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Abstract
An amorphous or nanocrystalline calcium carbonate (ACC) phase with aragonite-like short-range order was found to be a
transient precursor phase of calcite precipitation mediated by cyanobacteria of the strain Synechococcus leopoliensis PCC
7942. Using scanning transmission X-ray microscopy (STXM), diﬀerent Ca-species such as calcite, aragonite-like CaCO3,
and Ca adsorbed on extracellular polymers were discriminated and mapped, together with various organic compounds, at
the 30 nm-scale. The nucleation of the amorphous aragonite-like CaCO3 was found to take place within the tightly bound
extracellular polymeric substances (EPS) produced by the cyanobacteria very close to the cell wall. The aragonite-like CaCO3
is a type of ACC since it did not show either X-ray or electron diﬀraction peaks. The amount of aragonite-like CaCO3 precipitated in the EPS was dependent on the nutrient supply during bacterial growth. Higher nutrient concentrations (both N
and P) during the cultivation of the cyanobacteria resulted in higher amounts of precipitation of the aragonite-like CaCO3,
whereas the amount of Ca2+ adsorbed per volume of EPS was almost independent of the nutrient level. After the onset of the
precipitation of the thermodynamically stable calcite and loss of supersaturation the aragonite-like CaCO3 dissolved whereas
Ca2+ remained sorbed to the EPS albeit at lower concentrations. Based on these observations a model describing the temporal
and spatial evolution of calcite nucleation on the surface of S. leopoliensis was developed. In another set of STXM experiments the amount of aragonite-like CaCO3 precipitated on the cell surface was found to depend on the culture growth phase:
cells in the exponential growth phase adsorbed large amounts of Ca within the EPS and mediated nucleation of ACC, while
cells at the stationary/death phase neither adsorbed large amounts of Ca2+ nor mediated the formation of aragonite-like
CaCO3. It is suggested that precipitation of an X-ray amorphous CaCO3 layer by cyanobacteria could serve as a protection
mechanism against uncontrolled precipitation of a thermodynamically stable phase calcite on their surface.
Ó 2009 Elsevier Ltd. All rights reserved.
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Freshwater cyanobacterial calciﬁcation has been proposed as a major contributor to the formation of carbonate
deposits (Thompson and Ferris, 1990). The mechanisms of
carbonate nucleation and growth are however not yet
fully understood. In a laboratory approach that mimics
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freshwater systems supersaturated with respect to calcite,
this study focuses on the mechanisms of CaCO3 nucleation
by a freshwater cyanobacterial strain Synechococcus leopoliensis PCC 7942.
Cyanobacteria are ubiquitous and abundant particularly
under oligotrophic conditions, where they are a major contributor to total primary production (Weisse, 1993). Specifically cyanobacteria of the genus Synechococcus are very
common in freshwater environments and are the most
abundant genus in some hardwater lakes (Schultze-Lam
et al., 1992). Most of these environments are at least temporarily supersaturated with respect to CaCO3 mineral phases
such as calcite and the resulting precipitation of calcite from
hardwater lakes is a phenomenon that has been studied for
decades (for an overview see Küchler-Krischun and Kleiner, 1990). The chemical microenvironment of cyanobacteria
is diﬀusion controlled (Beveridge, 1988), and therefore it
seems that cyanobacteria inﬂuence the conditions in their
microenvironment by the photosynthetic uptake of CO2
or HCO3  , particularly when diﬀusion is limited by dense
extracellular polymers (EPS) such as in cyanobacterial mats
(Pentecost, 1991; Merz-Preiss, 2000). Cyanobacterial calciﬁcation can be promoted by carbon concentrating mechanisms resulting in a rise of pH in the microenvironment
of the cells, which leads to signiﬁcant CaCO3 supersaturation within the sheath of ﬁlamentous cyanobacteria, followed by CaCO3 precipitation (Kah and Riding, 2007).
Another mechanism, which might play a role for the
adsorption of calcium to the cell surface as a ﬁrst step of
CaCO3 precipitation particularly under more alkaline conditions, is an active inﬂuence of the metabolism of cyanobacteria on their surface potential which the cells might
use to facilitate the uptake of inorganic carbon under alkaline conditions (Martinez et al., 2008).
However, the inﬂuence of the organism is only one aspect of the calciﬁcation process. Although cyanobacteria
inﬂuence their chemical microenvironments in bioﬁlms,
Golubic (1973) reported that cyanobacterial calciﬁcation
strongly depends on environmental conditions. This environmental inﬂuence was conﬁrmed by Riding (1992) and
Arp et al. (2001) who stated that calciﬁcation is not obligate
amongst cyanobacteria but dependent on conditions favoring calciﬁcation. Merz (1992) reported that cyanobacterial
calciﬁcation only occurs in CaCO3 supersaturated waters
and that only certain genera calcify, but none of them are
obligate calciﬁers. There is reduced diﬀusion in bioﬁlms
and bacterial mats which results in a higher inﬂuence of
bioﬁlm forming cyanobacteria on their chemical microenvironment as compared to planktonic species. This suggests
that planktonic cyanobacterial calciﬁcation will be inﬂuenced by the aqueous environment of the cells to an even
higher degree than bioﬁlm cyanobacteria.
Moreover, photoautotrophic planktonic species in lakes
require buoyancy in order to stay within the euphotic zone.
The uncontrolled precipitation of carbonates attached to
their cell surface would reduce their buoyancy, causing
the cyanobacteria to sink below the euphotic zone, thus
resulting in their death. In that view, the uncontrolled precipitation of calcite by cyanobacteria would be deleterious
and simply could result from catastrophic changes in envi-
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ronmental conditions such as pH caused by the photosynthetic uptake of CO2.
In contrast, Merz (1992) proposed two potential beneﬁts
of CaCO3 precipitation to the cyanobacteria: Firstly, the
precipitation of CaCO3 could be a mechanism to protect
the cells from high light intensities which damage the photosynthetic apparatus, particularly for cyanobacteria living
in shallow waters or high altitudes. Secondly, the precipitation can act as an ion sink which buﬀers the rise of pH in
the cells’ microenvironment due to photosynthesis and
therefore allows higher rates of photosynthesis. The details
of these biomineralization processes are however still
poorly known.
In a bulk biogeochemical approach Obst et al. (in press),
previously investigated the nucleation kinetics of calcite
mediated by S. leopoliensis under chemically well controlled
conditions similar to those used in the present study. The
authors observed that large calcite crystals only attached
to a rather small fraction of the cells. However, they did
not observe any indication for biological control of this
process or signiﬁcant inﬂuence of the photosynthetic activity on the nucleation kinetics of calcite on the cell surface.
Thus, the precipitation of calcite by S. leopoliensis PCC
7942 seemed to be in contrast to controlled precipitation
mechanisms whereby the microorganisms control the polymorph of the mineral phase (e.g. by an organic matrix acting as a template for nucleation), such as the composite
exoskeleton of coccolithophorids (Young et al., 1999),
foraminifera (Erez, 2003) or microbially controlled precipitation of calcium phosphate in the periplasm of Ramlibacter
tataouinensis (Benzerara et al., 2004a), However, transmission electron microscopy (TEM) observations of biogenic
calcite crystals precipitated by S. leopoliensis PCC 7942 suggested that some of these crystals nucleated on the cell surface and most likely within a thin layer of EPS, since
residues of these polymers were found on the crystal (see
e.g. Fig. 3 in Obst et al., 2005), but the function of the
EPS, and the beneﬁt of the cyanobacteria from the calciﬁcation of a small fraction of the cells remained unclear.
Using synchrotron-based soft X-ray spectromicroscopy,
in the present study the early stages of the CaCO3 precipitation were investigated in order to better understand the
associations of the diﬀerent reactive surfaces such as the cell
membranes and EPS with the diﬀerent Ca-species that were
present in the solutions. Based on a model developed in a
previous study of Obst et al. (in press), the average induction times of calcite nucleation for a given supersaturation
were determined and supersaturated cell suspensions were
sampled close to these induction periods. Special attention
was paid to the structure, crystallinity and homogeneity
of the ﬁrst precipitates. Furthermore we focused on the
inﬂuence of the EPS produced by S. leopoliensis, as extracellular polymers are known to inﬂuence the mineralogy
and morphology of CaCO3 precipitates in a variety of environments (Kawaguchi and Decho, 2002; Braissant et al.,
2003; Braissant et al., 2007).
Early stages of cyanobacterial biomineralization are
diﬃcult to investigate because of the small spatial scale
involved. Therefore we used soft X-ray scanning transmission X-ray microscopy (STXM), a synchrotron-based spec-
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tromicroscopy which combines the speciation capabilities
of near edge X-ray absorption ﬁne structure (NEXAFS)
spectroscopy with a spatial resolution in the order of
<25 nm. STXM does not require sectioning or staining.
Monochromatic soft X-rays are absorbed by the sample
at speciﬁc energies which represent the excitation of coreelectrons to unoccupied anti-bonding states. These excited
states have energies, intensities and linear dichroic properties characteristic of the chemical species being excited (Stoehr, 1996). Thus, STXM is capable of determining and
mapping various species of carbon such as the major biomolecules composing microorganisms, i.e. proteins which
have their highest abundance within the microbial cells or
polysaccharides which are the major component of EPS
(Dynes et al., 2006b), and to identify the Ca-species involved in the nucleation process such as Ca-containing mineral phases (Benzerara et al., 2004b). As a result, we
mapped at a spatial resolution of 30 nm the inorganic
species involved in the ﬁrst steps of cyanobacterial biomineralization processes and relate those to the major biomacromolecules such as protein, polysaccharide and lipid as a
function of environmental parameters.
2. MATERIALS AND METHODS
All solutions used in these experiments were prepared
from reagent grade chemicals (Sigma–Aldrich, Fluka) and
MilliporeTM deionized water.
2.1. Cell cultures
Planktonic cyanobacteria of the strain S. leopoliensis
PCC 7942 were cultured at three diﬀerent nutrient levels
which are referred to as culture medium Z (high nutrient
concentrations), Z/4 (medium) and Z/10 (low). These
culture media contained 59 mg L1 Ca(NO3)24H2O,
467 mg L1 NaNO3, 41 mg L1 K2HPO43H2O, 25 mg L1
MgSO47H2O or these concentrations divided by 4 or 10,
respectively. All media were buﬀered by 168 mg L1
NaHCO3 and contained 11.5 mg L1 Na–EDTA, 3 mg L1
FeSO47H2O, 248 lg L1 H3BO3, 135 lg L1 MnSO4H2O,
7.2 lg L1 (NH4)6Mo7O244H2O, 23.2 lg L1 ZnSO47H2O,
12 lg L1 Co(NO3)26H2O and 10.4 lg L1 CuSO45H2O.
No vitamin solution was added. Fluorescent lights provided
a permanent light intensity of 4 lE m2 s1. After the cultures were grown at room temperature (20 ± 2 °C) on a
shaker for 25 day (exponential growth phase) and 198 day
(stationary growth phase/death phase) periods the cyanobacteria were ﬁltered (pore size 0.2 lm).
2.2. CaCO3 nucleation experiments
The ﬁltered cyanobacteria were then gently re-suspended in NaHCO3/CaCl2 solutions supersaturated with
respect to calcite. For an overview of the experimental
conditions and sampling times see Table 1. The saturation
state X = IAP SP1 (where IAP is the ion activity product
and SP is the solubility product) and the initial pH were
calculated with PhreeqC Interactive (V2.13.2) using the
Wateq4F database and assuming equilibrium with

384 ppm atmospheric CO2. The suspensions were kept under illumination in centrifuge tubes. According to the
model of De Yoreo and Vekilov (2003) the induction time
of mineral nucleation is proportional to the third power of
the saturation index in the argument of an exponential.
The sampling times for the two diﬀerent Ca2+ concentrations were then chosen to be close to the induction time
of calcite nucleation which were calculated using a model
of the induction time based on the measurements of induction times in long-term nucleation experiments (Obst et al.,
in press).
2.3. Sample preparation for the STXM experiments
To investigate the inﬂuence of environmental parameters on mineral nucleation and precipitation mechanisms
we used a laboratory approach which allowed us to carefully control the experimental conditions. This allowed us
to eﬃciently analyze the inﬂuence of the growth conditions
of the bacteria and the culture age, the inﬂuence of supersaturation, and the temporal evolution of the precipitation
by varying one parameter while keeping the others constant. The acquisition of a full STXM dataset containing
image sequences of 4  4 lm2 areas at the C-1s and the
Ca-2p regions, both with approximately 150 energy steps,
with ﬁne spatial sampling (40 nm pixel sizes) takes up to
6 h including the sample selection and navigation. Because
of the limited time available at state-of-the-art STXM
beamlines, only small sample areas could be analyzed which
had to be chosen carefully by pre-screening the samples
with conventional optical microscopy and STXM mapping
as described below. As a ﬁrst but very important step, we
ensured that the analyzed samples were homogeneous and
representative. After the Ca-incubation all STXM samples
were prepared by deposition of 1–2 lL of the cell suspension onto Si3N4 windows (1  1 mm, thickness 100 nm on
a 200 lm thick Si chip, 5  5 mm, Norcada Inc., Edmonton, Canada). The droplet was then slowly moved by gravity across the window area where cells stuck to the surface.
When the droplet partially covered the window, the suspension was completely removed by capillary suction using a
ﬁlter paper in order to prevent precipitation artifacts from
drying. The sample was then air-dried within a few seconds
under the illumination of an optical microscope and analyzed in a dry state. All samples were previewed under the
optical microscope in order to choose representative areas
which could be compared systematically. In addition to
these representative areas we found one cell in the experiment under high nutrient concentrations, incubated for
12 h in 5.8 mM CaCl2 (9.3 times saturated), which was separated from the area of the droplet. Except for a small part,
this cell appeared to be stripped out of its loosely bound
EPS layer, which allowed us to investigate the interface between the cell and the CaCO3-rich EPS layer which normally would require sectioning of the sample.
2.4. Sample preparation for the FIB milled sections
As only a fraction of cells mediate the precipitation of
large crystals, conventional sample preparation methods
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Table 1
Overview of the experimental conditions in the diﬀerent CaCO3 precipitation experiments.
CaCl2 concentration
NaHCO3 concentration
Calcite saturation X
Initial pH

2.9 mM
1.4 mM
6.0
8.29

5.8 mM
1.4 mM
9.3
8.26

Sampling times techniques (nutrient conditions) (l, low; m, medium; h, high)
Precipitation experiment with cells in exponential phase,
sampling prior to the onset of calcite precipitation
(cultured 25 days)
Precipitation experiment with cells in exponential phase,
sampling after calcite precipitation (cultured 25 days)
Precipitation experiment with cells in stationary/death
phase (cultured 198 days)

52 h
STXM (l, h)
144 h
STXM (l, h)
52 h
(STXM) (l)

such as ultramicrotomy are not appropriate because the
presence of a cell–mineral interface on a section is unlikely.
Furthermore the embedding epoxy resins mask the C-1s
spectral information about the biochemical composition
of the sample. Therefore we prepared samples of cell–mineral interfaces by focused ion beam (FIB) milling which allowed for careful selection of the slice-plane. For this
experiment it was essential to ﬁnd early calcite precipitates
which nucleated on cyanobacterial cells. The onset of precipitation coincides with the onset of a pH drop and a drop
in electrical conductivity (Obst et al., 2005). Thus, we monitored the pH throughout the entire experiment in order to
sample the cell suspension at the peak of calcite precipitation which started after 43 h in the 6.7 times saturated solution. Aliquots of the cell/mineral suspensions were sampled
71 h after the start of the incubation and were vacuum ﬁltered using polycarbonate ﬁlters (Nucleopore, 0.2 lm pore
size). After rapid air-drying the samples were sputter coated
with platinum. After the selection of the slice plane, the area
of interest was covered with a thin platinum layer by electron beam assisted deposition followed by a micron-thick
layer of platinum by ion-beam assisted deposition. These
platinum layers were essential in order to protect the sensitive organic material from the milling ion beam. Ultrathin
sections of CaCO3 crystals attached to cyanobacteria were
then prepared by FIB milling using the lift out approach
and optimizing the ion current and milling sequence in order to reduce the ion-beam induced damage to the sidewalls
of the section (Obst et al., 2005). The ultrathin sections were
deposited on carbon coated 200 mesh copper TEM grids
using a micromanipulator.
2.5. STXM experiments
The samples were analyzed with the STXMs at the spectromicroscopy beamline 10ID-1 at the Canadian Light
Source (CLS), Saskatoon, SK, Canada (Kaznatcheev
et al., 2007), and STXM beamlines 5.3.2 (Kilcoyne et al.,
2003) and 11.0.2 (Bluhm et al., 2006) at the Advanced Light
Source (ALS), Berkeley, CA, USA. All beamlines were
operated at an energy resolving power E/DE P 3000. All
samples were analyzed in 1/3 atmosphere of He. Whereas
the energy scale of C-1s spectra could be calibrated by

12 h
STXM (l, m, h)
TEM (h)
n.a.
n.a.

measuring CO2 gas spectra before or after the measurements, the Ca-2p spectra were calibrated internally using
the main 2p1/2 ? 3d resonance peak at 352.6 eV (Benzerara
et al., 2004b).
Single-energy images at selected energies were recorded
for navigation. Image diﬀerence maps were used for chemical mapping over relatively large areas. The recorded transmission images were converted to optical density (OD,
absorbance) images, where OD = ln(I  I01), I is the
intensity at any pixel on the sample and I0 is the incident
intensity measured in an empty area adjacent to the sample.
Semi-quantitative protein maps were derived from the difference of OD images recorded at 288.2 eV (peak of the C
1s ! pC@o signal of protein) and 280 eV (prior to the onset
of C-1s absorption signal) and for calcium from the OD image diﬀerences at 352.6 eV (Ca2p1/2 ? Ca3d resonance) and
at 350.1 eV (in the dip between the 2p3/2 and 2p1/2 resonances). In order to obtain quantitative speciation maps,
image sequences (stacks) were recorded with a spectral sampling of 100 meV at the C-1s (280–320 eV) and 80 meV at
the Ca-2p (340–360 eV) edges in the spectral regions of
interest. The spatial resolution of the image sequences
was between 25 and 40 nm depending on the zone plate
used and the pixel spacing. At the undulator beamlines
(CLS 10ID1, ALS 11.0.2) all measurements were done with
circular polarized light in order to avoid linear dichroism
eﬀects of the carbonate minerals (Metzler et al., 2007).
After each image sequence an additional image was recorded at 289 eV in order to quantify X-ray beam-induced
radiation damage to polysaccharides which are the most
sensitive organic species in our samples (Dynes et al.,
2006a). No signiﬁcant radiation damage was observed during these measurements.
2.6. Reference compounds
In order to obtain NEXAFS reference spectra at the C1s and Ca-2p edges, standard components were dry (minerals) or wet deposited onto Si3N4 windows. Human serum
albumin was used as a reference compound for protein,
xanthan gum was used as a reference for polysaccharides,
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine as a lipid
standard. All organic compounds were obtained commer-
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cially (Sigma–Aldrich), except for human serum albumin,
(Behringwerke AG), and the lipid, (Avanti Polar Lipids).
Calcite, aragonite and vaterite were used as reference compounds for the calcium carbonates. The calcite (chips of a
large single crystal) was kindly provided by Dr. H.P. Schwarz (School of Geography and Earth Sciences, McMaster
University, Hamilton, ON, Canada). The aragonite (nacre
of an abalone shell which then was puriﬁed in order to remove any organic content) was kindly provided by Dr. J.
Rink (School of Geography and Earth Sciences, McMaster
University, Hamilton, ON, Canada). The vaterite was synthesized according to the method of Kralj et al. (1994) and
has previously been characterized by STXM (Benzerara
et al., 2004b). All reference samples were ground into a ﬁne
powder and dispersed on Si3N4 windows. Particles chosen
for detailed study were of a size to have a total optical density OD < 2 in the case of C-1s and <0.8 in the case of the
Ca-2p spectra in order to avoid potential spectral distortions associated with absorption saturation when thicker
regions are used. A Ca-species standard of Ca adsorbed
to the negatively charged polymers were prepared by adding CaCl2 (0.1 M) to a suspension of xanthan gum. The suspension was centrifuged, the supernatant decanted and the
xanthan gum was washed with deionized water in order to
remove all Ca2+ which was not adsorbed to the polymer.
This washing step was repeated three times. Another reference standard was prepared by adding S. leopoliensis to a
solution of CaCl2 without the addition of any bicarbonates.
This solution, which was highly undersaturated
(X << 103) with respect to any carbonate phases, was sampled 10 minutes after the addition of the cells. Spectra of the
Ca2+ adsorbed to the polymers were then extracted from
image sequences at the Ca-2p edge. At the same time it
was veriﬁed at the C-1s edge that the samples did not contain carbonate in order to make sure that the Ca2+-spectra
are representative for an adsorbed species. The results of
both approaches were similar. For the quantitative mapping the spectrum obtained from the S. leopoliensis EPS
was used. Furthermore a standard of dissolved CaCl2 was
measured (50 mM) in a sandwich of two Si3N4 windows
(i.e. wet cell) with a solution layer of 1 lm. All spectra
were normalized to an optical density appropriate for a
1 nm layer of the compound. Therefore the measured reference spectra were scaled to match the absorption in the preand post-edge regions predicted from the elemental composition, densities and tabulated atomic scattering factors
(Henke et al., 1993). Model spectra were set to an absolute
linear absorbance scale (OD per nm eﬀective thickness)
using aXis2000 (Hitchcock, 2008) and assuming the appropriate elemental ratios and densities for each individual
compound (organic compounds, dissolved and adsorbed
Ca2+ 1 g cm3, calcite 2.71 g cm3, aragonite 2.93 g cm3,
vaterite 2.66 g cm3, (Barthelmy, 2000)).
2.7. Data analysis and speciation mapping
Images and image sequences from the cell preparations
were analyzed using the aXis2000 software package
(Hitchcock, 2008). The image sequences were aligned
and converted to optical density scale OD. According to

Lambert Beer’s law the optical density is directly proportional to the amount of the individual compound in the
X-ray beam path, which allowed us to derive quantitative
maps of chemical species from our samples based on a
linear combination of the normalized NEXAFS spectra
of the individual compounds. Composition maps were
obtained by singular value decomposition (SVD) (Koprinarov et al., 2002) of the C-1s image sequences which were
ﬁt with the reference spectra for protein, polysaccharides,
lipids, carbonate and the spectrum of H2O which has no
spectral features at the C-1s edge. All reference spectra
were on a linear absorbance scale (per nm) so the gray
scales of each component map, which are constructed
from the SVD ﬁt coeﬃcients, give the eﬀective thickness
(in nm) of that component at each pixel, assuming the
density is the same as that in the reference compound.
This approach has been described previously by Dynes
et al. (2006a).
Because of the extremely sharp and intense Ca 2p-3d resonance peaks further data treatment was required at the
Ca-2p edge. In order to avoid problems with absorption
saturation (i.e. aﬀects quantiﬁcation by underestimating
it), the images within 0.3 eV of the energies of the two highest resonance peaks (349.3 and 352.6 eV) were removed
from the image sequence if the OD at the peak maximum
was higher than 1. The image sequences were then decomposed into their principal components (Lerotic et al., 2004)
using the principle component analysis algorithm written
by C. Jacobsen (V1.1, 1999) which is included in aXis2000.
Reference spectra of calcite, aragonite, vaterite, Ca2+ adsorbed to EPS and a calculated spectrum of organic carbon
‘‘CH2O” which has no spectral features at the Ca-2p edge
were used as target spectra and ﬁtted with the principle
components. The obtained ﬁts were then used as for the
SVD mapping as described earlier.
The precision (statistical ﬂuctuation) of the SVD ﬁtting
procedure has previously been estimated to be in the range
of few percent (Dynes et al., 2006b) and the accuracy is limited by systematic errors such as incorrect elemental compositions in the calibration of the reference spectra and a
potentially incorrect selection of model compounds for
the ﬁt, which is rather unlikely as described later.
2.8. X-ray diﬀraction measurements
Samples for X-ray diﬀraction measurements were prepared in the same way as those for STXM measurements.
As a last step, the Ca-incubated cell suspension was centrifuged and the supernatant was decanted carefully. The viscous wet cell paste was then deposited onto a quartz (Z/10
sample) or glass window (Z sample) which resulted in a
0.5 mm thick layer of cells in an area of 10 mm diameter. X-ray diﬀraction was measured with a Rigaku Rotaﬂex
equipped with a 3.2 kW CuKa source, located at the Geology Department of the University of Saskatchewan, Saskatoon. The angles were scanned from 20 to 60° at a speed of
2° min1. The dataset of the sample on the quartz window
is presented as raw data whereas the broad glass band between the angles 2h = 20  30° was subtracted from the
dataset of the sample on the glass slide.
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2.9. Transmission electron microscopy (TEM)
In order to prevent sample preparation artifacts in determining the mineralogy, whole cells were used for the electron diﬀraction experiment (for the experimental
conditions see Table 1). After incubation in the CaCl2/
NaHCO3 solution, lacey carbon coated Cu TEM grids were
dipped into the cell suspension. The resulting water droplet
was removed from beneath with a ﬁlter paper. The grids
were then rapidly dried and stored in a desiccator. As this
procedure does not preserve the cell internal ultrastructure
it was not used for structural investigations. However, the
procedure was optimized in order to minimize sample preparation artifacts aﬀecting the potentially sensitive layer of
calcium carbonate within the EPS layer around the cells;
other techniques such as chemical ﬁxation of the cells or
high pressure freezing followed by freeze substitution and
embedding in a resin involve either aqueous solvents which
could easily dissolve a thin amorphous CaCO3 phase or
organic solvents which could potentially aﬀect the polysaccharide-rich EPS layer.
The electron micrographs and electron diﬀraction
patterns were recorded with a Jeol 2010 (LaB6) at 200 kV
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located at the Physics Department of the University of Alberta, Edmonton. The instrument was equipped with an
AMT Hamamatsu CCD camera.
3. RESULTS
3.1. Identiﬁcation of involved Ca-species
FIB-milled thin sections of cell–mineral interfaces were
analyzed in order to identify all mineral phases involved
in biomineralization of calcite by S. leopoliensis. The use
of a dual-beam FIB for the preparation facilitated the selection of representative cells as the electron beam could be
used for prescreening large sample areas without destroying
the areas of interest. Ultrathin sections were prepared from
S. leopoliensis cells with one or several small CaCO3 crystals
of diﬀerent sizes attached (Fig. 1, lower image). These sections were analyzed by STXM. The extracted Ca-2p spectra
were compared to the spectra of several Ca-containing reference compounds (Fig. 1, left) such as calcite, aragonite,
vaterite, Ca-hydroxyapatite, dissolved Ca2+ (from CaCl2
solutions), and Ca2+ adsorbed to extracellular polymers
such as xanthan gum and the polymers produced by

Fig. 1. (Lower right) STXM image of a focused ion beam milled ultrathin section (scale bar 1 lm); (inset) an enlarged section of this image
(scale bar 200 nm). (Upper right) average of an image stack across the Ca-2p edge of a Synechococcus cell (scale bar 500 nm) with CaCO3
attached (j). This cell was analyzed and presented in detail in Figs. 3 and 4. (Left) Ca-2p spectra of (a) calcite, (b) aragonite, (c) vaterite, (d)
Ca-hydroxyapatite, (e) dissolved Ca2+ from CaCl2 and (f) Ca2+ adsorbed to EPS. Spectra extracted from an image sequence at the locations
indicated by the letters on the insert of the enlarged section of the lower image and the upper image. The spectrum of the large crystal (g)
matches that of calcite, whereas the spectrum of the medium crystal (h) is similar to that of aragonite, overlaid by the spectrum of Ca2+
adsorbed to EPS. The spectrum of a non-crystalline hot spot of Ca (i) was similar to the spectra extracted from Ca2+ adsorbed to EPS.
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S. leopoliensis (for the energies of the resonance peak positions see Table 2). The larger particle (Fig. 1g, diameter
>300 nm) clearly showed the spectral signature of calcite
with its characteristic 4-peak structure (348.0, 349.3, 351.3
and 352.6 eV), the smaller CaCO3 rich particle in the center
of the enlarged section (Fig. 1h) showed a composite of an
aragonite-like spectrum with the two major peaks at 349.3
and 352.6 eV and a spectrum of Ca adsorbed to the EPS
of S. leopoliensis (see spectra b and f in Fig. 1). Another
hot spot of Ca (Fig. 1i), which did not show the speciﬁc
1s ! pC@o carbonate resonance peak at 290.3 eV, showed
Ca-2p spectra similar to those measured from Ca2+ adsorbed onto EPS produced by S. leopoliensis and xanthan
gum. Analyzing NEXAFS spectra of FIB-milled thin sections, it has to be considered that a thin layer (few to several
tens of nm) at each sidewall of the section is potentially affected by the ion beam, which could result in a partial
amorphization of a mineral sample (Lee et al., 2007). The
thickness of the aﬀected layer can be reduced by optimizing
the FIB-milling procedure (Obst et al., 2005).
The spectral signatures of aragonite (b) with the characteristic split peak at 351.4 eV and a series of small pre-edge
peaks were found and extracted from samples of intact
cyanobacterial cells (Fig. 1j). Based on the similar shortrange order as determined from NEXAFS spectroscopy
from here on we refer to this biogenic CaCO3-phase precipitated by the cyanobacteria as aragonite-like CaCO3.
Initially combinations of calcite, aragonite, Ca2+ adsorbed and vaterite spectra were included in the SVD mapping procedure. However, when vaterite was used it
resulted in negative ﬁts in all cases, which indicates that
the composition model was over-parameterized. Vaterite
and aragonite spectra were then individually removed from
the composition model which resulted in lower standard
deviations of the ﬁts when aragonite was included and vaterite excluded compared to the case when vaterite was included and aragonite excluded. This led us to conclude
that the analyzed samples did not contain signiﬁcant
amounts of vaterite-like CaCO3. Therefore the vaterite
spectrum was not included for the ﬁnal quantitative mapping. All samples investigated contained spectral signatures
of aragonite and Ca2+ adsorbed to EPS. As expected from
the experimental setup, calcite was only found in the FIBprepared samples which were taken after extended incubation times (e.g. 71 h in the example presented in Fig. 1).
Calcite was included in the ﬁnal SVD analysis where applicable, i.e. when signiﬁcant fractions of calcite signal were
found in the sample, and it was removed from the ﬁnal ﬁt

when calcite was not found in order to avoid negative ﬁts
of an insigniﬁcant component with an over-parameterized
model.
3.2. Characterization of the whole-cell samples
The sample preparation procedure of wet deposition followed by complete removal of the solution resulted in a relatively homogeneous distribution of S. leopoliensis PCC
7942 cells on the surface of the Si3N4 membranes (e.g.
Fig. 2a) in the area where the droplet was left at the time
the solution was removed. Protein- (Fig. 2b) and Ca-maps
(Fig. 2c) of relatively large areas were then obtained by
STXM in order to identify representative single cyanobacteria for detailed analysis (e.g. as indicated by the boxes
in Fig. 2b and c).
In order to investigate the very ﬁrst stages of CaCO3
precipitation, samples for whole-cell experiments were taken close to the calculated induction time for calcite nucleation and deposited on Si3N4 windows. Single planktonic
cells were analyzed at both the C-1s and Ca-2p edges. In order to biochemically characterize the CaCO3 nucleation
sites, carbon maps of the most abundant organic components were derived from the C-1s image sequences (see for
example Fig. 3a). The central part of the cell is mainly composed of protein, but also contains polysaccharides and lipids. The strong background absorption is caused by
hydration water and inorganic components of the cell.
The cell is surrounded by a layer of strongly bound EPS
which contains mainly polysaccharides followed by lipids
and a small amount of proteins.
The carbon species maps were compared and correlated
to the Ca-speciation maps (see Fig. 3b). Unlike all other
cells which had been chosen to be representative, the cell
displayed in Fig. 3a and b was found far outside the area
where the droplet was left after the water was removed from
the Si3N4 window during sample preparation. The cell
shown here was exposed to shear stress and the loosely
bound EPS was stripped oﬀ except for the lower right area
where an 200 nm thick piece of the CaCO3-rich, weakly
bound EPS layer remained at the surface. This cell showed
particularly well the association of the aragonite-like
CaCO3 layer with the polysaccharide-rich polymer (compare polysaccharide map and map of aragonite-like CaCO3
in Fig. 3a with the Ca-species maps of aragonite-like
CaCO3 and adsorbed Ca2+ in Fig. 3b), and a lipid- and
polysaccharide-rich compound mainly at the interface between the aragonite-like CaCO3 and the cell itself. The spa-

Table 2
Energies (eV) of the peak centers of Ca-2p signals from selected Ca-species (±0.1 eV).
Calcite

Aragonite

Vaterite

Ca-hydroxyapatite

Dissolved Ca2+

346.9
347.4
348

347.2
347.7
348
348.5
349.3
351.4
352.6

347
347.3
348.1
348.6
349.2
351.4
352.6

347.2
347.7
348.4
348.7
349.4
351.6
352.6

347
347.6
348.1

349.3
351.3
352.6

349.2
351.4
352.6

Adsorbed Ca2+

348.2
348.7
349.3
351.5
352.6
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3.3. Inﬂuence of nutrient conditions on CaCO3 nucleation

Fig. 2. Overview of a typical STXM sample. (a) Visual darkﬁeldimage of the whole Si3N4-window with attached cyanobacteria
(scale bar 100 lm). The box in (a) indicates the position of the
protein map (b) and the Ca-map (c) which were obtained from
STXM image diﬀerences at speciﬁc energies (scale bars 10 lm). The
boxes in (b) and (c) indicate the cell which was analyzed in detail by
acquiring image-stacks at the C-1s (Fig. 3a) and Ca-2p edges
(Fig. 3b).

tial arrangement and the dimensions of the extracellular
polymers however might be aﬀected by the sample
preparation.

Fig. 4 shows a systematic comparison of color composite component maps of Ca-species (spectroscopically identiﬁed as aragonite-like CaCO3 (green) and adsorbed Ca2+
(blue)) for cells grown under low (Z/10), medium (Z/4)
and high (Z) nutrient concentrations and incubated under
a Ca-concentration of 5.8 mM for 12 h. The right hand
panels of Fig. 4 display species proﬁles across the cells averaged over the areas indicated by the dotted lines in the color
maps. Ca2+ is adsorbed onto EPS in similar amounts for all
three treatments, with a slightly decreasing tendency
(92 ± 6, 85 ± 5 and 68 ± 7 nm at the cell center ±150 nm
for cells cultured in Z/10, Z/4, Z media, respectively),
whereas the amount of the aragonite-like CaCO3 increases
with increasing nutrient concentration (46 ± 6, 86 ± 9 and
140 ± 5 nm at the cell center ±150 nm). Furthermore both
the adsorbed Ca2+ and the aragonite-like CaCO3 extend
further from the cell in the case of high nutrient concentrations. This was most obvious in the projected average proﬁles of the Ca-species as a function of distance from the
projected cell center. Quite noticeable in the projection proﬁles in Fig. 4 is a rim of the aragonite-like CaCO3 around
the cells which was most pronounced in the experiment with
cells cultured under high nutrient concentrations.
Although Ca-2p NEXAFS spectroscopy clearly indicated the presence of a CaCO3 phase with aragonite-like
short-range order, it was not possible to recognize this layer
morphologically or to detect nano-crystals within the EPS
layer by scanning electron microscopy (SEM) or scanning
transmission electron microscopy (data not shown). The
presence of the aragonite-like CaCO3 was however conﬁrmed independently (e.g. Fig. 3a) by analyzing the near
edge ﬁne structure of C-1s edges, which showed the characteristic peak of the carbonate 1s ! pC@o transition at
290.3 eV (Benzerara et al., 2004b). Since absorbance (OD)
is linearly correlated with amount, the speciation maps derived from the C-1s and the Ca-2p edges are quantitative
and thus the projection proﬁles give eﬀective thickness of
each component in nm. The amounts of CaCO3 derived
from the C-1s and the Ca-2p edges were similar; any deviations in amounts in any region were normally <50%, with
larger deviations in thick areas where the carbonate peak in
the C-1s spectra might be saturated. In most areas the deviation was <25%.
Although less visible, careful inspection of the Ca-2p
speciation maps revealed small, needle-like structures in
the aragonite maps for the experiment with cells cultured
under low nutrient conditions (X = 9, Table 1). In order
to make these structures more visible, an image was taken
right at the resonance peak of the Ca2p-L3 transition at
352.6 eV (Fig. 5). According to the Ca-2p component maps
(Fig. 4a), these needles consisted mostly of aragonite-like
CaCO3, associated with some adsorbed Ca2+. These needles
were closely associated with, but extended from the aragonite-like rim which was bound to the cell surface. The eﬀective thicknesses of the needles of aragonite-like CaCO3
derived from the Ca-2p map was similar (±30%) to the
eﬀective thicknesses derived from the C-1s maps (not
shown). The eﬀective thickness measurements were also
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Fig. 3. (a) Carbon speciation maps of a S. leopoliensis PCC 7942 cell derived from singular value decomposition of a STXM image sequence
at the C-1s edge using spectra of pure reference compounds (scale bars 500 nm). All gray scale maps are quantitative and presented on a
eﬀective thickness gray scale in nm. Each map shows the sum amount of the individual species as a function of the position and represents a
2D projections of the 3D objects. The protein map represents the cyanobacterial cell, which is surrounded by an EPS layer that is dominated
by large amounts of polysaccharides and smaller amounts of lipids. Parts of the EPS of this cell were ripped oﬀ due to shear stress during
sample preparation, so that only the more strongly bound fraction of the EPS embedds the cell homogeneously. Only at a small fraction of the
cell, the loosely bound EPS (polysaccharides and lipids) and the embedded part of the aragonite-like CaCO3 layer remained on the cell surface
(lower right corner). The background-map is ﬁtted by a spectrum that does not show any spectral features at the C-1s edge and therefore
represents all elements absorbing in the pre-edge of C-1s. The color overlays are presented with individually rescaled red, green and blue
channels in order to show the spatial correlation of the individual components. (b) Calcium speciation maps of a S. leopoliensis PCC 7942 cell
derived from singular value decomposition of a STXM image sequence at the Ca-2p edge using spectra of pure reference compounds (scale
bars 500 nm). Parts of the EPS and the Ca2+ adsorbed to this fraction of the polymer were ripped oﬀ due to shear stress during sample
preparation. At one spot the loosely bound EPS and the embedded aragonite-like CaCO3 layer remained on the cell surface. This facilitated
the extraction of the spectra of the individual species since the compounds were spatially separated. The cell-map represents all elements
absorbing in the pre-edge of Ca-2p, which in this case is mainly carbon. All gray scale maps are quantitative and presented on eﬀective
thickness scale in nm. The red, green and blue channels of the color overlay are rescaled individually.

consistent with the lateral dimensions of the needles, which
were in the range of 40–100 nm (Fig. 5), a dimension which
includes both the aragonite-like CaCO3 and the adsorbed
Ca-species. Considering the pixel size of 40  40 nm2 in this
experiment and the spot size of the X-ray beam (30 nm) the
absorption of objects smaller than the actual spot size can
be slightly underestimated. Thus, we expect the real thickness of the needles of aragonite-like CaCO3 to be in the
range of 20–50 nm, associated with an equal amount of

the adsorbed Ca2+ species in the EPS. Similar structures
were not observed at other sampling times or diﬀerent sample treatments.
After 52 h of incubation under a Ca-concentration of
2.9 mM, cells were surrounded by lower amounts of both
Ca2+ adsorbed to EPS and aragonite-like CaCO3
(Fig. 6a–d). Whereas the amount of Ca2+ adsorbed to
EPS increased only slightly with increasing nutrient concentration (31 ± 4, Fig. 6a, and 52 ± 6 nm, Fig. 6c, for cells
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Fig. 4. (Left) Ca-speciation maps of aragonite-like CaCO3 (green) and Ca2+ adsorbed to EPS (blue) of cells grown under low (a), medium (c),
and high nutrient concentrations (e). All cells were incubated for 12 h in 5.8 mM Ca2+. (Scale bars 500 nm) (Right) Intensity proﬁles (b, d and
f) extracted from the areas marked with dotted lines and present average projection proﬁles across the individual cells.

cultured in Z/10 and Z media, respectively), the amount of
aragonite-like CaCO3 increased signiﬁcantly from 17 ± 3 to
77 ± 8 nm at the cell center ±150 nm). The Ca-rich rim
around the cell in the projection image was dominated by
adsorbed Ca2+ in contrast to the experiment at a Ca-concentration of 5.8 mM where the rim was observed in the
maps of aragonite-like CaCO3. In the experiment with a
Ca2+ concentrations of 2.9 mM the distribution of aragonite-like CaCO3 was inhomogeneous and patchy in the case
of the low-nutrient cultures (Fig. 6a) whereas it was more
homogeneous in the case of the high nutrient cultures
(Fig. 6c). In both cases the aragonite-like CaCO3 seemed
to originate very close to the cell surface.
The same experiment was repeated after 144 h of incubation in the NaHCO3/CaCl2-solution (Fig. 6e–h). Compared to the 52 h incubation, the amount of Ca2+
adsorbed to the EPS was signiﬁcantly reduced for cells cultured under both low and high nutrient concentrations
(13 ± 2 and 7 ± 1 nm at the cell center ±150 nm). The dis-

tribution of the adsorbed Ca2+ species was inhomogeneous
in both cases. Moreover, aragonite-like CaCO3 was absent
in cultures at low and high nutrient concentrations in the
144 h incubations (both <1 nm at the cell center).
Whereas all the results described so far were obtained
from cells harvested at the exponential growth phase, the
results presented in Fig. 6i–o were obtained from cells cultured in low nutrient culture medium (Z/10) for an extended period of 198 days, which represents the end of
the stationary growth phase and beginning of the death
phase. The adsorption of Ca2+ and the nucleation of aragonite-like CaCO3 were heterogeneous at the single cell and at
the intercellular level. The amounts of Ca2+adsorbed to
EPS was smaller on average (5 ± 1, 6 ± 1, 14 ± 5, 24 ± 2,
23 ± 1, 19 ± 2 and 30 ± 2 nm at the cell center ±150 nm)
compared to the experiment with cells in the exponential
phase (30 ± 5 nm at cell center). The amounts of aragonite-like CaCO3 (1.2 ± 0.6, 1.2 ± 0.6, 6 ± 3, 1 ± 1,
0.8 ± 0.8, 1.6 ± 1, 4 ± 2 at the cell center ±150 nm) were
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Fig. 5. Ca-2p image of a cyanobacterial cell surrounded by needlelike structures. This image was acquired at the Ca L2 resonance
peak at 352.6 eV and converted to OD. In order to enhance the
visibility of the needle-like structures, the grayscale was limited to
1.5 OD units which saturates the display in the central part of the
image marked by the dashed line (scale bar 1 lm).

signiﬁcantly smaller compared to the experiment with cells
in the exponential growth phase (17 ± 3 nm at the cell center ±150 nm).
3.4. Crystallinity of the precipitates
No peak was observed by XRD measurements on samples of cyanobacteria cultured under low (Z/10) nor high
(Z) nutrient concentrations, indicating that the samples
were amorphous in bulk X-ray diﬀraction (see Electronic
annex EA-1). When the sample was analyzed using selected
area electron diﬀraction in a TEM (see EA-2), some areas
of the cell exhibited a very weak diﬀraction pattern which
indicated well-crystallized grains. However the CaCO3
layer with aragonite-like short-range order showed only a
broad ring structure characteristic for an amorphous or
poorly crystallized CaCO3.
4. DISCUSSION

eral phases like the three most common polymorphs of
CaCO3, vaterite (O coordination number 6), aragonite (O
coordination number 9) and calcite (O coordination number 6) (Doyle et al., 2004). A more detailed spectro-microscopical characterization of Ca-containing minerals by
STXM has shown that they are unambiguously identiﬁed
by their Ca-2p spectra (Benzerara et al., 2004b).
Weiner et al. (2003) recommended the combination of
Raman and EXAFS spectroscopy for investigations of
amorphous CaCO3 precursor phases. The chemical sensitivity of this combination is excellent and EXAFS provides
information on the short-range order within the amorphous
mineral phase. However, due to a relatively poor spatial
resolution, this combination is not capable of investigating
cyanobacterial CaCO3 biomineralization of individual cells
for which a spatial resolution in the sub 100 nm range is
essential. Gradients and chemical microenvironments
around planktonic cells are also very diﬃcult to investigate
with more conventional techniques such as confocal laser
scanning microscopy (CLSM) because its resolution is at
best 250 nm lateral and 700 nm vertical (Neu and Lawrence, 2005). TEM oﬀers the required spatial resolution for
this investigation, but has limited speciation capabilities
and standard sample preparation steps produce artifacts
leading for example to an underestimation of EPS surrounding the bacteria (Hunter et al., 2008). Moreover, uranyl-acetate and lead-citrate solutions, which are the most
common stains used for contrasting ultrathin sections of
biological samples, rapidly dissolve CaCO3 precipitates tens
of nm in size.
Thus, STXM is ideally suited for investigating (i) the
organochemical composition of the nucleation sites of the
biogenic CaCO3 precipitates and (ii) both the adsorbed
and carbonate Ca-species involved in the early stages of calcite precipitation by S. leopoliensis PCC 7942 and in particular to analyze the involvement of potential precursor
phases in the nucleation process. In particular spectromicroscopy using STXM has the advantage of a very high
spatial resolution (currently 25 nm) which is the same spatial scale as critical mineral nuclei which are typically in the
range of 1–100 nm (De Yoreo and Vekilov, 2003). STXM
furthermore has the advantage of reduced radiation damage compared to TEM electron energy loss spectroscopy
(Hitchcock et al., 2008).

4.1. Suitability of STXM for the characterization of
cyanobacterial calciﬁcation

4.2. Characterization of the CaCO3 with respect to its
structure

STXM combines the chemical speciation sensitivity of
NEXAFS spectroscopy with high spatial resolution and
has been shown to be capable of mapping the biochemical
composition of bacteria and bioﬁlms at a subcellular scale
(Benzerara et al., 2006, 2004b; Bluhm et al., 2006; Dynes
et al., 2006a,b). It has been demonstrated that the near edge
ﬁne structure of the Ca-2p absorption-edge is strongly
dependent on ﬁrst shell coordination and the detailed structure surrounding the Ca2+ ion, in particular the crystal ﬁeld
(de Groot et al., 1990; Himpsel et al., 1991; Naftel et al.,
2001; for a review see de Groot, 2005). The Ca-2p edge
has been used recently to characterize Ca-containing min-

Each of the spectromicroscopic datasets consisted of
several thousands of NEXAFS spectra (one per pixel of
the analyzed area). These spectra represent the sum of the
spectral contributions of all the individual chemical species
that are present at this spot of the sample. The speciation
maps (Figs. 3, 4 and 6) were the result of the quantitative
statistical analysis of these datasets.
NEXAFS spectra that were extracted of the CaCO3
layer closely attached to the cell surface (see Figs. 1j, 3b
and 4) and associated with a dense layer of polysaccharide-rich polymer embedding the cells was very similar to
that of aragonite (Fig. 1b) and could clearly be diﬀerenti-
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Fig. 6. (Left) Ca-speciation maps of aragonite-like CaCO3 (green) and Ca2+ adsorbed to EPS (blue) of cells grown under low (a and e), high
nutrient concentrations (c and g). After cultivation the cells were incubated for 52 h (a and c) and 144 h (e and g) in 2.9 mM Ca2+. The 52 h
represented the induction time for calcite nucleation, whereas the 144 h represented a time period wherein calcite precipitation was advanced.
Intensity proﬁles (b, d, f and h) were extracted from the areas marked with dotted lines and present average projection proﬁles across the
individual cells. (Right: i, m) Two examples of Ca-speciation maps of aragonite-like CaCO3 (green) and Ca2+ adsorbed to EPS (blue) of cells
grown under low nutrient concentrations and harvested at the end of the constant phase (198 days). After cultivation for 198 days, the cells
were incubated for 52 h in 2.9 mM Ca2+. Intensity proﬁles (k, l, n and o) were extracted from the areas marked with dotted lines and present
average projection proﬁles across the individual cells. (all scale bars 500 nm).

ated from all other Ca-species such as aqueous Ca2+
(Fig. 1e), Ca2+ adsorbed to EPS (Fig. 1f), and from crystalline phases of vaterite (Fig. 1c), calcite (Fig. 1a) and Cahydroxyapatite (Fig. 1d). Based on its spectroscopic signature the short-range order of the CaCO3-layer was therefore
identiﬁed to be aragonite-like.
We observed the nucleation of this aragonite-like
CaCO3 layer on all of our samples where there were viable
cells prior to the onset of calcite precipitation. In contrast

to this very homogeneous nucleation of the aragonite-like
CaCO3 polymorph, calcite precipitated on a fraction of
the cyanobacteria only. The Ca-2p NEXAFS ﬁngerprint
of four FIB-milled ultra-thin sections of CaCO3 crystals
>300 nm precipitated by S. leopoliensis PCC 7942 cyanobacteria indicated that these crystals were solely composed
of calcite (Fig. 1g and a). All crystals larger than 300 nm
had the calcite signature and no signiﬁcant amounts of
other mineral phases were observed for crystals of this size
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range. This is consistent with observations of previous studies of the same strain wherein crystals were analyzed by
electron microscopy (Obst et al., 2005) and a number of
environmental studies where Synechococcus strains were
observed to be responsible for larger scale calcite precipitation, so-called whiting events (Thompson et al., 1997).
The CaCO3 around the cells (Fig. 1j) and the smaller
areas containing CaCO3 in the FIB sections (Fig. 1h) of this
study had the spectral ﬁngerprint of aragonite (Fig. 1b).
The latter is likely to be a tangential section of a Synechococcus cell. Another particle on the same sample which
was previously mapped as a hot spot of Ca did not show
the typical carbonate peak at 290.3 eV. The spectral signature at the Ca-2p edge was very similar to those obtained
from Ca2+ adsorbed to polysaccharides. The presence of
these three Ca-species in the same sample coincides with
the fact that this sample was collected close to the induction
time when precipitation of calcite is starting.
Our study indicates that either the aragonite-like CaCO3
layer or the interface between the negatively charged polymers and the solution outside the carbonate layer might act
as the template for calcite nucleation. Further investigations of cell–mineral interfaces are necessary in order to
identify where exactly the calcite nuclei originate with respect to the aragonite-like CaCO3 rich layer. However, it
is clear that the aragonite-like CaCO3-layer is a transient
precursor phase of the subsequent calcite precipitation.
Thus, the precipitation of calcite which results in large crystals (microns and tens of microns size) seemed unlikely to
be controlled by S. leopoliensis (Obst et al., in press).
Under our experimental conditions, the aragonite polymorph is thermodynamically less favorable and the supersaturation with respect to aragonite signiﬁcantly lower
compared to calcite (Plummer and Busenberg, 1982). In
principle calcite precipitation can be kinetically inhibited,
e.g. by the presence of phosphates (Dove and Hochella,
1993; Hartley et al., 1995; Rodriguez-Navarro et al.,
2003), by Mg2+ which is a major inhibitor of calcite precipitation in seawater (Zuddas and Mucci, 1994; Zhang and
Dawe, 2000), or by organic compounds (Lebron and Suarez, 1998; Zuddas et al., 2003; Bosak and Newman, 2005).
Since neither phosphates nor Mg2+ were present in the precipitation experiments of this STXM study, the occurrence
of a precursor phase with aragonite-like short-range order
suggests a strong inﬂuence of organic compounds, speciﬁcally the composition, structure and concentration of the
bacterial EPS on mineral nucleation and precipitation.
Similar to the results of this study, bacterial control of
crystal structure could also explain the observations of Lopez-Garcia et al. (2005) who observed aragonite nano-crystals in the size range of a few tens of nm closely associated
with bacteria in a study of CaCO3 microbialites precipitated
in a hypersaline lake; these authors also observed inorganically precipitated calcite. Furthermore, our results are in
keeping with those of Braissant et al. (2003) who observed
that puriﬁed EPS inﬂuenced the crystal structure and morphology in a study of CaCO3 precipitation in terrestrial
environments. Particularly at high concentrations of
xanthan EPS the authors measured a preferential precipitation of vaterite compared to calcite in the presence of sev-

eral L-amino acids. A strong inﬂuence on CaCO3
precipitation by interactions of EPS with Ca2+-ions has
also been suggested for sulfate-reducing bacteria which
have been shown to produce large amounts of EPS (Braissant et al., 2007).
Thus, the results of the present study clearly indicate
that the extracellular polymers of S. leopoliensis PCC
7942 favor an aragonite-like short-range coordination of
the precipitated phase and accelerate the nucleation and
precipitation kinetics compared to the subsequent precipitation of the thermodynamically stable calcite.
4.3. Characterization of the aragonite-like CaCO3 layer with
respect to its crystallinity
The aragonite-like CaCO3 layer precipitated on the surface of the S. leopoliensis PCC 7942 was rather thin and
homogeneous. As explained in more detail in the following
section, based on X-ray (EA-1) and electron diﬀraction
data (EA-2), the aragonite-like CaCO3 could be either truly
amorphous or nano-crystalline; in either case it would fall
into the category ‘‘amorphous calcium carbonate” based
on the deﬁnition of this term by Addadi et al. (2003):
ACC are CaCO3 polymorphs which are isotropic in polarized light and do not diﬀract X-rays. However, Addadi
et al. (2003) already stated that this term might not be speciﬁc enough as it has been shown that short-range order can
exist in the coordination environment of ACC and it can be
similar to crystalline forms like calcite or aragonite (Becker
et al., 2003; Weiner et al., 2003; Lam et al., 2007).
Aragonite-like CaCO3 with a crystal-like habit was only
observed in the experiment with cells cultured under low
nutrient conditions. Whereas the vast majority of the aragonite-like CaCO3 was located within the EPS layer surrounding the bacteria and followed the shape of the
bacterial surface, small needle-like structures extruded from
this layer (Fig. 5). Based on the quantitative maps, the eﬀective thicknesses of both aragonite-like CaCO3 and the adsorbed Ca2+-species (Fig. 4a) were determined to be 5–
20 nm for each species with a small majority on the side
of aragonite-like CaCO3 for the same area.
No crystallized phase was observed by TEM or XRD in
the experiments with cells grown under medium and high
nutrient concentrations (e.g. Fig. 4c–f), where cells produced larger amounts of EPS (Obst and Dittrich, 2005)
or under lower supersaturation (e.g. Fig. 6a–d). Furthermore the precipitated amount of aragonite-like CaCO3
within the EPS increased with increasing nutrient concentration (Fig. 4) and decreased with lower supersaturation
(Fig. 6a–d). Also it is noticeable that the aragonite-like
CaCO3 is concentrated in a small envelope around the cell
surface which, in projection, results in a halo around the
cell. This can be observed particularly well in Fig. 4a and
e and the corresponding cross-sections (Fig. 4b and f).
The halo indicates that the aragonite-like CaCO3 is at a
higher concentration in closely bound EPS (capsular-like),
whereas the adsorbed species is found on both the closely
bound and the weakly bound EPS which spreads out from
the cell surface. In contrast to the strong inﬂuence of the
nutrient concentration on the nucleation of aragonite-like
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CaCO3, cells grown under low nutrient concentrations adsorb similar amounts of Ca2+ as cells grown under medium
nutrient concentrations, and both adsorb only slightly more
than cells grown under high nutrient concentrations. Therefore, the diﬀerence in the amount of precipitation of aragonite-like CaCO3 can not be explained simply by a diﬀerence
in charge density resulting in lower concentrations of Ca2+
within the EPS. In combination, these results suggest that
the amount, organochemical composition and structure of
the closely bound EPS strongly inﬂuence or even control
the stabilization of the aragonite-like CaCO3.
In a bulk X-ray diﬀraction experiment with a conventional CuKa X-ray source this cyanobacterially precipitated
CaCO3 did not show any signiﬁcant diﬀraction peaks (see
EA-1). This is in contrast but not in contradiction to the results of Rodriguez-Blanco et al. (2008) who recorded XRD
patterns of abiotically precipitated amorphous calcium carbonate (ACC) and observed broad, diﬀuse maxima with a
height of about ﬁve times the background noise level. This
could mean that the biogenically precipitated, aragonitelike CaCO3 in this study has less intermediate and longrange order compared to the abiotically precipitated phase
in their study. However, it has to be considered that X-ray
diﬀraction without spatial resolution is not particularly sensitive and rather large amounts of material are required to
obtain detectable diﬀraction signals. Some researchers even
claimed that a minimum crystal size in the order of tens of
nanometers is required to detect a diﬀraction pattern using
this technique (Lowenstam and Weiner, 1989). Selected
area electron diﬀraction using TEM is more sensitive, particularly when dealing with small amounts of material and
small crystals. When single cyanobacteria cells were analyzed in the TEM (EA-2), most of the cell area showed
rather weak and very broad ring-like structures in diﬀraction mode, which is characteristic of amorphous material.
This is in agreement with the results of Rodriguez-Blanco
et al. (2008) who observed similar ring structures in the
TEM-SAED analysis of single ACC globules (diameter
100–200 nm) which were precipitated abiotically from solution. When they exposed these globules to the electron
beam for several minutes, they could induce crystallization
and the formation of a more ordered structure. According
to their interpretation this was caused by the loss of hydration water of the ACC. Similar eﬀects were observed by
(Politi et al., 2007) when they exposed the ACC to an electron beam. In contrast, in our study formation of a more
ordered structure was not observed. A potential explanation for the diﬀerence could be that in our study the formation of long-range order could have been suppressed by the
EPS matrix wherein the amorphous, aragonite-like CaCO3
precipitated.
The nucleation of the amorphous aragonite-like CaCO3
was found to be much more homogeneous and widespread
compared to the subsequent nucleation of calcite (Obst
et al., 2005, 2006): amorphous aragonite-like CaCO3 was
found on every cell which indicates that S. leopoliensis
PCC 7942 mediated the precipitation, whereas calcite was
found only on a small fraction of cells and usually appeared
in lm-sized crystals. The latter result was consistent with
earlier studies of the kinetics of calcite nucleation by the
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S. leopoliensis PCC 7942 which indicated that calcite nucleation was independent of photosynthesis and active ion
transport mechanisms across the cell membrane, but rather
related to the surface properties of the cells which facilitated
calcite nucleation by reducing the interfacial free energy of
the calcite nuclei (Obst et al., in press).
The eﬀective thickness of the aragonite-like CaCO3 layer
surrounding the bacteria was larger at the time of the onset,
but almost negligible after calcite precipitation took place
(Fig. 6e–h). This supports the idea that the amorphous aragonite-like CaCO3 that formed within the EPS of S. leopoliensis PCC 7942 is a metastable phase which rapidly
dissolves once the solution is undersaturated with respect
to aragonite but in equilibrium with calcite.
Whereas it has been reported that almost all biogenic
ACC deposits have signiﬁcant amounts of magnesium or
phosphorous incorporated (Weiner et al., 2003), our experimental results, which use synthetic solutions of CaCl2 and
NaHCO3 without magnesium and phosphates, indicate that
ACC can be eﬃciently stabilized by purely organic
biomacromolecules.
4.4. Bacterially inﬂuenced precipitation of amorphous,
aragonite-like CaCO3 as a protection mechanism against
calcite formation
Although these results show unambiguously that S. leopoliensis PCC 7942 strongly inﬂuences the nucleation of
CaCO3, the evolutionary beneﬁt for the cyanobacteria remains unclear. From a thermodynamic point of view the
precipitation of calcite is favored as it is the most stable
polymorph of CaCO3. However, from the bacteria’s perspective the formation of large calcite crystals attached to
the cell envelope is unfavorable. The crystals would cause
the cells to lose their buoyancy and thus gravity would remove them from the euphotic zone in their natural environment. Natural environments such as lakes and rivers, where
planktonic cyanobacteria occur and limestone is abundant
in the catchment areas, are often supersaturated with respect to CaCO3 in summertime. Carbonate precipitation
in so-called whiting events has often been observed during
blooms of cyanobacteria, and particularly in oligotrophic
environments where they often dominate the primary production (Thompson et al., 1997). These authors also state
that these whiting events are responsible for the formation
of most of the <5 lm sized suspended carbonate sediments
in alkaline lake and marine environments, where the mineralogy is diﬀerent because of the high Mg:Ca ratios of 5 in
seawater. The bacterial cell wall is negatively charged and
often collects essential ions such as Ca2+ and Mg2+ or
immobilizes toxic ions such as Hg2+, Cu2+ or Cd2+ and prevents them from entering the cells (Beveridge, 1988). At the
same time, the attraction of bivalent ions increases supersaturation with respect to mineral phases and therefore
the risk of potentially fatal uncontrolled growth of precipitates on the cell surface. This is of particular importance
for the photoautotrophic cyanobacteria which take up
CO2 or HCO3  ions and therefore increase the carbonate
concentration in their local environment. This micro- or
submicro-environment is diﬀusion controlled (Beveridge,
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1988). Therefore the cyanobacteria might use a strategy
which helps avoid the nucleation of carbonate crystals attached to their surface which might grow independent of
any bacterial control.
We postulate that the controlled precipitation of an
amorphous CaCO3 layer within the EPS surrounding a cell
would be an eﬃcient strategy for lowering the supersaturation of the surrounding bulk water in order to avoid the
lethal eﬀects of calcite precipitation on the cell surface. By
initiating the formation of an amorphous aragonite-like
CaCO3 phase which covers the whole cell surface, the cyanobacteria prevent the nucleation of calcite which is the
most stable and therefore least reactive form of CaCO3.
This is so because a direct phase transition from this amorphous aragonite-like CaCO3 to calcite is blocked by a large
activation energy barrier (Xu et al., 2008). Therefore the
controlled precipitation of an amorphous aragonite-like
CaCO3 layer oﬀers the bacteria the advantage of acting as
a temporary Ca-buﬀer. For short periods of high supersaturation the amorphous layer of aragonite-like CaCO3
stores the excess-Ca which contributes to the supersaturation. However, it dissolves more rapidly once the ion activity product falls below aragonite saturation due to changes
in the environment such as the diurnal pH cycle due to photosynthesis (Eiler et al., 2006) or seasonal cycles like seasonal precipitation events (Teranes et al., 1999) or mixing
of a lake, even if the water is still saturated with respect
to calcite. This precipitation mechanism seemed to be
strongly inﬂuenced by the EPS and could eventually fall
into the category of biological control according to the definition provided by Lowenstam and Weiner (1989).
The proposed protection mechanisms of the cyanobacteria seemed to be less important in the experiments conducted with cells harvested at the end of the stationary
phase. No signiﬁcant amounts of aragonite-like CaCO3
were formed within the EPS of cells at a stage when they
were no longer viable (Fig. 6i–o). However at the same time
the amount of Ca adsorbed to the surface of the bacteria
was much smaller compared to more viable cells from the
exponential phase (Fig. 6a–d). Based on these results we
hypothesize that the EPS at this stage of growth contains
smaller amounts of negatively charged sites such as carboxylic groups. A possible explanation might be a slower
metabolism which reduces the amounts of bivalent cations
needed by the cyanobacteria at this stage of growth.
This theory of a protection mechanism against calcite
precipitation on the cell surface might provide an eﬃcient
protection to overcome short periods of supersaturation.
Schultze-Lam et al. (1992) suggested an alternative, based
on TEM studies of another Synechococcus strain wherein
they observed the precipitation of small grained gypsum
and calcite crystals on a proteinaceous S-layer which surrounded the investigated strain. The authors hypothesized
that the bacteria could strip oﬀ this S-layer with the attached precipitates once they become too thick, and the
bacteria could use this as a protection mechanism against
encrustation. The two mechanisms do not contradict each
other and might coexist. However, in previous studies (Obst
and Dittrich, 2005; Obst et al., 2006) no S-layer was observed on the surface of the strain S. leopoliensis PCC 7942.

4.5. X-ray amorphous CaCO3 and its signiﬁcance in bacterial
calciﬁcation
In contrast to eukaryotes, the involvement of an amorphous phase in the precipitation of CaCO3 by cyanobacteria and the precipitation of diﬀerent minerals by the same
species have rarely been reported (Lowenstam and Weiner,
1989). This is most likely related to the fact that microbially
mediated amorphous precipitates are very diﬃcult to detect
because of their low abundance. Golubic and Campbell
(1981) speculated about the formation of aragonitic granules by marine cyanobacteria of the genus Rivularia via
the deposition of an amorphous CaCO3 phase. This amorphous phase was postulated as a precursor for the subsequent precipitation of acicular aragonite crystals which
they conﬁrmed by XRD measurements. Their suggestion
of an intermediate amorphous CaCO3 phase was based
on the surface morphology observed by SEM, not on
XRD measurements. This is one of only a few cases reported where one bacterial species is involved in the formation of two diﬀerent mineral phases (Lowenstam, 1986).
Few other cases report the presence of amorphous CaCO3
phases in microbially mediated biomineralization. Benzerara et al. (2003) reported the precipitation of an ACC phase
surrounding needle-like calcite nanocrystals and Benzerara
et al. (2006) observed an ACC phase in microbialites. In
both cases the observations were interpreted as the result
of biomineralization in organic matrices, which is in full
agreement with our observations and interpretations.
According to Addadi et al. (2003) in the process of biomineral nucleation the short-range order of amorphous
phases is believed to be genetically controlled by the biomineralizing organism. However, their hypothesis was
based on biominerals formed by eukaryotes only. In our
study we found evidence that the nucleation rate is inﬂuenced by supersaturation with respect to the mineral phase
and the microbial response to nutrient conditions but our
method does not allow conclusions regarding genetic control over the CaCO3 polymorph. Thus, our results do not
contradict the hypothesis of (Addadi et al., 2003), but they
indicate at least that the microbial precipitation of a speciﬁc
CaCO3 polymorph is not solely under genetic control but
can also be a response to environmental conditions.
4.6. Model of CaCO3 nucleation on the cyanobacteria
Based on the data reported above a model of the temporal and spatial evolution of calcite precipitation mediated
by cyanobacteria of the strain S. leopoliensis PCC 7942
was developed. Based on the result that a fraction of the
EPS can easily be stripped oﬀ the cells (e.g. by shear stress)
whereas another fraction of the EPS remain on the surface
(e.g. Fig. 3a), this model assumes a two-layer structure of
EPS. The bacterial cell is surrounded by a thin layer of
EPS which is closely bound to the cell surface forming a
capsular-like structure (Fig. 7a). The cell including the closely bound EPS, is embedded in a second layer of loosely
bound EPS. This model is similar to structures that Eboigbodin and Biggs (2008) described for an E. coli strain as
Free-EPS and Bound-EPS. Bellezza and Albertano (2006)
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Fig. 7. Schematic outlining proposed model of the temporal evolution of calcite nucleation on the surface of S. leopoliensis PCC 7942. (a) The
cell is surrounded by a layer of closely bound, capsular like EPS, which is embedded in a matrix of loosely bound polymers. (b) Ca2+ ions are
adsorbed to the EPS, preferentially to the closely bound type (EPSs). (c) Aragonite-like CaCO3 is nucleated very close to the cell surface within
the closely bound polymer. The induction time of this rather homogeneous process is shorter than the induction time of calcite nucleation. (d)
Once calcite nucleates and starts precipitating, the aragonite-like CaCO3 is no longer stable and dissolves.

also characterized two diﬀerent types of EPS which reacted
diﬀerently when they stained polysaccharides in their studies of the two cyanobacterial strains Scytonema ocellatum
CP8-2 and Fischerella maior NAV 10 bis. In their study
they analyzed the structure of these layers and described
them as a compact and a diﬀuse layer of extracellular
polymers.
In our model Ca2+ ions adsorb onto both layers of EPS.
After a period of time, which is likely signiﬁcantly shorter
than the induction time ti of calcite nucleation (ti = 45 h
for the six-times saturated solution, ti = 12 h for the 9.3
times saturated solution, respectively), the amorphous aragonite-like CaCO3 nucleates starting within the closely
bound EPS layer close to the cell membrane (Fig. 7b).
The precipitation of aragonite-like CaCO3 continues
throughout the closely bound EPS layer, which is not perfectly homogeneous (Fig. 7c). This process occurs on the
vast majority of all cyanobacterial cells in a rather homogeneous fashion. Calcite eventually nucleates on a small fraction of the cells. The onset of the calcite nucleation is
subsequent to the much faster nucleation of aragonite-like
CaCO3 (Fig. 7d). Once calcite has nucleated, the precipitation of the thermodynamically most stable polymorph of
CaCO3 continues unless the solution is no longer supersaturated with respect to calcite. At this stage the previously
precipitated aragonite-like CaCO3 is not stable and dissolves once the solution becomes undersaturated with respect to aragonite (Fig. 7d). Therefore the time period
wherein aragonite-like CaCO3 can be detected is relatively
short (i.e. hours to a few days). In addition to these tempo-

ral constraints, this phenomenon is diﬃcult to detect due to
the lack of long-range order and the small size of the ACClayer. So far, STXM has been the only technique capable of
detecting and characterizing this phase.
Similar two stage processes of cation adsorption and
nucleation of a mineral phase on the cell surface or within
extracellular polymers followed by a second stage of precipitation independently of biogenic inﬂuence have been reported previously for example by Konhauser (1998) for
Fe-mineralizing bacteria and by Schultze-Lam and Beveridge (1994) for cyanobacterial sulfate and carbonate
precipitation.
5. CONCLUSION
At least two diﬀerent and subsequent mechanisms of
CaCO3 precipitation play an important role in the calciﬁcation of photoautotrophic planktonic cyanobacteria of the
strain S. leopoliensis PCC 7942:
(i) The bacterially inﬂuenced precipitation of an X-ray
amorphous CaCO3 layer within the extracellular
polymers of the cyanobacteria which is very homogeneous throughout the population, and
(ii) the subsequent precipitation of crystalline calcite
which is initiated by the cells, but lacks bacterial
control.
Soft X-ray spectromicroscopy showed an aragonite-like
short-range order within the amorphous CaCO3. From
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these results we conclude that the precipitation of aragonite-like CaCO3 is a mechanism by which the cyanobacteria
successfully avoids uncontrolled and potentially lethal precipitation of the thermodynamically more stable calcite on
their surface. The latter precipitation would inescapably occur in waters supersaturated with respect to calcite but lacking inhibitors of calcite precipitation such as Mg2+ in
seawater. The controlled precipitation of aragonite-like
CaCO3 is reversible once the supersaturation drops, e.g.
due to diurnal or seasonal cycles or the abiotic precipitation
of calcite. This mechanism, which is only maintained as
long as the cells are viable, enables the population of cyanobacteria to overcome periods of CaCO3 supersaturation
which naturally occur in their environments.
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