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This study investigated the role of the solution composition on calcite precipitation induced
by cyanobacteria.The precipitation of calcium carbonate was induced by addition of cyano-
bacterium cells Synechococcus strain PCC 7942 in two artificial solutions with a different
composition at similar saturation states in respect to calcite. Ion-selective electrodes for pH,
Ca2+, and CO3

2– monitored the experiments, and the morphology of precipitated crystals was
analysed by scanning electron microscopy.
The calcite precipitation was observed in all experiments after the addition of the cells. The
composition of solution (the ratio of dissolved inorganic carbon to dissolved calcium) strong-
ly influenced the calcite precipitation. Based on laboratory experiment results, a possible
mechanism for precipitation induced by Synechococcus is proposed linking precipitation
with the conditions near to cell walls rather than with the saturation conditions in the bulk so-
lution

Durch das Cyanobakterium Synechococcus induzierte Calcitfällung

Die durch Zugabe von Zellen des Cyanobakteriums Synechococcus (Stamm PCC 7942) in-
duzierte Ausfällung von Calciumcarbonat wurde an zwei ähnlich stark übersättigten wässri-
gen Calcitlösungen unterschiedlicher Zusammensetzung untersucht. Während des Experi-
ments wurden mit ionenselektiven Elektroden der pH-Wert sowie die Konzentrationen von
Ca2+ und CO3

2– verfolgt. Außerdem wurde die Morphologie der ausgefällten Kristalle mittels
Rasterelektronenmikroskopie untersucht.
In allen Versuchen wurde nach Zugabe der Zellen Calcitfällung beobachtet, dabei erwies
sich das Verhältnis des gelösten anorganisch gebundenen Kohlenstoffs zum gelösten Calci-
um als die entscheidende Einflussgröße für die Calcitfällung. Aufgrund der erhaltenen Er-
gebnisse wird ein Mechanismus vorgeschlagen, bei dem die induzierte Calcitfällung eher
von den Verhältnissen nahe der Zellwand als vom Sättigungszustand der Lösung abhängt.
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1 Introduction

Both laboratory experiments [1–3] and field observations
[4–6] suggest that cyanobacteria play an important role in
calcite precipitation in both freshwater and marine systems.
Calcite precipitation induced by cyanobacteria is not a mere
side effect of photosynthesis in carbonate-rich water [7]. Ac-
tive calcification has a beneficial effect on organisms and
there are several possible positive consequences caused by
carbonate precipitation [7]. These include that precipitation
might serve as an effective buffer against a pH rise in alkaline
environments. This mechanism has also been proposed for
calcifying algae [8]. Another effect of precipitation could be
the protection of the bicarbonate pump, which is possibly in-
hibited by carbonate ions [9, 10]. As cyanobacteria are low-
light organisms that frequently inhabit environments of high
light radiation, a light-shading function of the calcified sheath
has been proposed for cyanobacteria [11].

The major physicochemical factor controlling calcite precipi-
tation is the saturation state of the water with respect to calci-
um carbonate minerals. As calcite formation by cyanobacteria
is extracellular, the ambient water has to be supersaturated
with respect to calcium carbonate [2]. Calcite precipitation,
however, is not always observed in supersaturated hard wa-
ter lakes [12]. On one hand, different dissolved substances
can inhibit the precipitation. On the other hand, calcite nucle-
ation may start in the supersaturated microenvironment that
we cannot measure in field experiments. Factors leading to
calcite precipitation have to be determined under controlled
conditions in order to monitor and separate their importance.
This study investigates the role of the solution composition on
calcite precipitation using solutions with different composi-
tions, but at similar saturation state. Calcite precipitations
were mediated by the addition of cyanobacteria Synechococ-
cus strain PCC 7942 in a solution of calcium bicarbonate at
different concentrations of inorganic carbon and dissolved
calcium.

2 Materials and methods

2.1 Experiments

The precipitation experiments were carried out in a 750 mL
five-necked flask placed in a transparent water bath in front of
a fluorescent tube (Osram L36W/12-950) emitting a total radi-
ance of 20 µE m–2 s–1. The water bath was connected to a
thermostat (Colora K3DS) to keep the water temperature at
20°C, which is a typical water temperature in hard water lakes
in the summer when the calcite precipitation was often ob-
served. Solutions were stirred with a Heidolph MR2002 mag-
netic stirrer.

1 This terminology deviates from the one in drinking water treat-
ment, where saturation index is defined as lg Ω.

The solutions were prepared to represent two different satu-
ration states with respect to calcite. All chemicals were p.a.
grade from Fluka Inc., Switzerland, unless otherwise stated.
Solutions were obtained by dropwise addition of 350 mL
NaHCO3 to 350 mL CaCl2 · 2H2O. Thus, solution 1 consisted
of 3 mmol L–1 NaHCO3 and 3 mmol L–1 CaCl2 · 2H2O, where-
as solution 2 was 1.5 mmol L–1 NaHCO3 and 6 mmol L–1

CaCl2 · 2H2O. Ion-selective electrodes for pH, Ca2+, and CO3
2–

were inserted through the 45 mm central opening and the set-
up was equilibrated for 1 h.

The saturation index was calculated as 1

Ω = [Ca2+] [CO3
2–]/Ks0 (1)

where [Ca2+] and [CO3
2–] are the concentrations of calcium

and carbonate measured with ion-selective electrodes, Ks0

represents the solubility of calcite 4.047 · 10–9 mol2 L–2 at
20°C [13].

Liquid membrane ion-selective electrodes were prepared us-
ing neutral carries for pH (Ionophore I), Ca2+ (Ionophore II,
ETH 129) and CO3

2– (Ionophore II, ETH 6019) available from
Fluka Inc., Switzerland. PVC-based membranes were cast
and mounted into commercially available electrode bodies
(Fluka Inc.).The sensors were conditioned overnight and cali-
brated as described in [14]. Activities were calculated with the
Güntelberg approximation [13]. From the signal instabilities
and drifts observed, the error of the measurements can be
estimated at ± 0.05 for the pH, ± 1 · 10–5 mol L–1 for CO3

2–, and
± 1.2 · 10–7 mol L–1 for Ca2+.

The blank experiments were run without the addition of bac-
teria during approximately 4 h, in order to compare the begin-
ning of the precipitation. Additionally, experiments with seed
crystals were also performed. These experiments involved
the addition of calcite crystals, which were prepared in a sus-
pension of 60 mg L–1 by suspending 9 g CaCO3 (Merck
Suprapure) in 150 mL H2O.The suspension was left to equili-
brate at room temperature for over two weeks before use. Dif-
ferent amounts of seeded crystal (0.5, 1, and 2 mL suspen-
sion) were added to the calcium bicarbonate solution of
3 mmol L–1 NaHCO3 and 3 mmol L–1 CaCl2 · 2H2O.

Synechococcus cells suspensions, an unicellular freshwater
strain of approximately 0.5 µm diameter (PCC 7942 Pasteur
Institute, Paris, France), were grown in a culture medium
BG11 as a batch culture [15]. The cells were then recovered
by centrifugation (2500/min for 20 min). The supernatant was
removed leaving approximately 5 mL of concentrated cells in
suspension. The cells were washed three times in water. Af-
terwards, the living cells (as shown through microscopic in-
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Fig. 1: Changes in pH (a), satura-
tion index (b) during the experi-
ments in the solution 1. Black
squares indicate the experiment
with the lower abundance of cy-
anobacteria (experiment 1) and
grey triangles indicate the experi-
ment with the higher cell abun-
dance (experiment 2).

Änderungen des pH-Wertes (a)
und des Sättigungsindexes (b) bei
den Versuchen mit Lösung 1.
Schwarz: Experiment 1, geringere
Zelldichte der Cyanobakterien.
Grau: Experiment 2, höhere Zell-
dichte der Cyanobakterien.

vestigation) were added to the solution to start the precipita-
tion experiment.

Two experiments with different numbers of cells were per-
formed in solutions.The cell abundance was 5.3 · 106 cells L–1

and 4.7 · 107 cell L–1, in the first and second experiment with
solutions 1 respectively. We added 7.4 · 106 cells L–1 in the
first experiment and 1.1 · 107 cells L–1 in the second experi-
ment with solution 2.

Immediately after the beginning of each experiment, the
number of cells in the reaction vessels were estimated as fol-
lows; an aliquot of approximately 1 mL of the solution was
passed through a 0.2 µm polycarbonate black Nucleopore fil-
ter. Cyanobacteria were enumerated following published pro-
cedures [16, 17]. Filters were examined with an epifluores-
cence microscope Zeiss Axiolab, mounted with a
Neofluar100x objective, Optovar 1.6x and E-PI 10x ocular
with a total magnification of 1600x. 300 to 400 cells were
counted on each filter.

At the end of the experiments the samples were filtered
through 0.2 µm polycarbonate filters. The filters were dried
overnight at 50°C and stored in a desiccator. Dry material
was then deposited onto SEM stub with carbon tabs.The car-
bon layer underneath the particles allowed us to analyze the
uncoated specimens.The morphology of the precipitates was
characterized by scanning electron microscopy (SEM, Philips
XL30, LaB6 filament).

2.2 Balance analysis

Total dissolved inorganic carbon [C]T, was calculated using
equations from Stumm and Morgan [13], as follows:

[C]T = [CO3
2–]/([H+]2/(K1K2) + [H+]/K2 + 1)–1 (2)

with K1 and K2 are equilibrium constants.

Assuming a 1:1 relationship between Ca2+ concentrations
and precipitated CaCO3, the total inorganic carbon change
during the calcification was estimated at

∆[C] = [Ca2+]final – [Ca2+]initial (3)

One mole of calcium ion and one mole of total inorganic car-
bon are released or removed together during the calcium car-
bonate precipitation. The negative value of ∆[C] indicated the
calcite precipitation, while the positive value reflected the dis-
solution of calcite.

Consequently, the inorganic carbon that is uptaken by photo-
synthesis, net photosynthesis, [P] can be calculated as fol-
lows:

[P] = ∆[C]T – ∆[C]. (4)

As photosynthesis calculation represents net photosynthesis,
the negative value of photosynthesis indicated uptake of the
total inorganic carbon.

3 Results

3.1 Blank and seed crystal experiments

We did not observe any precipitation during the blank experi-
ments that lacked cells. During the seed crystal experiments
a decrease of pH values was observed immediately after the
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Fig. 3: Changes in pH (a), satura-
tion index (b) during the experi-
ments in the solution 2. Black
squares indicate the experiment
with the lower abundance of
cyanobacteria (experiment 1) and
grey triangles indicate the experi-
ment with the higher cell abun-
dance (experiment 2).

Änderungen des pH-Wertes (a)
und des Sättigungsindexes (b) bei
den Versuchen mit Lösung 2.
Schwarz: Experiment 1, geringere
Zelldichte der Cyanobakterien.
Grau: Experiment 2, höhere Zell-
dichte der Cyanobakterien.

addition of the seed suspension to the solution in the vessel,
indicating the onset of precipitation. In all experiments the ini-
tial saturations were similar, close to 16, so the differences
due to variations in the initial supersaturation are eliminated.
A faster decrease of pH was observed in solutions with higher
amounts of seed calcite.

3.2 Experiments in solution 1

When the Synechococcus cells were added to the vessel,
there was a constant increase in pH over a period of 10 to
15 h. Once a critical pH level of approximately 8.7 was
reached, calcite precipitation stopped and the pH dropped. A
distinct drop in pH was observed during the first experiment
(Fig. 1a) over a period of 5 to 6 h.The pH decrease in the sec-
ond experiment was not as sharp with the pH changing from
only 8.75 to 8.70 (Fig. 1a). The pH increase in the first phase
occurred simultaneously with the saturation indexes rising up
to 40 and 33 in the two experiments, respectively (Fig. 1b).

The SEM images showed that the precipitated crystals small-
er than 5 µm were associated with cells. These crystals
formed clusters up to 100 µm in diameter. Imprints of the
shape of the Synechococcus cells sized approximately 1 µm
were observed on their surfaces (Fig. 2). Additionally, we ob-
served threads between the crystals which appeared to be
very similar to the extracellular polysaccharides described in
previous publications [18, 19].We did not investigate the com-
position of these threads and so it is still unclear how they
were formed.

3.3 Experiments in solution 2

In the beginning, the pH values were 8.4 and increased in
both experiments at the same rate during the first 2 h.The pH

Fig. 2: SEM pictures of the precipitated calcite crystals from
the experiments with Synechococcus in the solution 1.

Rasterelektronenmikroskopische Aufnahme der aus Lösung
1 in den Versuchen mit Synechococcus ausgefällten Calcit-
kristalle.

value in the first experiment reached its maximum (8.6) after
4 h. It then dropped to pH = 7.9 and subsequently increased
again slowly (Fig. 3a). The second experiment with a higher
number of cells lead to a higher pH maximum (8.8), which
was reached after about 7 h (Fig. 3a).
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Fig. 4: SEM pictures of the precipi-
tated calcite crystals from the ex-
periments in the solution 2.

Rasterelektronenmikroskopische
Aufnahme der aus Lösung 2 in den
Versuchen mit Synechococcus
ausgefällten Calcitkristalle.

As for the experiments with solution 1, the pH did not drop af-
ter reaching a maximum level, but remained constant for 10 h.
Finally the pH dropped towards a probable steady state. The
saturation indexes increased immediately after the addition of
the cyanobacteria cells and reached maximums of 28 and 20
(Fig. 3b). We observed calcite crystals of 1 to 5 µm in size.
Some crystals were formed around the cells, which are rec-
ognized as holes in the crystals (Fig. 4). Similar threads were
present between the crystals like in experiment 1.

4 Discussion

Calcite precipitation in hard water lakes is extracellular, there-
fore lake water has to be supersaturated in respect to calcite.
However no calcite precipitation was observed by the high
calcite supersaturation [12]. The experimental conditions in
this study were close to those of the natural supersaturated
hard water lakes where the precipitation was observed, for
example Lake Constance, where the mean calcium concen-
tration was approximately 1.5 mmol L–1 and alkalinity

changed from 2.5 to 1.7 mmol L–1 [12].The laboratory experi-
ments using solutions of the same saturation in respect to
calcite allowed us to prove the role of the solution composi-
tion in a precipitation process.

The use of the pH, CO3
2–, and Ca2+ ion-selective electrodes

during the experiments was an effective way to monitor the
precipitation reactions induced by the growth of cyanobacte-
ria. In addition to pH and Ca2+ ion-selective electrodes ap-
plied in the study of calcite precipitation upon algal biofilms
[18], we used an electrode for carbonate (CO3

2–) and were
able to calculate the saturation index Ω.

4.1 Solution 1

Experiments performed in solutions with higher levels of inor-
ganic carbon concentration and of lower calcium concentra-
tion showed that the increase of pH led to calcite precipitation
(Fig. 5). The negative changes of calcium indicated that cal-
cite precipitated during this period.
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Fig. 5: Schematic model for pH dy-
namics during the experiments in
the solution 1.

Schematisches Modell für die Ent-
wicklung des pH-Wertes während
der Experimente mit Lösung 1.

∆[Ca2+] = [Ca2+]final – [Ca2+]initial

∆[C]T = [C]T final – [C]T initial

[P] = ∆[C]T – ∆[Ca2+]

The comparison of the experiments with seed crystals indi-
cated that the added cells caused the increase of pH due to
photosynthetic activity. The same time pattern of pH increase
over a period of 10 to 15 h and the following drop of pH (as in
experiment 1) was observed in the laboratory experiments
with unicellular alga Chlorococcum [20]. Additionally, the ab-
sence of precipitation in the blank experiments supported the
assumption that the cells were responsible for the calcite pre-
cipitation.

The higher number of cells that were added to the solution
can explain the absence of the rapid drop of pH in the second
experiment (Fig. 1a). The other reason may be the different
metabolic state of the cells, which were grown as a batch cul-
ture and were not synchronized in respect of growth stage.
The fluorescence microscopic investigations allowed us to
calculate the number of metabolic active cells. However, we
did not have any information to indicate as to what metabolic
state they were in.

The net photosynthesis was positive during the second
phase of both experiments indicating that the respiration was
higher than photosynthesis.This effect may be caused by the
presence of some heterotrophic organisms, as the cultures
were not axenic (Fig. 5).

The positive value of the net photosynthesis for the whole first
experiment ((0.0 + 0.6 ) mmol L–1 = 0.6 mmol L–1) indicated
the release of dissolved carbon and the overcoming of the
respiration over the photosynthesis during the experiments
(Fig. 5).

In contrast to the first experiment the total net photosynthesis
during the second experiment was negative ((0.1 – 0.3)
mmol L–1 = –0.2 mmol L–1) reflecting the dominance of photo-
synthesis (Fig. 5).

Although we found calcite crystals at the end of the experi-
ments, the total change of calcium concentrations was zero.
Due to the sensitivity of the calcium sensor, slight variation in
the calcium concentration could not be observed.

4.2 Solution 2

The results from the experiments with solution 2 (performed
with lower concentration levels of inorganic carbon and high-
er levels of calcium concentration), showed the calcite precip-
itation during the first 5...10 h as the change of dissolved cal-
cium was negative. At this time the net photosynthesis was
negative, indicating the uptake of inorganic carbon (Fig. 6).
Looking at the whole experiment time, calcite precipitation
was dominant over dissolution.

The total net photosynthesis was positive during the first ex-
periment ((–0.31 – 0.64 + 1.80 ) mmol L–1 = 0.65 mmol L–1) re-
flecting the dominance of respiration, while the negative value
((–0.5 – 0.6 + 0.5 ) mmol L–1 = –0.6 mmol L–1) of the second
experiment indicated that photosynthesis prevailed.

Nevertheless, calcite was precipitated during both experi-
ments.The total negative value of calcium change (–0.2 + 0.9
– 2.0) mmol L–1 = –1.3 mmol L–1 and (–0.2 + 0.5 – 0.5)
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Fig. 6: Schematic model for pH dy-
namics during the experiments in
the solution 2.

Schematisches Modell für die Ent-
wicklung des pH-Wertes während
der Experimente mit Lösung 2.

∆[Ca2+] = [Ca2+]final – [Ca2+]initial

∆[C]T = [C]T final – [C]T initial

[P] = ∆[C]T – ∆[Ca2+]

mmol L–1 = –0.2 mmol L–1 reflected remarkably more calcite
precipitation during the first experiment than during the sec-
ond experiment.

The results from the experiments with both solutions showed
that the intensity of calcite precipitation induced by cyanobac-
teria Synecochoccus depends on the composition of the solu-
tion, rather than the saturation state. Although the saturation
index of the solutions were the same, the addition of cyano-
bacteria led to different calcium changes in solutions 1 and 2.

The former laboratory experiments with filamentous cyano-
bacteria Scytonema and Schizothrix from freshwater mats,
demonstrated that two factors can be of major importance:
the bicarbonate uptake and the suitability of the sheath for
carbonate nucleation [7]. Our experiments however, indicated
that it was the ratio between dissolved carbon and calcium
that influenced the calcite precipitation, rather than the bicar-
bonate uptake.

The occurrence of a different intensity of precipitation by the
same saturation state provided the first evidence that the mi-
croenvironment and physiological state of cells may be re-
sponsible for the calcite nucleation. The model for precipita-
tion remains still unclear. Either calcium ions were adsorbed
on the sheath and precipitated with carbonate ions, or alka-
line microenvironment of cells provides an environment that
is conductive to calcite precipitation in the presence of Ca.

The morphology of the calcite crystals indicates that the cell
walls of the cyanobacteria acted as a substrate of nucleation.
The precipitated crystals contain marks and holes of the
same shape and size as the Synechococcus. Crystals were

also found with the same imprints in experiments involving
field and laboratory studies [12, 20]. In former experiments
with Synechococcus hexagonal mineral morphologies had
been found [21] on calcified membranes.

The next step will be to provide an in-situ observation of the
precipitation using different ratios of calcium and inorganic
dissolved carbon. Such kinds of experiments have already
been performed studying abiotic calcite precipitation by ap-
plying the atomic forced microscopy (AFM) [22]. A tool to
measure chemical parameters and to observe the reaction
under the microscope simultaneously is now under construc-
tion. This method will allow an in-situ observation of the cal-
cite nucleation of the cell and consequently the details of the
precipitation mechanism.

5 Conclusion

The results of these initial experiments are encouraging and
demonstrate by direct measurements the potential of cyano-
bacteria Syneccococus to precipitate calcite. The amount of
the precipitated calcite varied in experiments using solutions
with a different ratio of dissolved inorganic carbon and calci-
um. Remarkably more calcite precipitated in the solution with
higher carbon but lower calcium concentrations. The results
of the experiments provide some evidence that the cell walls
of the cyanobacteria acted as a substrate of nucleation of
CaCO3. The unicellular cyanobacteria Synechococcus in-
duced the precipitation of the rhombohedric calcite crystals
under both conditions. Ion-selective electrodes were shown
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to be a useful tool for precipitation experiments. The precipi-
tated crystals contain marks and holes of the same shape
and size as the Synechococcus cells.
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