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ABSTRACT

Quantitative three-dimensional (3D) chemical mapping using angle-scan spectro-tomography in a scanning

transmission (soft) X-ray microscope (STXM) has been used for the first time to characterize the early stages of

CaCO3 biomineral nucleation on the surface of planktonic freshwater cyanobacterial cells of the strain Synecho-

coccus leopoliensis PCC 7942. The apparatus for STXM angle-scan tomography is described. Aspects of sample

preparation, sample mounting and data acquisition and quantitative analysis and interpretation are discussed in

detail. Angle-scan tomography and chemically selective 3D imaging at multiple photon energies has been

combined with a complete 2D spectromicroscopic characterization of the biochemical and mineralogical compo-

sition. This has provided detailed insights into the mechanisms of mineral nucleation, leading to development of

a detailed model of CaCO3 nucleation by the cyanobacterial strain S. leopoliensis PCC 7942. It shows that Ca

is absorbed by the extracellular polymeric substances (EPS) of the cyanobacteria and that CaCO3 with aragonite-

like short-range order is precipitated rather homogeneously within the EPS. The precipitation of the

thermodynamically more stable calcite polymorph then starts at Ca-rich hot spots within the EPS and close to the

cyanobacteria.
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INTRODUCTION

Bacteria, bacterial consortia and biofilms are often associated

with metal ions and minerals in natural environments. How-

ever, it is often difficult to characterize their role in metal

adsorption and biomineral nucleation. Conventional and

advanced electron microscopy techniques such as transmission

electron microscopy (TEM) (e.g. Konhauser, 1997; Phoenix

et al., 2000; Daulton et al., 2001; Benzerara et al., 2005) or

scanning electron microscopy (SEM) (Schadler et al., 2008

and references therein) are meanwhile well established

amongst the geomicrobiological community. Synchrotron-

based techniques such as scanning transmission X-ray micros-

copy are recently attracting more and more interest. Soft

X-ray STXM (100–2500 eV) combines high spatial resolution

(�25 nm) with the chemical sensitivity of near-edge X-ray

absorption fine structure (NEXAFS) spectroscopy (Bluhm

et al., 2006). This is advantageous over the conventional tech-

niques since STXM not only allows characterization of the

elemental composition of adsorbates and minerals, but also

speciation of sorbed metals and (bio)minerals and character-

ization of the organochemical composition of the bacte-

rial ⁄ biofilm components associated with the metals or

minerals (Lawrence et al., 2003; Benzerara et al., 2004a,b;

Dynes et al., 2006b; Hunter et al., 2008).

Until recently, soft X-ray spectromicroscopic data sets were

most often acquired, analyzed and presented as 2D projec-

tions of samples which in reality have three dimensions. This is

possible as the typical thickness of biogeochemical samples

used in STXM (0.5–1 lm) is about the same as the depth of

focus (0.5–2 lm) of the most commonly used zone plate

focusing optics. However, often complex biogeochemical

samples consist of a 3D structure of micro-organisms which

are embedded in a matrix of EPS. Analyzing only 2D projec-

tions of these 3D structures can hide important details about

the spatial arrangement of metals or minerals and the associa-

tion of those with different components of biofilms or micro-

organisms. This issue is particularly relevant when studying

mechanisms of mineral precipitation, where it is important to

know whether the nucleation and precipitation is mediated

inside the micro-organisms, in the periplasm (Miot et al.,

2009) or within the EPS surrounding the cells (Obst et al.,
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2009a). Sometimes this question can be addressed by correla-

tive microscopies (Lawrence et al., 2003) or by analyzing

ultrathin sections in the TEM, as shown by Miot et al.

(2009). In this study we present and discuss a new approach

that combines speciation sensitivity, and high spatial resolu-

tion in 3D and therefore has a very high potential to address

geomicrobiological questions. We present the first results of

STXM-based angle-scan tomography of single cyanobacterial

cells precipitating CaCO3. Cyanobacteria are known to play

an important role in the process of CaCO3 precipitation and

Synechococci strains were observed to be responsible for the

precipitation of calcite on large scales (Thompson et al.,

1997). Different active and passive mechanisms of nucleation

were observed under different environmental conditions such

as chemical changes in the diffusion-limited microenviron-

ment of cyanobacteria in microbial mats caused by photosyn-

thetic uptake of inorganic carbon (e.g. Merz-Preiss, 2000) or

the nucleation of calcite crystals on a proteinaceous surface

layer (S-layer) of cyanobacteria (Schultze-Lam et al., 1992).

S-layers were observed for several cyanobacterial strains but

have not been reported so far for Synechococcus leopoliensis

PCC 7942. Recently, an amorphous CaCO3 phase with ara-

gonite-like short-range order (aragonite-like CaCO3) has

been found as a transient precursor phase of calcite precipita-

tion by freshwater cyanobacteria of the strain S. leopoliensis

PCC 7942 (Obst et al., 2009a). The authors identified the

aragonite-like phase in projection image sequences across the

Ca-2p absorption edge of whole, air-dried S. leopoliensis. This

metastable phase, however, has never been observed in TEM

images acquired after conventional TEM sample preparation

such as high pressure freezing followed by freeze substitution,

embedding in resin, heavy metal staining and ultramicrotomy.

Thus, the precise localization of the different Ca phases with

respect to the cyanobacterial cell and the surrounding extra-

cellular polymers has remained a challenge. In this study we

use a combination of the previously mentioned 2D spectromi-

croscopy approach and 3D STXM angle-scan tomography

to 3D map and co-localize the involved biomacromolecules

and Ca species at high spatial resolution.

METHODS

Tomography sample holder

Based on the design described by Johansson et al. (2007), a

tomography sample holder was developed which allows rotat-

ing a stripe of a conventional 300 mesh copper TEM grid

which is only a single square wide (�120 lm) in the focal point

of a STXM. This sample holder was used to acquire angle-scan

tomography data sets of single cyanobacteria attached to a

lacey carbon-coated grid, over an angle range of ±70� relative

to the photon beam axis. The set-up is depicted in Fig. 1. The

0.9-mm diameter rod to which the grid section was glued,

was rotated by a two-phase micro-stepper motor with a 1 : 64

gearbox and an optical rotary encoder as described elsewhere

(Johansson et al., 2007). The motor ⁄ gearbox combination

was mounted onto a standard aluminium STXM sample plate.

For geometric reasons, we used cells close to the centre of the

TEM grid square for angle-scan tomography, which allowed

us to cover an angle range of ±70�. For 2D spectromicroscopic

studies we used cells close to the edges of grid squares where

the grid bars limit the angle range.

Cell culture

All solutions used in these experiments were prepared

from reagent grade chemicals (Sigma-Aldrich Canada Ltd,

Oakville, ON, Canada) and millipore deionized water. Plank-

tonic cyanobacteria of the strain S. leopoliensis PCC 7942 were

cultured in relatively nutrient-poor Z ⁄ 10 medium for 25 days

as described in detail elsewhere (Obst et al., 2009a). The cells

were harvested by filtration and re-suspended in 1.4 mM

NaHCO3 solution.

Sample preparation

CaCl2 was added to the cell suspension to reach a final

concentration of 2.9 mM (six times saturated with respect to

calcite) as described in detail elsewhere (Obst et al., 2009a).

Lacey carbon-coated 300-mesh Cu grids were dipped into the

cell suspension and the water was removed completely from

beneath using a filter paper in order to prevent artificial pre-

cipitation from drying. The grid was prescreened under an

optical microscope and a grid-stripe with sufficiently high

numbers of attached cells was selected. These stripes were

carefully cut, and then centred, aligned and glued onto 0.9-

mm Ø stainless steel rods which were flattened at 1 ⁄ 2 of the

diameter for a length of 1 mm on one side (Fig. 1B).

Scanning transmission X-ray microscopy data acquisition

and analysis

X-ray spectromicroscopy was carried using the STXMs of the

beamlines 5.3.2 (Kilcoyne et al., 2003) and 11.0.2 (Bluhm

et al., 2006) of the Advanced Light Source (ALS). The beam-

lines were operated at a energy resolving power E ⁄ DE ‡ 3000.

The energy scale was calibrated by measuring CO2 and N2 gas

spectra prior to or after the measurements. The main

Ca-2p1 ⁄ 2 fi 3d resonance peak in all forms of Ca observed in

this work was found to occur at 352.6 eV, consistent with

previous studies (Benzerara et al., 2004b). All images were

converted to linear absorbance (optical density, OD) scale

where

OD ¼ � lnðI :I�1
0 Þ;

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.
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Spectroscopy

For the spectromicroscopic characterization, image sequences

(stacks) were recorded at the C-1s (282–310 eV) and Ca-2p

(340–360 eV) edges, with a spectral sampling of 100 meV

(C-1s) and 80 meV (Ca-2p) in the spectral regions of interest.

The spatial sampling of the images was 25 nm. Images and

image sequences were analyzed using the aXis2000 software

package (Hitchcock, 2008). The image sequences were

aligned and converted to OD. According to Lambert–Beer’s

law, OD is directly proportional to the amount of the individ-

ual compound in the X-ray beam path. Quantitative composi-

tion maps were obtained by singular value decomposition

(SVD, Koprinarov et al., 2002) of the C-1s image sequences

using previously recorded reference spectra for protein, poly-

saccharides, lipids, carbonate and the signal of H2O which has

no spectral features at the C-1s and Ca-2p edges. All reference

spectra (for C-1s reference compounds and spectra thereof,

see Dynes et al., 2006a; for Ca-2p reference compounds

and spectra thereof, see Obst et al., 2009a) were on a linear

A

B

E

D

C

Fig. 1 (A) STXM tomography apparatus allowing

the rotation of a sample in the beam path of a

scanning transmission X-ray microscope. (B) Lacey

carbon-coated TEM grid stripe glued on a stainless

steel rod adaptor and aligned carefully under an op-

tical microscope. The possible angle range, limited

by the thickness of the grid bars, is indicated by the

inset in (B). Resulting reconstruction artefacts from

the ‘missing wedge’ can be reduced by iterative

reconstruction methods. The selected grid square is

marked by a dotted line and presented at higher

magnification in (C), showing individual cyanobac-

teria on the lacey carbon support. (D) STXM image

of the same section in transmission scale taken at

288.2 eV. The arrow indicates a single bacterium

which was selected for a detailed 2D spectro-micro-

scopic characterization (see Fig. 2). (E) X-ray

absorption image on optical density (OD) scale of

this bacterium at 288.2 eV.
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absorbance scale (per nm) so the grey scales of each compo-

nent map, which are constructed from the SVD fit coeffi-

cients, give the effective thickness (in nm) of that component

at each pixel, assuming that the density is the same as that in

the reference compound.

Because of the extremely sharp and intense Ca-2p fi 3d

resonance peaks, it was important to consider potential prob-

lems with absorption saturation, which affects quantification

and possibly even speciation on account of spectral distortion.

Although absorption saturation was not a problem in the data

sets of this study, the data sets were treated equally to a previ-

ous study (Obst et al., 2009a) for better comparability: the

Ca-2p image sequences were analyzed by deleting the images

within 0.3 eV of the energies of the two highest resonance

peaks (349.3 and 352.6 eV), as described in greater detail

elsewhere (Hanhan et al., 2009; Obst et al., 2009a). The

image sequences were then decomposed into their principal

components using the principal components analysis widget

(V1.1) (Lerotic et al., 2004) accessed through aXis2000

(Hitchcock, 2008). Reference spectra of calcite, aragonite,

vaterite, Ca-hydroxyapatite, Ca2+ adsorbed to EPS and a cal-

culated spectrum of organic carbon ‘CH2O’ which has no

spectral features at the Ca-2p edge were used as target spectra

and fitted with the principal components by minimizing the

difference between a linear combination of the principal com-

ponents and the target spectra. The reference spectra derived

in this manner were then used as references for SVD mapping.

As described in detail previously (Obst et al., 2009a), vaterite

and Ca-hydroxy-apatite were excluded from the final fits

because of their spectral differences from the measured data.

3D chemical mapping

Species and elemental maps for the organic carbon signal,

dominated by protein, and for total Ca, respectively, were

derived from the difference of OD images at specific X-ray

energies recorded with the sample oriented at 28 different

angles (±70� around the plane perpendicular to the incident

photon beam in steps of 5�). The organic carbon maps are the

difference of images recorded at 288.2 and 282 eV. The

absorption at 288.2 eV is dominated by the C-1s fi p* C=O

transition of protein (Dynes et al., 2006b), but also contains

some signal from other major bioorganic macromolecules

such as lipids (membranes) and polysaccharides (extracellular

polymeric substances, EPS) and minor contributions of

carbonates. 282 eV is prior to the onset of C-1s absorption

signal. The total calcium maps are from the difference of OD

images recorded at 352.6 eV (Ca-2p1 ⁄ 2 fi Ca-3d resonance)

and at 350.3 eV (in the dip between the 2p3 ⁄ 2 and 2p1 ⁄ 2

resonances).

The resulting organic carbon and Ca maps were pre-aligned

for lateral shifts using the ZIMBA algorithm of aXis2000

(Hitchcock, 2008). The final alignment was then performed

in a two-step approach using the alignment algorithm in

TOMOJ (Messaoudil et al., 2007): First, the Ca maps were

aligned in order to compensate for shifts in X and Y and for

small rotation angle deviations around the Y-axis. The organic

carbon maps were then aligned with the Ca maps for each

individual rotation step. The quality of the alignment turned

out to be essential for a good reconstruction. A comparison of

the size of small features (�80 nm) between the 2D projec-

tion and the 3D reconstruction was used as an indicator for

the quality of the alignment and the alignment was only

accepted when these features were resolved. The reconstruc-

tion was carried out in TOMOJ using a serial iterative

reconstruction technique (SIRT) with 200 iterations and a

relaxation coefficient of 0.05. Iterative reconstruction

techniques such as SIRT (Gilbert, 1972) or algebraic recon-

struction techniques (ART) (Herman et al., 1973) are advan-

tageous compared with the conventional back-projection

method particularly for reducing artefacts resulting from the

missing wedge problem (Midgley & Weyland, 2003).

The reconstructed volume data sets with a voxel size of

20 · 20 · 20 nm3 were rendered using EM3D (Ress et al.,

2004) and VOLUMEJ with Levoy classifier with 0.8% deviation

(Abramoff & Viergever, 2002).

Quantitative analysis of the volume data

In order to analyze the 3D reconstructed volume data sets

quantitatively, a calibration of the volume data set was

required. Therefore, the volume data set was summed in the

Z-dimension which resulted in an artificial projection of the

same orientation as the 2D projection maps acquired at 0�
angle. The optical density from the direct measurement was

then linearly related to the volume data set according to the

intensity of the individual voxels that were combined into one

pixel in the artificial projection, using the following equation:

ODðx; yÞP ¼ RODðx; y; zÞT

where OD(x,y)P is the optical density of an individual pixel

from the species maps (0� rotation) and OD (x,y,z)T is the

optical density of an individual voxel in the tomography 3D

reconstructed data set. Precision and accuracy of these meth-

ods are discussed later in the manuscript.

RESULTS

Quantitative maps of the major biochemical macromolecules

(Fig. 2A–H) and Ca species (Fig. 2I–O) were derived by SVD

of C-1s and the Ca-2p image sequences. The cyanobacterial

cell in the centre was mostly composed of protein (Fig. 2A)

and lipids (Fig. 2C). Whereas the protein and lipid distribu-

tions in the projection maps were rather centred around the

cell axis, the distribution of polysaccharide was more spread

out, which indicates that the protein-rich cyanobacterial cell is

embedded in a thin layer of polysaccharide-rich EPSs
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(Fig. 2B, consider the grey scale as explained in the figure

caption). Small amounts of carbonate were also detected in

close proximity to the cell (Fig. 2D,H, blue). The area is

consistent with the map of aragonite-like CaCO3 derived

from the analysis of the Ca-2p edge (Fig. 2K,O, green),

although the effective thickness of the carbonate layer is

slightly underestimated comparing the results of the C-1s fit

with the result of the Ca-2p fit (see profiles Fig. 2 right). The

aragonite-like layer was surrounded by a Ca species with the

spectral signature of Ca2+ adsorbed to EPS. This spatial

arrangement resulted in a rim-like distribution in projection

(Fig. 2L,O, blue). Only very small amounts of calcite-like

CaCO3 were detected in the periphery of the cell but well

within the extracellular polymers (Fig. 2I,O, red). Due to its

distinct C-1s spectrum, the lacey carbon support structure

could be mapped and separated from the cell structure

(Fig. 2E), although some lacey carbon signal was mapped in

the area of the cell as well. Potential reasons for this obser-

vation will be discussed later.

Quicker but chemically less specific maps were derived from

images taken at specific energies and image difference maps on

linear absorbance (OD) scale. Figure 3A displays an OD

image at 350.3 eV where the absorption is dominated by

C-1s continuum absorption. Thus, Fig. 3A can be interpreted

as a non-specific map of the carbon content. The interpreta-

tion of such single energy maps requires additional knowledge

about the composition of the analyzed sample. Figure 3C

presents a more chemically specific OD image constructed

from the difference of OD images at 352.6 eV (peak of the

Ca-2p1 ⁄ 2 fi 3d resonance, Fig. 3B) and 350.3 eV (Fig. 3A).

A B C

D E

G H

F

I K L

M N O

Fig. 2 Left: speciation maps of a Synechococcus leopoliensis cell (scale bar 500 nm). All maps were derived spectro-microscopically from the C-1s (A–H) or the

Ca-2p absorption edges (I–O). The species-specific maps are presented on an effective linear thickness scale from 0 (black) to 200 nm (C-1s) or 70 nm (Ca-2p) respec-

tively. The maximum thickness (MT) is listed in nm, scale bar 500 nm. (A) protein map, MT = 105 nm, (B) polysaccharide map, MT = 260 nm, (C) lipid map,

MT = 190 nm, (D) carbonate map, MT = 69 nm, (E) lacey carbon map, MT = 200 nm, (F) C-1s non-specific background without spectral features at the C-1s edge,

fitted as H2O and representing all species that absorb at energies lower than C-1s, (G) standard deviation of the C-1s fit with a maximum (white) of OD 0.1. (H) RGB

overlay of C-1s maps of (polysaccharide + lipid) (red), protein (green) and carbonate (blue), each colour scale adjusted individually. (I) Calcite-like CaCO3 map,

MT = 15 nm, (K) aragonite-like CaCO3 map, MT = 71 nm, (L) adsorbed Ca2+ map, MT = 62 nm, (M) non-specific Ca-2p background without spectral features at

the Ca-2p edge, fitted as organic carbon CH2O and representing all species that absorb at energies below the Ca-2p edge. (N) Standard deviation of the Ca-2p fit with

a maximum (white) of OD 0.05, (O) RGB overlay of Ca-2p maps of calcite (red), aragonite-like CaCO3 (green) and adsorbed Ca2+ (blue), each colour scale adjusted

individually. Right: average cross-section profiles of the individual carbon and calcium species across the cyanobacterial cell, perpendicular to the length axis of the cell

as indicated by the box in (A). All profiles are presented on the same relative effective thickness scale; the labels of the profiles correspond to the maps presented on

the left-hand side.
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This difference map is specific to the absorption of Ca and

represents an elemental map of the total Ca. It does not

require additional information for interpretation as all known

Ca2+ species exhibit a strong absorption resonance at

352.6 eV. Although all images presented in Fig. 3 are only

2D projections of a 3D structure, it is obvious that the Ca is

located in the periphery of the cell. This becomes even more

apparent in the colour overlay (Fig. 3D) wherein the carbon

map is presented in green and the Ca map is presented in blue.

Figure 3E shows the average spectrum of a whole cell

including the attached EPS layer across the C-1s and Ca-2p

edges. The arrows indicate the energies which were selected

for chemically specific image difference mapping of the

organic carbon compounds (OD288.2eV–OD282.0eV) and Ca

(OD352.6eV–OD350.3eV). Although the chemical specificity is

not as good as a spectral fit using SVD of a full image stack

with extensive sampling in spectral space, the organic carbon

maps are found to match most closely the protein component

maps derived from SVD of a full spectral sampling. The Ca

map represents all Ca species present in the sample. A more

detailed interpretation requires further knowledge about the

speciation. Therefore, in an ideal case, a 3D chemical sensitive

tomography study should be combined with a full 2D

spectromicroscopic characterization of the same or a similar

sample.

The aligned ±70� rotation series of the OD organic carbon

and Ca maps, respectively, is presented in Fig. S1. These

species maps were used as the input data for the 3D recon-

structions. From the projection images it is apparent that the

distribution of the biological macromolecules (i.e. protein) is

rather homogeneous compared with the distribution of Ca,

which shows higher concentrations in the periphery of the cell

including a small protrusion at the upper end of the cell

compared with the centre.

Figure 4A shows the Ca projection map at a rotation angle

of 0�. The two arrows indicate two hotspots with high Ca

A

E

B C D

Fig. 3 (A) OD image at 350.3 eV where the absorption is from the C-1s con-

tinuum, and thus it is a map of total carbon. (B) OD image at 352.6 eV where

the absorption is common to all relevant Ca species, but still contains contribu-

tions from C-1s absorption. (C) Ca map from the difference of 352.6 and

350.3 eV OD images. (D) Colour overlay of (A) (green) and (C) (blue), showing

the distribution of Ca around the cyanobacteria. (E) Average absorption spec-

trum across C-1s and Ca-2p absorption edges of a whole Synechococcus leo-

poliensis cell. The arrows indicate the energies which were used for 3D

chemical sensitive mapping in this study. The 288.2–282.0 eV OD image differ-

ence represents mainly the organic components of the bacteria and is domi-

nated by the protein, followed by lipids, but also contains minor contributions

of the carbonate absorption. The 352.6–350.3 eV OD image difference repre-

sents the total Ca content (scale bar 1 lm).

A B

C D

E F

Fig. 4 (A) Ca map taken at 0� (grid plane perpendicular to beam axis), show-

ing an inhomogeneous distribution with two Ca hot spots indicated by the two

arrows (Ø 80 and 100 nm). These features could be reproduced in the 3D

reconstruction; (B) rendered isosurfaces of Ca representing the sum of Ca

(semitransparent blue) and the same hot spots indicated by arrows (red). This

indicates that a spatial resolution similar to that achieved in 2D can be achieved

in the third dimension, provided the alignment is done carefully and an iterative

reconstruction method is chosen to reduce artefacts from the ‘missing wedge’.

(C–F) Rendered reconstructions (red, blue) overlaid by slice planes in all three

directions. The grey scale of the slice planes has been inverted for better visuali-

zation (white represents lowest Ca content, black represents highest Ca

content) (scale bar 500 nm).
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content, one with a diameter of�80 nm, the other one with a

diameter of �100 nm. These two features were used to com-

pare the spatial resolution of 2D projections with the spatial

resolution of the 3D reconstruction. These two Ca hotspots

were only spatially separated and equal in size in the 2D pro-

jection and 3D reconstruction when the alignment of individ-

ual maps of the angle rotation stacks was done carefully, which

in turn was used as an indicator for good alignment. Fig-

ure 4B displays the reconstruction at the same orientation

with an isosurface rendered equivalent to �0.0075 OD units

per nm (blue) and the hot spots rendered equivalent to

�0.015 OD units per nm (red). This result clearly indicates

that a spatial resolution of better than 80 nm was achieved in

the 3D reconstruction. For sufficiently high contrast and

sharply defined objects, the intrinsic resolution of a Fresnel

zone plate with 25 nm outer zone widths is 30 nm under

diffraction limited conditions (Attwood, 2001). A lower

spatial resolution in 3D is to be expected due to the challenges

of accurate alignment of the images prior to reconstruction, as

well as some reduction due to the missing wedge effect (which

is estimated to be very minor in this case – see below).

Through the analysis process it was apparent that careful align-

ment is essential for achieving good spatial resolution in 3D.

Figure 4C–F shows grey scale cross-sections through the Ca

3D reconstructed model at different angles illustrating the

position of the chosen iso-level (red and blue) for the

rendered 3D presentations (NB: For presentation the grey

scale of the cross sections is reversed, i.e. showing the highest

levels in black and the lowest level in white).

Figure 5 presents a semitransparent RGB overlay of the

3D reconstructed volumes of the Ca hotspots (red), the

biological macromolecules (green) and Ca (blue) rendered

with VOLUMEJ and displayed from various angles. The cell

appears to have a rather smooth flat surface on one side. This

Fig. 5 Colour overlays of rendered iso-surfaces

from various angles; red represents the two Ca hot

spots derived from the Ca-2p edge, green repre-

sents the organic carbon content derived from the

C-1s edge and blue represents the total Ca content,

derived from the Ca-2p absorption edge (image size

3 · 3 lm2). Whereas the organic carbon iso-surface

looks rather smooth and homogeneous, the Ca

iso surface (blue) looks rather rough and partly

inhomogeneous.
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is the side where the cell was attached to the lacey carbon

support structure of the TEM grid. The remainder of the cell

surface is quite rough, indicating partial spatial resolution of

the EPS adhering to the cell. The iso-level for the organic

carbon rendering is equivalent to �0.0024 OD units per nm

thickness.

A quantitative analysis of the volume stacks in the spatial

domain is presented in Fig. 6A, which shows slices through a

volume data set which is the ratio of the 3D Ca maps to the

3D organic carbon maps. The calculations were performed on

a voxel-by-voxel basis and the volume was divided into

100 nm thick slices for presentation. Figure 6B–E presents

plots of the Ca content versus the organic carbon content in

the OD domain over the pixels corresponding to the cell and

its surrounding EPS. The 3D data set was manually seg-

mented into three groups. These groups are indicated in red,

green and blue in the insert in Fig. 6B, which is a 3D plot in

the spatial domain, and by the same colours in the Ca ⁄ organic

carbon plot in Fig. 6B. The first distinct group of voxels (red)

were the two hot spots of Ca which were selected from the Ca

maps by thresholding. The Ca ⁄ organic carbon contents of this

group are plotted in Fig. 6C and shows a very narrow distri-

bution in both organic carbon content and Ca content. The

second group was selected in the volume interpreted as

‘cell-internal’ (green in Fig. 3B) excluding the cell mem-

branes and surrounding EPS layers. The distribution of the

Ca content of this group (Fig. 6D) is also rather narrow but at

a much lower level compared with the hot spots. The distribu-

tion of the organic carbon content OD is broader than that of

the Ca OD for this group of voxels. The third group of voxels

was selected in the volume interpreted as ‘cell envelope’

including the cell membranes and the exopolymers (blue in

Fig. 3B). The distributions with respect to both Ca content

and organic carbon content are rather broad (Fig. 6E) but

can be split into three distinct subgroups of voxels. (I) for low

ODs (i.e. concentrations), there is a linear relationship

between organic carbon and total Ca with a rather shallow

slope. For higher concentrations, there are two subgroups

(II) and (III), both with a linear relationship but rather steep

slopes of Ca ⁄ organic carbon. One is almost vertical (III),

which indicates that the amount of Ca is almost independent

of the organic carbon content.

DISCUSSION

Interpretation of the 3D cyanobacterial CaCO3 biomineral

nucleation study

For the first time STXM angle-scan tomography was used to

analyze a geomicrobiological process in three dimensions

at a spatial resolution <80 nm, namely biomineralization of

CaCO3 by cyanobacteria. The microbiological macromole-

cules of the cyanobacterial cell (combining protein, lipids and

polysaccharides), and Ca were mapped and correlated in 3D.

The reconstructed data set could be grouped into sub-vol-

umes of components with different amounts of sorbed Ca.

The combination of semi-quantitative image difference map-

ping with a detailed spectromicroscopic study (Fig. 2; Obst

et al., 2009a) allowed a quantitative analysis and interpreta-

tion of the resulting volume data sets. The inner part of the

cell-mineral aggregate sorbed smaller amounts of Ca, and was

interpreted as the cyanobacterial cell, which contains large

quantities of protein (Fig. 2; Ingraham et al., 1983). This cell

was surrounded by a layer of bio-organic polymers with a rela-

tively higher sorption of Ca (compare Figs 2 and 6A). In a

previous, extensive spectromicroscopy study (Obst et al.,

2009a), S. leopoliensis cells were found to be surrounded by

two types of EPS both with a high adsorption capacity for

Ca2+ ions, one closely bound to the cell surface, one more

loosely attached. The authors also found an X-ray amorphous

CaCO3 phase with aragonite-like short-range order which

formed within the EPS in an amount that depended on the

nutrient concentration during cell culture. The spectroscopic

results of this study (not shown) are in keeping with the previ-

ously published data. The Ca-rich layer surrounding the rela-

tively Ca-poor cell material was interpreted as EPS containing

small amounts of amorphous CaCO3 with aragonite-like

short-range order (Fig. 2D,K). The last, small and spatially

distinct group of voxels (Fig. 4, red) containing large

amounts of Ca were interpreted as the nuclei of CaCO3

crystals.

The 3D data set was analyzed not only in the spatial domain

(Fig. 6A) but also in the compositional domain (species ratios,

Fig. 6B). Different groups of organo-chemical compounds

with distinct affinities for Ca were easily identified. Therefore,

this analysis method provides additional confidence for data

interpretation and model development. The potential of the

analysis of species ratios becomes most obvious for the rather

small and distinct group of voxels of the Ca hot spots which

were interpreted as CaCO3 (Fig. 6C). Here, one sees clear dif-

ferences among the biomacromolecules with respect to their

Ca sorption. Group I in Fig. 6E with a rather shallow slope of

Ca ⁄ organic carbon is interpreted as adsorption of Ca to rather

weakly sorbing compounds such as proteins and lipids of the

cell membranes. Group II was interpreted as Ca adsorption to

polysaccharide-rich exopolymers (middle slope) and Group

III (steep slope, almost vertical) was interpreted as precipita-

tion of the aragonite-like CaCO3 layer which is embedded in

exopolymers, where the Ca content is almost independent of

the organic C content. This line is steep but not completely

vertical as the absorption of carbonate-carbon contributes

only a minor fraction of the X-ray absorption at 288.2 eV.

The expected relatively lower sorption of Ca by the cell-inter-

nal structure which is dominated by protein and lipids could

be verified (Fig. 6D). The cell-internal structure appeared to

be much more homogeneous regarding the Ca ⁄ organic

carbon content compared with the ‘cell envelope’, which

combines the cell membrane and the EPS (see Fig. 6B).
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A

B C

D E

Fig. 6 (A) Quantitative maps of the Ca ⁄ organic

carbon absorbance ratio derived from the C-1s and

the Ca-2p volume stacks. These volume stacks were

separated into 100-nm slices which are presented

as a sequence cutting throughout the Synechococ-

cus leopoliensis cell. The absorbance ratios are pre-

sented as a grey scale (OD ⁄ OD) from 0.15 (black)

to 0.59 (white) which is equivalent to a mass ratio

(g g)1) ranging from 0.03 (black) to 0.13 (white).

(B) Correlation plot of the Ca absorbance (OD352.6–

OD350.3) and the organic carbon absorbance

(OD288.2–OD282.0); the 3D data set was segmented

manually into the Ca hot spots (red, C), the cell-int-

ernal volume (green, D) and the cell envelope inclu-

ding EPS and extracellular precipitates of CaCO3

(blue, E) except for the previously mentioned hot

spot. The 3D insert in (B) indicates the location of

the voxels in within the volume of the cell-mineral

aggregate. (C) Correlation plot of the voxels seg-

mented as ‘Ca hot spot’. (D) Correlation plot of the

voxels segmented as ‘cell-internal volume’. (E) Cor-

relation plot of the voxels segmented as ‘cell enve-

lope’. The data points in (C–E) are clustered and

presented on a logarithmic colour scale. See text for

interpretation.
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In order to assist interpretation, sections from the 3D data

set are displayed in Fig. 7 which shows the central plane of the

3D data set of the organic carbon and the Ca reconstructions

overlaid by colour-coded entities of the organochemical and

biomineral compounds on the Ca maps (upper row) and the

organic carbon maps (lower row). At the meridian of the cell

it is surrounded by extracellular polymers. These were subdi-

vided into: (i) closely bound polymers which are strongly

attached to the cell surface and (ii) loosely bound polymers

which can be sheared off (Obst et al., 2009a). These loosely

bound polymers were partially sheared off the analyzed cell

and formed a bead attached to one end of the cell. It is unclear

whether this is an artefact from sample preparation. However,

the preparation was done very carefully and involved only one

filtration step, but no centrifugation prior to the incubation in

the supersaturated NaHCO3 ⁄ CaCl2 solution. The hotspots

of Ca, which were interpreted as CaCO3 nuclei, formed exter-

nally to the cell but in close proximity to the outer cell mem-

brane and close to one of the poles of the rod-shaped

cyanobacterial cell. This interpretation is based on both the

3D data set and the results of the detailed spectromicroscopic

analysis of the S. leopoliensis cell presented in Fig. 2, wherein

the highest concentrations of hot spots of calcite were also

found to be located outside the cell but close to the cell mem-

brane (Fig. 2E right). At this point it remains unclear whether

the nucleation of the calcite is directly related to membrane

bound cell surface proteins. However, Umeda et al. (1996)

identified membrane-bound proteins in PCC 7942 which

were similar to bacterial S-layer proteins, and cyanobacterial

S-layers of different strains have been reported to be able to

mediate calcite nucleation (Schultze-Lam et al., 1992).

The interpretation of this data set emphasizes the comple-

mentarity of 2D and 3D STXM studies. Whereas the 2D stud-

ies allowed for the spectroscopic identification and the specific

spectromicroscopic 2D mapping of chemical species, the 3D

studies focused on 3D mapping but with lower specificity.

The grouping and identification of the individual biomacro-

molecules using co-localization analysis was only possible in

the reconstructed 3D data set as the individual compounds

overlap in 2D projections of the rod-shaped cells which are

surrounded by exopolymers. The individual biomacromole-

cules and Ca species, which were identified in a previous 2D

spectromicroscopic study (Obst et al., 2009a), were co-local-

ized in 3D in the present study and could clearly be differenti-

ated with regard to their Ca ⁄ organic carbon ratio. This ratio

was used to verify the association of the aragonite-like CaCO3

layer with the EPS layer surrounding the cells. The hot spots

of Ca which were interpreted as calcite nuclei appeared in the

direct extension of the almost vertical line in the Ca ⁄ organic

carbon plot (III) in Fig. 6E, indicating that the calcite nuclei

have a relatively higher Ca content per amount of organic

carbon. A potential explanation for this relatively higher con-

tent could be that the amorphous aragonite-like CaCO3 layer

precipitates within an organic framework of EPS which in turn

might limit the crystal size and cause the layer to be X-ray and

electron-amorphous (Obst et al., 2009a). By contrast, the cal-

cite nuclei seem to exclude the polymers from the crystal

structure and therefore have a higher density. The limitation

of the Ca content of the aragonite-like CaCO3 layer surround-

ing the bacteria (group III in Fig. 6E) in comparison with the

calcite nuclei (Fig. 6C) can be interpreted as another indica-

tion that the amorphous aragonite-like CaCO3 layer is the

result of protection mechanisms of the cyanobacteria against

the uncontrolled precipitation of the thermodynamically

stable calcite on their surface (Obst et al., 2009a). This is in

keeping with the conclusion of the previous study on CaCO3

nucleation by cyanobacteria, namely that the nucleation is a

three-step process wherein first Ca2+ is adsorbed to the EPS,

followed by the precipitation of an amorphous CaCO3 layer

with aragonite-like short-range order. The aragonite-like layer

was found to be a transient precursor phase of calcite precipi-

tation, which is the final and thermodynamically stable

CaCO3 phase in this system. At this stage it is unclear but

unlikely that the observed calcite nuclei would have resulted

in the precipitation of micron-sized calcite crystals, which

were normally only found to precipitate on a rather small

A B C D E

G H I J

K

F

Fig. 7 Interpretive 3D model (K) of the nucleation

of CaCO3 biominerals on the surface of Synecho-

coccus leopoliensis overlaid on the meridian slice of

the cell displaying the Ca content (A) and the

organic carbon content (F). The central part (green)

indicates the cell (B,G), which is surrounded by a

layer of strongly bound EPS (light blue, C,H). This

structure is embedded in loosely bound EPS (dark

blue, D,I) which adsorb large amounts of Ca2+. The

hot spots of Ca are most likely CaCO3 crystals (red,

E,J) which nucleate within the closely bound EPS.
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fraction of the S. leopoliensis cultures (Obst et al., 2009b).

Similar precipitation mechanisms, which involve cation

adsorption and nucleation of a mineral phase within the EPS

layer or directly on the cell surface followed by a second stage

of precipitation, have been reported previously by Schultze-

Lam & Beveridge (1994) for cyanobacterial CaCO3 nucle-

ation and also for the formation of Fe minerals by bacteria

(Konhauser, 1998).

In our previous systematic study of the influence of the EPS

layer on the nucleation of CaCO3 on the surface of S. leopo-

lienses, calcite nucleation was not observed at the times of sam-

pling (Obst et al., 2009a). In the present 2D study (Fig. 2)

the amounts of precipitated calcite were also extremely small

with a maximum thickness of 15 nm, which is within or below

the size range of critical nuclei (De Yoreo & Vekilov, 2003).

This indicates that the precipitation of calcite was just starting

at the sampling time. These hot spots were located close to

one of the poles of the cell (Fig. 2I). Interestingly, the con-

centration of the adsorbed Ca2+ species was also higher in the

pole regions (Fig. 2L). Although these results are consistent,

from this study there is no statistical proof that this phenome-

non is common. Nevertheless, we found the observation

important enough to discuss it in the context of related exam-

ples that have been discussed in the literature. One of the pro-

cesses which might eventually play a role could be related to

cell aging resulting in the accumulation of aggregates of mis-

folded proteins in the periplasm in pole regions of bacteria.

This was found to be potentially related to a preferential Fe

encrustation of pole regions of Fe-oxidizing bacteria (Miot

et al., 2009). Another mechanism which is not directly trans-

ferable as it was observed for Gram-positive bacteria, but still

might be related to the observed phenomenon, is the relative

accumulation of negative surface charges around bacterial cell

poles (Sonnenfeld et al., 1985; Graham & Beveridge, 1994).

Potential and limitations of scanning transmission X-ray

microscope tomography in biogeosciences

Scanning transmission (soft) X-ray microscopy angle-scan

tomography, in combination with a 2D spectromicroscopic

characterization, is a state-of-the-art high-spatial resolution

technique that allows for chemical species-specific mapping

and thus offers new insights into a variety of processes that are

relevant in geomicrobiology. The speciation sensitivity of soft

X-ray spectromicroscopy which is based on NEXAFS spec-

troscopy allows for the determination and quantification and

mapping of both organic and inorganic chemical species such

as biomacromolecules (e.g. protein, polysaccharides, lipids,

Dynes et al., 2006b), redox species [e.g. Fe(II) ⁄ Fe(III), Miot

et al., 2009; As(III) ⁄ As(V), Benzerara et al., 2008] or differ-

ent mineral phases of the same chemical composition (e.g. cal-

cite, aragonite, vaterite, all CaCO3, Benzerara et al., 2004b;

Obst et al., 2009a) at a spatial resolution of �25 nm (in the

case of the 2D microscopy) or £80 nm in the case of the 3D

tomography approach. The possibility of high spatial resolu-

tion mapping of different chemical species provides valuable

information on spatial arrangement and correlation of the

species and allows for interpretations on mechanistic details of

geomicrobiological processes such as the sorption of trace

metals in dependence on their redox state, biomineral nucle-

ation and mineral transformation reactions in contact or

within microbial cells or within biofilms. However, there are

several limitations of synchrotron-based 3D spectromicrosco-

py which are explained in the following paragraphs using this

study as an example.

The complete spectromicroscopic characterization with

extensive sampling in spectral space at both the C-1s and

Ca-2p edges and spatial sampling of 25 nm within a region of

3 · 3 lm2 took several hours of beam time, and about 6 h of

clock time. As the beam time available at synchrotron-based

STXM beamlines is very limited, it was necessary to find a

compromise between chemical specificity and time efficiency.

Further improvements of the data acquisition procedure are

needed, in particular automation of location, focusing and

framing at successive angles, and ideally a eucentric mounting

system which minimizes the lateral motion of the region of

interest over the whole 180� angular range.

The excellent control of the photon energy in STXM beam-

lines and the high-energy resolution allows for fine control of

the specificity of chemical mapping. In principle, there are

three different methods of mapping, which, depending on the

analyzed chemical species and the composition of the sample,

vary from close to 100% quantitative compound specificity to

rather general, semi-quantitative elemental maps. The first,

simplest and least specific approach is imaging at single,

selected energies. If the energy of a resonance excitation is

selected, the absorption in most cases is dominated by the spe-

cies or element responsible for this resonance. However, the

signal might contain contributions of other species which also

absorb at the energy, or even different elements absorbing

away from their edge. In this study, 352.6 eV represents such

an energy. At this energy, the signal is dominated by the sharp

and strong absorption peak of the Ca-2p-L3 transition

(Fig. 3B) but still contains a significant contribution of C-1s

absorption. This becomes most obvious when this most sim-

ple method of mapping is directly compared with the second,

more specific mapping approach which subtracts the pre-edge

absorption from the on-resonance image (Fig. 3C). The OD

in Fig. 3C is solely related to the absorbance of calcium. In

this case, the energy used is common to all major Ca-contain-

ing components in the system, calcite, aragonite-like CaCO3

and Ca2+ adsorbed to EPS (Obst et al., 2009a). Thus, using

differences of OD images does not allow for differentiating

between the three species (except for the segmentation

approach described above) but does allow for efficient, nearly

quantitative mapping of the total Ca content. The specificity

in this approach is therefore related to the specificity of the

resonance energy that is chosen and on the off-resonance
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absorption of other species at this energy. The most specific

STXM species mapping approach requires full spectromicro-

scopic characterization which results in a data set that contains

a NEXAFS spectrum at each single pixel of the analyzed area.

This data set is obtained by collecting individual images at

each photon energy. The resulting spectra of each pixel are

then approximated by a linear combination of absorption

spectra of reference compounds (Dynes et al., 2006b; Obst

et al., 2009a), or the spectra of the individual compounds of

the sample are derived internally from statistical methods such

as principal components analysis in combination with cluster

analysis. In either procedure the sample area can then be

mapped quantitatively on a pixel-by-pixel basis with a statisti-

cal error in the range of a few percent (Dynes et al., 2006b).

In this 3D tomography study, image difference maps were

chosen as a medium specific but still reasonably fast approach

to characterize the sample in 3D. The photon energies were

chosen to allow selective mapping of the organic carbon com-

ponents and of Ca. However, in order to optimize the experi-

ment in terms of an efficient use of synchrotron beam time

while gaining the maximum information content in the 3D

data set, we combined the 3D chemical mapping using STXM

angle-scan tomography with a detailed spectromicroscopic

characterization of the samples in 2D. This also enabled us to

compare the present 3D results with the data from previous

experiments. The mechanisms of CaCO3 biomineralization

by S. leopoliensis PCC 7942 have been investigated using

STXM previously, with a focus on the influence of nutrient

conditions, which have been found to influence amount and

properties of the EPS produced by this cyanobacterial strain

(Obst et al., 2009a). The results of the 2D spectromicroscop-

ic analysis of the samples (Fig. 2) are consistent with the previ-

ous study which was carried out in a similar manner except

that the sample substrate was Si3N4 rather than lacey carbon-

coated TEM grids.

A potential problem and limitation in 3D chemical map-

ping with STXM tomography is radiation damage. A com-

plete spectromicroscopic characterization requires acquisition

of a full image sequence, ideally with 50–100 energies. It is

possible to make a few such measurements of a given region

using currently typical acquisition parameters (dwell times of

�1 ms per pixel, and a flux of 107 photons per second in a 30-

nm spot) with negligible radiation damage. However, when

this is extended to 20 or more sets of such image sequences,

which are needed to cover the angle space adequately, there

are major concerns about radiation damage. Clearly, the

image difference mapping used in this work is preferable to

full image sequences from this point of view. In order to char-

acterize the radiation damage caused by the measurements

used in this study, after each image stack acquisition an addi-

tional image was taken at an energy of 289 eV, an energy

which is sensitive to damage to polysaccharides, the macro-

molecules which are most easily damaged (Dynes et al.,

2006a). Whereas the radiation damage after a single image

stack is only a few percent, multiple complete stacks cause

rather significant damage. Thus, a full spectral characteriza-

tion may not be the most desirable method for angle-scan

tomography, which requires 28–180 angles in order to cover

140�–180� of angle range with steps of 5� to 1�. Instead, OD

image difference mapping for the angle-scan tomography in

combination with a full 2D spectromicroscopical characteriza-

tion on the same sample prior to the tomographic acquisition

(or on a separate sample) appears to be a very good compro-

mise between specificity and radiation damage.

Two other approaches which allow for acquiring high-

resolution data in 3D are full-field transmission X-ray

microscopy (TXM) and TEM-based tomography. Several

synchrotron beamlines dedicated to soft X-ray TXM tomo-

graphy now exist and TEM tomography in modern instru-

ments can be almost fully automated, which gives both of

these techniques significant speed and thus throughput

advantages relative to STXM tomography. Particularly if no

chemical speciation mapping is required, TXM- and TEM-

based tomography are the techniques of choice. However,

radiation damage is an important limitation in 3D angle-

scan tomography for full-field TXM tomography and TEM

tomography. STXM has the advantage that all photons that

are transmitted through the sample contribute to the infor-

mation content of the resulting data set. In a full-field X-ray

microscope a post-specimen Fresnel zone plate is used as an

objective lens, which reduces the fraction of photons con-

tributing to the information content by approximately an

order of magnitude due to the limited zone plate efficiency.

Thus, on a per-image basis, TXM is significantly more

damaging than STXM. In the so-called water window

(between the C-1s and the O-1s absorption edges) STXM

also has major advantages compared with TEM combined

with electron energy loss spectroscopy (EELS) as the radia-

tion damage necessary to extract the same information

content is about an order of magnitude lower for STXM

compared with TEM–EELS (Rightor et al., 1997, Hitch-

cock et al., 2008). Another difference between STXM-,

TXM- and TEM-based tomography is sample preparation.

TEM requires the sample to be compatible with high

vacuum but allows for analyzing cryo-samples. By contrast,

in TXM- and STXM-based tomography, the sample can

be analyzed in the hydrated state. Dedicated holders for

STXM tomography of wet samples are currently under

development.

Quantification

The accuracy of speciation by image differences is dependent

on the energies chosen and the sample composition. There-

fore, the origin of the absorption contrast at any specific

energy has to be considered carefully for each individual

experiment. For an average organo-chemical composition of

the cyanobacterial cell shown in Fig. 2 (i.e. 26% protein, 44%
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lipid, 7% polysaccharide), the contributions to the absorption

at 288.2 eV are the following: protein 40%, lipid 34%, lacey

carbon 17%, polysaccharide 6% and carbonate 4%. The cell

that was analyzed by angle-scan tomography was not placed

on but only attached at the side of a piece of lacey carbon.

Thus, for the interpretation of the 3D data set the lacey car-

bon was not considered, which shifts the relative contribu-

tions to 48% protein, 41% lipid, 7% polysaccharide and 4%

carbonate. The image difference maps of OD288.2eV–OD282eV

which we label as organic carbon maps are actually mapping

all of the cell (protein and lipids) and some of the extracellular

polymers (lipids and polysaccharides). As discussed previously,

the image difference OD352.6eV–OD350.3eV is common for all

Ca species. Therefore, the Ca maps represent the distribution

of total calcium.

Quantification errors and limits associated with

reconstruction

Although soft X-ray spectromicroscopy in transmission

mode is a quantitative technique (Bluhm et al., 2006) as the

NEXAFS absorption contrast correlated with the amount of

the species in the beam path by the Lambert–Beer law, several

limitations and potential sources of errors and artefacts have

to be considered. The most accurate quantification method

based on spectral deconvolution techniques (e.g. the fits

presented in Fig. 2) results in statistical errors as low as a few

percent (Dynes et al., 2006b). However, care has to be taken

as this method can result in systematic errors if the selection of

reference spectra is inappropriate for the analyzed samples.

This might be a problem when analyzing complex environ-

mental samples of previously unknown composition. In such

cases the combination of STXM with other techniques such as

bulk chemical analysis might be useful to minimize systematic

errors. However, in this study we used a cyanobacterial culture

grown under well-defined conditions and we could addition-

ally refer to an extensive spectral characterization of a large

number of similarly prepared samples (Obst et al., 2009a)

which reduces the risk of selecting inappropriate reference

spectra for the spectral deconvolution. However, even for

relatively complex environmental river biofilm samples, the

systematic error caused by differences of the actual spectra and

those of reasonably appropriate reference compounds was

estimated to be no more than a factor of two (Dynes et al.,

2006b). Clearly, OD image difference maps are less specific

compared with a full spectral characterization. Therefore,

inter- and intracellular variations in the organo-chemical com-

position of the cyanobacteria can result in similar absorption

changes at specific energies to those caused by variations in

thickness at a constant organo-chemical composition. How-

ever, the absorption at 288.2 eV is dominated by the two

major components protein and lipids. The precise error of this

method varies for each individual sample and cannot be easily

quantified. Another potential artefact that has to be consid-

ered, particularly for image difference maps of species that

have very sharp and intense absorption resonance peaks such

as Ca-2p, is absorption saturation which can result in strong

spectral distortions. For example, the ratio of the main absorp-

tion peak of aragonite at 352.6 eV to the absorption peak at

351.4 eV was increased from �0.5 to �0.9 due to saturation

in thicker samples (Hanhan et al., 2009). In the average

Ca-2p spectrum of the cell presented in Fig. 2, which repre-

sents approximately a 1 : 1 ratio of aragonite-like CaCO3 and

Ca adsorbed to EPS, a ratio of�0.3 was measured. Thus, arte-

facts from absorption saturation are not expected, although

the OD difference from the Ca-2p pre-edge to the main

absorption peak was as high as 1.2 in this particular data set.

When the method of image difference mapping is combined

with additional information about the sample such as a full

spectral fit, we estimate the accuracy to be within a factor of

two.

Another potential source of errors that should be consid-

ered is the geometry of angle-scan tomography samples.

Because of the thickness of the TEM grid bars, the sample

could not be scanned over the optimum range of ±90� against

the plane perpendicular to the X-ray beam but only ±70�. The

resulting ‘missing wedge’ (Kawase et al., 2007) leads to

artefacts in the reconstruction which affect both the shape of

the reconstructed objects as well as the background intensity

in the 3D data set. The first of these artefacts was modelled to

be an elongation parallel to the incident beam axis in the range

of 5%, and measured to be in the range of approximately 10%

in a transmission electron microtomography study of zirconia

grains in a polymer nanocomposite (Kawase et al., 2007).

Although the imaging techniques are not directly comparable,

the artefacts are expected to be in the same range as they

mostly derive from the 3D reconstruction of angle-scan data

sets over limited angular ranges. In our experiment, this

overestimation in the Z-dimension, respectively, leads to an

underestimation of the species concentration in the volume

data set by a similar value (5–10%).

The second reconstruction artefact is background, which

makes it challenging to reconstruct and render signals at

very low concentrations. Therefore, we used a threshold

value which sets the lower limit of the concentrations used

for quantitative analysis. Assuming a composition of 100%

protein and 100% adsorbed Ca2+, the threshold OD levels

used – 0.031 per voxel for organic carbon and 0.012 per

voxel for Ca–are equivalent to concentrations of

2.8 · 10)18 g per voxel (20 · 20 · 20 nm3) for the organic

carbon and 2.4 · 10)19 g per voxel (20 · 20 · 20 nm3) for

the adsorbed Ca2+ respectively. These limits are dependent

on the quality of the individual data set, the geometry of the

sample, the angle step size and the reconstruction algorithm

used. The threshold limits could potentially be reduced

further if time and radiation damage limitations allow for

recording data sets with smaller angle steps than the 5� steps

used in this work.
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CONCLUSIONS

The 3D distribution of the organic carbon and Ca content of

a cell-mineral aggregate was analyzed quantitatively at sub-

100-nm spatial resolution. Previous interpretations from 2D

projection studies were verified by these 3D measurements, in

particular, the relatively lower cell-internal sorption of Ca and

the co-localization of EPS with both an adsorbed Ca species

and an aragonite-like CaCO3 layer.

In this study we have shown that STXM spectro-tomogra-

phy is a very powerful technique for the quantitative 3D analy-

sis of geomicrobiological samples at sub-100-nm resolution.

The combination of 3D chemically sensitive mapping with 2D

spectromicroscopy for precise spectral fitting of the compo-

nents allows for a full 3D characterization of the distribution

and detailed co-localization analysis of the relevant species. As

an important future perspective, this approach offers the possi-

bilities of quantitative high-resolution analysis of chemical

properties such as metal sorption capacities of intra- and

extracellular biomacromolecules and cell compartments.
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Additional Supporting Information may be found in the

online version of this article:

Fig. S1 (A) Rotation series of the ‘biology’ maps (OD288.2eV–OD282.0eV) from

)65� to +70� in 5� steps; (B) rotation series of the Ca maps (OD352.6eV–

OD350.3eV) from )65� to +70� in 5� steps. These series were used for a 3D

reconstruction of the volume of the cell.
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