (4)), which means that ureolysis can increase

the pH twice as efficiently as deamination (Hammes et al., 2003). It
seems that the cell concentration is the limiting factor for the MCP
process rather than pH regulation. This assumption is corroborated by
the fact that even when the pH in the bulk solution is high, only the cell
surface environment can provide a favorable condition for CaCO3
precipitation.
Besides the MCP metabolisms reported in the literature so far, there
might be other unknown MCP mechanisms. Meier et al. (2017) found
that some groundwater bacteria that acidify their immediate environ
ment can also induce MCP, indicating that increasing the pH may not be
as necessary as conventionally expected for MCP (Meier et al., 2017). In
our study, the pH values of Micrococcus luteus M1 did not increase much
during the whole incubation period, and only a small and short increase
in ammonium concentration was observed. However, CaCO3 pre
cipitates could still be found under microscope. Intriguingly, the
9
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Fig. 7. Different CaCO3 morphologies due to induction by different isolates: A, M. luteus M1 62 h; B, M. luteus M1 62 h; C, M. luteus M1 (62 h); D, M. luteus M2 (48 h);
E, M.luteus M2 (72 h); F, M. luteus M3 (72 h); G, S. limneticum S1 48 h; H, S. limneticumS2 (72 h); I, S. limneticumS4 72 h; JKL, S. limneticumS4 96 h.

bacterial cells observed in early stage of the incubation were fully
covered with nano-scale crystals on their surface. A similar observation
was reported when Micrococcus luteus was used for copper recovery from
wastewater through biosorption (Letnik et al., 2017). It is therefore
possible that here CaCO3 precipitation was induced by the biosorption of
calcium ions. To our knowledge, the precipitation of CaCO3 through

biosorption alone has not been discussed previously, but the biosorption
of a bacterial cell in general has been extensively discussed in the past
decades. For instance, extracted cell walls of Bacillus subtilis were found
to capture a wide range of metals such as Ca2+, Mn2+, Zn2+ from
aqueous solution and various functional groups such as amino, carboxyl,
phosphoryl, hydroxyl groups were found to play an important role in the
10
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metal uptake (Beveridge et al., 1997; Beveridge and Murray, 1976; Fein
et al., 1997). In addition, the electronegative nature of bacterial cell
membranes may also contribute to the biosorption capability of Micro
coccus luteus (Schultze-Lam et al., 1996). Even though the MCP mech
anism of specific Micrococcus luteus species is not well understood, the
strong interactions between Micrococcus luteus and calcium and other
metal ions have also been reported and applied in different industries.
For instance, Micrococcus luteus has been used for monumental stone
conservation without identification of an MCP metabolism (Tiano et al.,
1999). Benka-Coker & Ekundayo (1998) suggested that Micrococcus
luteus has a high tolerance to the presence of different metals (Benka-
Coker and Ekundayo, 1998). Moreover, Micrococcus luteus showed the
highest biosorption capability for the recovery of gold, copper, thorium,
and uranium in aqueous environments compared to a wide range of
bacterial species (Letnik et al., 2017; Levchenko et al., 2001; Nakajima
and Tsuruta, 2002; Wong et al., 2001). Therefore, precipitation induced
by biosorption alone might be a novel mechanism responsible for the
formation of CaCO3, especially explaining the MCP observed for
Micrococcus luteus in our study, though further investigations will be
required to obtain additional evidence.
In addition to the discussion of biochemical metabolisms, the role of
bacteria in MCP can be also reflected by their influence on crystal
morphologies. There has been a continuous discussion on whether the
polymorphs of MCP are isolate-specific or environment-specific. In some
cases, different bacterial isolates produce very different crystal mor
phologies or even different polymorphs (Anbu et al., 2016) while in the
other cases, these factors are only subject to different environmental
conditions such as pH, substrate, calcium supply, or Ca2+/Mg2+ ratio.
(Meier et al., 2017; Rodriguez-Navarro et al., 2012; Sánchez-Navas
et al., 2009; Zhao and Zhao, 2017) In this study specifically, only
spherical vaterite crystals were found in the three different Micrococcus
luteus isolates, where pH change was minimal during the cell growth.
This is possibly due to the fact that EPS can carry negative charges or
contain hydrophobic area, which can interact or further stabilize the
intermediate product of CaCO3 crystallization product such as vaterite e.
g., vaterite (Enyedi et al., 2020). Consequently, without increased
environmental pH, the supersaturation of CaCO3 could not overcome the
energy barrier for the next polymorph. However, in the case of the
Sphingobium isolates where the pH continued to increase until reaching a
value of pH 8, both vaterite and calcite, including a transitional phase
between the two states, were found in the sample. Therefore, it is
reasonable to argue that polymorphs depend on the chemical regulation
and biopolymer production by bacteria. Conversely, variations in
morphology were found among the vaterite crystals produced by the
different isolates. For instance, the vaterite produced by coccus-shaped
Micrococcus luteus tended to be spherical while the ones of rod-shaped
Sphingobium tended to be elliptical. It seems that these morphological
variations are related to the shape of the cells and their growth pattern.
Another highlight of this study is the observation that the microbial
CaCO3 precipitation behavior of the two isolates is density-dependent.
Traditionally, MCP mediated by heterotrophic bacteria has been
described as a “passive” bio-mineralization process, where the forma
tion of CaCO3 is induced as a byproduct resulting from the ammonia and
carbon dioxide production, which also emphasis a lack of control and
regulation by bacteria on the process. However, in this study, very little
calcium was deposited on the bacterial surface in the early stage of
bacterial growth (Fig. 4& 5) and no other precipitation (e.g. on the
surface of substrate or on the surface of plastic vessel) was observed in
the early stage of bacterial growth when ammonia and carbonate pro
duction had already started. In the case of Micrococcus luteus, such a
phenomenon was even more obvious since only carbon and nitrogen
were identified at cell surfaces, possibly because the surface polymers
that adsorb Ca2+ could only be expressed at a certain cell density. In
general, it is known that bacteria can perform quorum sensing, which
means that they can sense the cell density through different environ
mental cues and modify their metabolic behavior accordingly (Norris

et al., 1996) e.g. if cell density reaches high levels, the cells in the
community starts to produce more biofilm components such EPS
(Minogue et al., 2005). Consequently, if MCP only takes place after the
bacterial numbers reach a certain concentration, it is tempting to spec
ulate the active role of bacteria in the CaCO3 precipitation with an
evolutionary benefit, even though the specific molecules that interact
with Ca2+ still need to be identified. Since the two distinctive MCP
metabolisms showed a density-dependent feature, the natural selection
favoring the trait might be strong. Lately, the discussion that MCP is
actively regulated by bacteria has started among scientists as relevant
evidence slowly piles up (Dade-Robertson et al., 2017; Keren-Paz and
Kolodkin-Gal, 2020). Another study has also reported that mutations in
urease gene (ure[A-C]), EPS (espH), amyloid-like fibres gene (tasA), and
acidic exopolysaccharides production gene (ywq[C-F]) operon in Bacillus
subtilis strongly inhibit MCP on agar plates (Oppenheimer-Shaanan
et al., 2016). Others showed that the special biofilm structure caused by
presence of calcite crystals can create a protective barrier against dis
infectants (Keren-Paz et al., 2018). A benefit during inter-specific
resource competition has also been observed for Pseudomonas species
(Li et al., 2016). Nevertheless, MCP does not seem to benefit bacteria in
an individual state with the risks of cell encrustation and cell death, as
many calcified cell cocoons have been repeatedly observed in different
studies (Anbu et al., 2016; Castanier et al., 1999) including ours. This
adverse effect of MCP may explain the CaCO3-free state of bacteria at
lower cell densities.
4.2. CaCO3 precipitating activities of drinking water bacteria
In this first study to examine MCP activities by drinking water bac
teria, the scope was limited to aerobic heterotrophic conditions. How
ever, the two bacterial species already exhibit distinctive MCP
metabolisms. Other calcium precipitating autotrophic metabolisms such
as methane oxidation and sulfate reduction have also been detected in
drinking water system (Ling et al., 2016; Seth and Edyvean, 2006; Zhu
and Dittrich, 2016).
Also, even though we provided a higher nutrient concentrations in
the medium than normally available in a drinking water environment,
other studies that simulated the actual conditions in drinking water
systems also suggested the involvement of bacteria in the scaling pro
cess. For instance, Liu et al. (2017) observed distinctive Ca2+ capture
performance by different in-situ drinking water biofilms that differed in
microbial composition, suggesting the probable involvement of micro
bial activities in scale formation. Another example is the study by Shen
et al. (2018), where softened groundwater (hardness 49 mg/L,
pH=7.5–7.8) was directly used to grow biofilm on PVC coupons in a
CDC biofilm reactor for 10 months with total organic carbon concen
trations (1–1.6 mg/L) comparable to the drinking water environment
(1–3 mg/L) (Zlatanović et al., 2017). Vaterite CaCO3 was observed
together with a high content of protein from the biofilm formed, which
indicated the role of biofilm in CaCO3 formation in the natural envi
ronment, especially in the ones in under-saturated conditions, which are
generally found in drinking water systems where the calcium concen
tration is lower than 120 mg/L and pH stays neutral (Peng et al., 2010).
To further confirm the role of biofilm in MCP under low nutrient con
ditions, more studies in a drinking water-simulated set up need to be
performed.
Conclusions
In conclusion, this study characterizes both chemically and micro
scopically the development of microbial calcium carbonate precipitation
by two bacterial species native to drinking water. Two distinctive
density-dependent MCP metabolisms, amino acids deamination and
biosorption, were identified for the two bacterial species. The active
regulatory role of bacteria on the MCP process was also implied. Both
vaterite and calcite have been observed as product of MCP and the
11
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morphological variances of MCP crystals are strain-specific. As some
specific types of bacteria can cause microbiological scaling, innovative
technologies that target the MCP metabolism may simultaneously
manage the microbial community and prevent scaling for safe drinking
water plumbing.
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