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Abstract

Minerals formed by bio-oxidation of ferrous iron (Fe(II)) at neutral pH, their association with bacterial ultrastructures as
well as their impact on the metabolism of iron-oxidizing bacteria remain poorly understood. Here, we investigated iron bio-
mineralization by the anaerobic nitrate-dependent iron-oxidizing bacterium Acidovorax sp. strain BoFeN1 in the presence of
dissolved Fe(II) using electron microscopy and Scanning Transmission X-ray Microscopy (STXM). All detected minerals
consisted mainly of amorphous iron phosphates, but based on their morphology and localization, three types of precipitates
could be discriminated: (1) mineralized filaments at distance from the cells, (2) globules of 100 ± 25 nm in diameter, at the
cell surface and (3) a 40-nm thick mineralized layer within the periplasm. All of those phases were shown to be intimately
associated with organic molecules. Periplasmic encrustation was accompanied by an accumulation of protein moieties. In
the same way, exopolysaccharides were associated with the extracellular mineralized filaments. The evolution of cell encrus-
tation was followed by TEM over the time course of a culture: cell encrustation proceeded progressively, with rapid precip-
itation in the periplasm (in a few tens of minutes), followed by the formation of surface-bound globules. Moreover, we
frequently observed an asymmetric mineral thickening at the cell poles. In parallel, the evolution of iron oxidation was
quantified by STXM: iron both contained in the bacteria and in the extracellular precipitates reached complete oxidation
within 6 days. While a progressive oxidation of Fe in the bacteria and in the medium could be observed, spatial redox (oxi-
do-reduction state) heterogeneities were detected at the cell poles and in the extracellular precipitates after 1 day. All these
findings provide new information to further the understanding of molecular processes involved in iron biomineralization by
anaerobic iron-oxidizing bacteria and offer potential signatures of those metabolisms that can be looked for in the geological
record.
� 2008 Elsevier Ltd. All rights reserved.
0016-7037/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Iron-oxidizing bacteria and archeae may have a signifi-
cant impact on the Earth’s surface geochemistry, by taking
part in the redox cycling of iron under both oxic and anoxic
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conditions (e.g. Ghiorse, 1984; Konhauser, 1998; Fortin
and Langley, 2005; Kappler and Straub, 2005; Weber
et al., 2006). Various micro-organisms can retrieve energy
from the aerobic oxidation of Fe(II) in oxic environments
at acidic (Lazaroff et al., 1985; Clarke et al., 1997; Kozubal
et al., 2008) or neutral pH (Hallberg and Ferris, 2004). Over
the last 15 years, the discovery of bacteria capable of using
Fe(II) as an electron donor under anoxic conditions and at
neutral pH has boosted interest in the study of these metab-
olisms. Among them, two are potentially widespread in
neutral-pH anoxic habitats (for instance in river sediments,
lakes or deep-sea environments): (1) anoxygenic photosyn-
thesis using Fe(II) as an electron donor (Widdel et al., 1993;
Ehrenreich and Widdel, 1994; Heising and Schink, 1998)
and (2) iron oxidation coupled to nitrate reduction (Hafen-
bradl et al., 1996; Straub et al., 1996; Benz et al., 1998;
Straub and Buchholz-Cleven, 1998; Kappler et al., 2005a).

Fe(II) oxidation driven by iron-oxidizing nitrate-reduc-
ing bacteria leads to the formation of Fe(III) compounds.
The chemistry and mineralogy of these Fe(III) compounds
depend on environmental conditions. Eq. (1) summarizes
this reaction with formation of Fe(III) hydroxides:

2Fe2þ þ 5H2OþNO3
� ¼ 2FeðOHÞ3 þ 4Hþ þNO2

� ð1Þ

Due to their low solubility at neutral pH (Cornell and
Schwertmann, 2003), the Fe(III) by-products of this reac-
tion, represented here by iron hydroxides, precipitate rap-
idly in the direct vicinity of the cells. However, the
accurate localization of iron biominerals with respect to
the cellular ultrastructures remains unclear. Recent studies
tend to indicate that different strains (utilizing different
metabolisms) exhibit different biomineralization patterns.
For instance, the nitrate-reducing iron-oxidizing b-proteo-
bacterial strain BoFeN1 (Kappler et al., 2005a) becomes
encrusted with Fe(III) minerals as iron oxidation proceeds,
whereas the photosynthetic iron-oxidizing purple bacterium
Rhodobacter ferroxidans strain SW2 (Ehrenreich and Wid-
del, 1994) does not encrust, even after complete oxidation
of Fe(II) (Kappler and Newman, 2004). It has been sug-
gested that this is related to a differential adaptation to iron
oxidation, yet the mechanisms accounting for these two dis-
tinct phenotypes are still poorly understood. A precise char-
acterization and localization of iron-containing minerals
associated with the cells is thus needed to better constrain
these mechanisms. This in turn might offer useful signatures
for the search of the by-products of such metabolisms in the
geological record (e.g. Konhauser, 1998; Little et al., 2004).

In this study, we chose to focus on the iron-oxidizing ni-
trate-dependent strain BoFeN1, phylogenetically close to
the b-proteobacterium Acidovorax sp. We used several
microscopic and spectroscopic techniques, in particular
Transmission Electron Microscopy (TEM), X-ray Absorp-
tion Spectroscopy (XANES: X-ray Absorption Near-Edge
Spectroscopy and EXAFS: Extended X-ray Absorption
Fine Structure) and Scanning Transmission X-ray Micros-
copy (STXM) to characterize the cell-mineral associations
in batch cultures of BoFeN1. The evolution of iron redox
state and the association of organics with iron minerals
are documented at the submicrometer scale over the time
course of a culture.
2. MATERIALS AND METHODS

2.1. Bacterial strain and growth conditions

The nitrate-dependent Fe(II)-oxidizing strain BoFeN1,
isolated from Lake Constance littoral sediments (Kappler
et al., 2005a), was cultivated in freshwater mineral medium
prepared after Ehrenreich and Widdel (1994). Phosphate
was provided as KH2PO4 at an initial concentration of
4.3 mM. The bacteria were cultured in this medium comple-
mented with 5 mM acetate (provided as sodium acetate)
and 10 mM nitrate (provided as sodium nitrate) in the pres-
ence or absence of Fe(II) (provided as FeCl2). Although
BoFeN1 clearly oxidizes metabolically Fe(II), it should be
noted that it has not been demonstrated yet that BoFeN1
cells can use Fe as an energy source (Kappler et al.,
2005a). The addition of Fe(II) at a total concentration of
10 mM led to the precipitation of a whitish phase (consist-
ing of Fe(II)-phosphate, mostly vivianite Fe3(PO4)2), which
was subsequently removed by filtration through 0.22 lm
Millipore filters, in an anoxic glove-box (p(O2) < 50 ppm).
After filtration, the medium contained 5.4 mM dissolved
Fe(II) and 1.3 mM phosphate. For each culture, 25 mL of
medium were transferred into a 58 mL serum bottle that
was flushed with N2/CO2 (80/20%), closed with a butyl rub-
ber stopper and crimped. BoFeN1 was inoculated (10%)
from an acetate–nitrate–grown culture (culture without
iron). Cultures were incubated at 30 �C. For TEM and
STXM analyses, samples of the same culture were taken
in an O2-free glove-box at several subsequent time steps.

2.2. Analytical methods

Growth was followed by measuring the total soluble
protein content using the Bradford assay. One microliters
of culture was mixed with a solution of oxalic acid (pH 3,
0.2 M) in order to dissolve iron-bearing minerals and with
6.1 M trichloroacetic acid to precipitate proteins. After cen-
trifugation (11000g, 30 min) and removal of the superna-
tant, proteins were dissolved in 0.1 M NaOH at 60 �C for
6 min. The absorbance of the samples was measured at
595 nm after reaction with the Bradford reagent (BioRad,
microassay). Experiments were conducted in duplicate.

In order to analyze dissolved iron, 200 lL of a culture
suspension were sampled with a syringe and filtered
through 0.22 lm Millipore filter in an anoxic glove-box.
The dissolved Fe(II) content of the filtrate was determined
by the ferrozine assay (Viollier et al., 2000) after dilution in
1 M HCl.

2.3. Synthesis of model compounds

To determine the Fe redox state of the samples by
STXM at the Fe L2,3-edges, we used pure Fe(II)- and
Fe(III)-phosphates as reference compounds. Both have
been synthesized under anoxic conditions. Fe(II)-phosphate
was obtained by addition of 10 mM Fe(II) (as FeCl2),
5 mM acetate and 10 mM nitrate in the growth medium,
which led to the precipitation of a whitish Fe(II)-phosphate
phase. Fe(III)-phosphate was obtained by the addition of
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10 mM Fe(III) (as FeCl3), 5 mM acetate and 10 mM nitrate
in the growth medium. Both precipitates were rinsed twice
with degassed distilled water and dried under vacuum inside
an anoxic glove-box. As shown by XRD, this Fe(II)-phos-
phate phase consisted of vivianite, whereas the Fe(III)-
phosphate was amorphous (Fig. 2). Based on TEM, XRD
and XAS analyses, these model compounds likely repre-
sented the closest analogues of the phases formed in the
BoFeN1 cultures. Therefore, we used experimental Fe
L2,3-edge spectra of these model compounds to analyze iron
oxidation state of BoFeN1 in STXM experiments, instead
of goethite, hematite, or siderite. XAS data of the BoFeN1
samples were least-square fitted using linear combinations
of these two model compounds and of a 2-line ferrihydrite
(Fh2L) synthesized following the procedure by Schwert-
mann and Cornell (1991).

2.4. Mineral characterization by X-ray diffraction

The bulk mineralogical composition was determined by
X-ray diffraction (XRD) measurement performed on the
solid phase collected from a 13-day old culture compared
to Fe(II)- and Fe(III)-phosphate model compounds. Sam-
ples were prepared under anoxic conditions in an anoxic
glove-box. The culture was centrifuged (5000g, 10 min).
The solid phase was rinsed twice using degassed distilled
water and vacuum-dried. The powder was grinded in an
agate mortar and dispensed in a borosilicate capillary, that
was sealed with glue before analysis in the diffractometer.
This preparation guaranteed strictly anoxic conditions for
XRD analyses. XRD measurements were performed with
CoKa radiation on a Panalytical� X’Pert Pro MPD diffrac-
tometer mounted in Debye–Scherrer configuration using an
elliptical mirror to obtain a high flux parallel incident beam
and an X’Celerator� detector to collect the diffracted beam.
Data were recorded in the continuous-scan mode within the
5–80� 2h range with a step of 0.03�, and a counting time of
12–24 h per sample.

2.5. XAS analyses

2.5.1. XAS data collection

In order to limit Fe(II) oxidation under the X-ray
beam and to enhance EXAFS signal on our nano-sized
and poorly ordered mineral phases, all data were recorded
at 10–15 K using a modified Oxford� liquid He cryostat.
Samples were transferred from the glove-box into a liquid
nitrogen bath and then into the cryostat, where they were
placed under He atmosphere. This procedure preserved
anoxic conditions during sample transfer and analysis.
EXAFS data on all samples except the Fe(II)-phosphate
and Fh2L, were recorded at the Fe K-edge, using a
Si(220) double-crystal monochromator on beamline 10–2
at the Stanford Synchrotron Radiation Laboratory
(SSRL). Monochromator was detuned 50% in order to re-
ject harmonics. Data on the final product of Fe(II) bio-
oxidation by BoFeN1 were collected in fluorescence detec-
tion mode using a 13-element Ge-array detector and a 3
Dl Mn filter to attenuate elastic scattering. For EXAFS
data collection, energy resolution was around 1 eV, with
a beam size of 2 � 3 mm2 achieved by vertical and hori-
zontal focusing, with a Pt coated elliptic mirror. For
XANES data collection, resolution was improved using
vertical slits of 0.25 mm height from �1.5 to �0.5 eV.
Data on the Fe(III)-phosphate model compounds were re-
corded in transmission mode with an unfocused beam col-
limated by 2 � 3.5 mm2 slits, which explain XANES data
for this sample are not as well-resolved as for other sam-
ples studied. Four EXAFS scans were accumulated for
each sample in order to obtain a reliable signal-to-noise
ratio up to k = 11 Å�1. No measurable change in iron oxi-
dation state was observed during beam exposure under
these experimental conditions. XAS data of the Fe(II)-
phosphate model compound were recorded in transmis-
sion at 10 K on the SAMBA beamline at the SOLEIL
(Source Optimisée de Lumière d’Énergie Intermédiaire
du LURE) synchrotron using a dynamical sagittal-focus-
ing Si(111) monochromator. EXAFS data on the Fh2L
were recorded at 10 K on the D44 beamline at the Labo-
ratoire pour l’Utilisation du Rayonnement Electromagné-
tique (LURE) using a Si(111) double-crystals
monochromator. XANES data on this sample were re-
corded in transmission mode at 10 K on the BM29 ESRF
(European Synchrotron Radiation Facility) beamline
using a Si(111) double-crystals monochromator. For all
experiments, energy was calibrated by using a double-
transmission setup; the first inflection point of the Fe me-
tal foil K-edge was set at 7111.1 eV (Wilke et al., 2001).

2.5.2. XAS data analysis

X-ray absorption spectra were averaged using the Six-
Pack software (Webb, 2004). EXAFS data were extracted
using the XAFS program (Winterer, 1997) following the
procedure detailed previously by Morin et al. (2008). Radial
distribution functions around the Fe absorber were ob-
tained by calculating the Fourier transform (FT) of the
k3v(k) EXAFS functions using a Kaiser–Bessel window
within the 2.7–11 Å�1 k-range with a Bessel weight of 2.5.
Least-squares fitting of the unfiltered EXAFS functions
were performed with the plane-wave formalism, using a
Levenberg–Marquard minimization algorithm. Ab initio
phase shifts and total amplitude functions employed in this
fitting procedure were calculated with the curved-wave for-
malism using the ab initio FEFF 8 code (Ankudinov et al.,
1998) and the atomic positions from the crystal structure of
goethite (Forsyth et al., 1968) and vivianite (Fejdi et al.,
1980). The fit quality was estimated within the 2.7–
11 Å�1 k-range, using a reduced v2 of the following form:

v2 ¼ N ind=ðN ind � pÞ
X

k4vðkÞexp � k4vðkÞcalc

� �2

ð2Þ

with Nind (the number of independent parame-
ters) = (2DkDR)/p, p is the number of free fit parameters.
The fitting procedure was performed on k4-weighted v(k)
functions in order to emphasize the signal at high k values,
which improves the accuracy of the fitted distances for light
backscattering atoms. Data are however displayed as k3-
weighted v(k) functions. The v(k) function of the BoFeN1
sample was also fit within the 3–10.5 Å�1 k-range by linear
least-squares fitting (LSF), using linear combinations of
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k3v(k) spectra of the Fh2L and Fe(III)-phosphate model
compounds.

2.6. Microscopic analyses

Two types of samples were prepared for TEM analyses.
First, ultrathin sections were prepared by ultramicrotomy.
Cells were fixed for 2 h in 1% glutaraldehyde at 4 �C, centri-
fuged (5000g), rinsed three times in 0.1 N sodium cacodyl-
ate buffer (pH 7.2) for 18 h at 4 �C. They were then post-
fixed for 90 min in 1% OsO4 in the same buffer, rinsed three
times in distilled water, dehydrated in graded ethanol and
propylene oxide-1,2 and progressively embedded in epoxy
resin (Epoxy, Fluka Chemika). Ultrathin sections (70-nm
thick) were cut with a LEICA ultramicrotome (EM-UC6).
After deposition on copper grids, they were stained with
uranyl acetate (2% w/v) and lead citrate (2 g L�1). The
whole preparation was conducted in air, since fixation with
glutaraldehyde requires O2. As a consequence, TEM obser-
vations could not allow the determination of the redox state
of iron, which was determined by STXM analyses (see
infra).

For Scanning Transmission Electron Microscopy
(STEM), High-Resolution TEM (HRTEM), tomography
observations and Energy Dispersive X-ray Spectroscopy
(XEDS) measurements, whole cells were deposited on a car-
bon-coated 200-mesh copper grid after two rinses in de-
gassed distilled water and dried in an anoxic glove-box.
STEM and HRTEM observations, as well as XEDS analy-
ses were performed with a JEOL2100 Microscope operating
at 200 kV. STEM observations were performed in dark field
(DF) mode. XEDS maps were acquired in STEM DF
mode, with a focused electron beam (1 nm). Selected area
electron diffraction (SAED) patterns were obtained on
areas of interest. Tomography was performed using a
JEOL2100 TEM, equipped with a LaB6 source, operating
at 200 kV. Samples were tilted between �60� and +50�,
and images were acquired with Digital-Micrograph at 1�
steps.

2.7. Scanning Transmission X-ray Microscopy

2.7.1. Sample preparation

Preliminary STXM experiments showed that the sam-
ples are highly sensitive to oxidation by O2. We thus devel-
oped a specific protocol to keep the samples under an
anoxic atmosphere from preparation to transfer into the
microscope. Tests on the reference highly O2-sensitive
Fe(II)-phosphate showed that this protocol was efficient
in preserving the sample from any oxidation detectable by
XANES. The entire preparation was performed in an an-
oxic glove-box. One microliters of a suspension of BoFeN1
culture (or of reference compounds) was sampled at differ-
ent stages of each culture (3 h to 6 days). Each sample was
rinsed twice in degassed distilled water. The volume
(0.3 lL) of each sample was then deposited on a silicon ni-
tride membrane (Norcada Inc., Canada) fixed on an alu-
minium sample holder and allowed to dry at ambient
temperature. A second silicon nitride membrane was then
deposited in contact with the first one and sealed with aral-
dite. Sample holders were stored in sealed aluminized paper
(Protpack, UK) before transfer to the synchrotron. The
sealed pockets were opened under a nitrogen flow just be-
fore placing the sample inside the microscope, in which
air had been replaced by nitrogen. After sample transfer,
nitrogen was replaced by helium at 1 atm.

2.7.2. STXM experiments

Some of the STXM observations at the Fe L2,3-edges
were performed at the Swiss Light Source (SLS, Villigen)
at the PolluX beamline. Some of the observations at the
Fe L2,3-edges and all the observations at the C K-edge were
performed at the spectromicroscopy beamline 10ID-1 at the
Canadian Light Source (CLS, Saskatoon). Additional
information on the PolluX beamline can be found in Ber-
nard et al. (2007). The beamline 10ID-1 at the CLS was de-
scribed in detail by Kaznatcheev (2007). Both beamlines
have an energy resolving power E/DE > 3000. The energy
scales for this study were calibrated using the well-resolved
3p Rydberg peak of gaseous CO2 for the C K-edge and the
major peak of hematite at 708.7 eV for the Fe L3-edge.

2.7.3. Data processing

Image stacks were acquired at the C K-edge and at the
Fe L2,3-edges. They were performed by scanning the sample
in the x–y direction at each energy increment over the en-
ergy range of interest. Potential sample damages caused
by the incident photon beam (i.e. changes of the Fe redox
state) were quantified by monitoring spectral changes at
the Fe L2,3-edge with increasing dwell times up to several
tens of milliseconds (Fig. EA-1). However, no significant
changes were observed for typical dwell times used during
analyses of the samples (i.e. around 0.8 ms per energy-
and image-point). The aXis2000 software-package (Hitch-
cock, 2001) was used for processing image stacks and
XANES spectra. Images were recorded on transmission
scale and converted into optical density (OD) according
to the following equation:

OD ¼ � lnðI=I0Þ ð3Þ

wherein I represents the measured intensity at the point of
interest and I0 represents the intensity outside the sample
that includes the absorption by silicon nitride windows.
Qualitative speciation maps were obtained by subtracting
OD-images obtained at an energy below the absorption
edge from OD-images taken at the energies of specific
absorption peaks.

Quantitative Fe-speciation maps were calculated from
the image stacks by singular value decomposition using
the stack-fit routine in aXis2000. The algorithm fits the
spectra of each individual pixel with a linear combination
of the two normalized reference spectra (Fe(II)- and
Fe(III)-phosphate model compounds) plus a constant,
accounting for the absorption background. Composite
maps were obtained by overlaying on the same image the
Fe(II) (blue) and the Fe(III) (red) maps using a common
intensity scale for both color channels.

XANES spectra were extracted from the stacks on re-
gions of interest. For C K-edge spectra, the edge jump
was normalized to 1. For Fe L2,3-edges spectra, we normal-
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Table 1
Fitting results for Fe K-edge EXAFS data of 13-day old BoFeN1
cultures and of the 2-line ferrihydrite, Fe(II)- and Fe(III)-phos-
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ized the area below the L2 and L3-edges to 1 and multiplied
the absorbance of the compounds containing mainly Fe(II)
(major peak at 707 eV) by a 4/5 correction factor to take
into account the difference in the occupancy of the 3d orbi-
tals in Fe2+ and Fe3+ ions, neglecting the variation of radial
integrals (Thole et al., 1994). We fit the normalized spectra
with linear combinations of the normalized reference spec-
tra of the Fe(II)- and Fe(III)-phosphate model compounds,
applying the CGO (Conjugate Gradient Optimization
method) curve fit routine in aXis2000. Fit results allowed
estimating the Fe(III)/Fe(total) content of regions of inter-
est. Standard deviations (SD) were calculated from the
deviation between the fit and the data and were systemati-
cally less than 1%. Additionally, we performed duplicates
(two independent cultures and analyses) for the 1- and 3-
day old samples, that indicated a good reproducibility of
the Fe(III)/Fe(total) ratio estimations, with a standard
deviation lower than 10%.

3. RESULTS

3.1. Bacterial growth and Fe oxidation by-products formed in

BoFeN1 cultures

Bulk measurements on the cultures showed that starting
from 4 to 6 mM of dissolved Fe(II), iron was completely
oxidized within 3 days, which coincided with the start of
the stationary phase of growth (Fig. 1). In contrast, no sig-
nificant Fe(II) oxidation was observed in non-inoculated
samples over the duration of the experiment.

In the cultures, the oxidation of Fe(II) could be observed
macroscopically by the appearance of an orange precipi-
tate. The solid phase, collected after 13 days of culture,
was XRD-amorphous (Fig. 2) and was therefore further
characterized by XAS (Table 1, Figs. 3 and EA-2). The po-
sition of the pre-edge of the BoFeN1 sample at 7113.7 eV
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a period of 6 days. (j): total protein concentration, (s): dissolved
Fe(II) concentration.
indicated that iron was mostly present as Fe(III) in the
end-product of iron bio-oxidation by BoFeN1 after 13 days
of culture (Fig. 3, Wilke et al., 2001), which is consistent
with the shift of 2 eV in the absorption maximum of the
XANES spectrum compared to the Fe(II)-phosphate model
compound. Additionally, the shape of the pre-edge peak is
consistent with a dominant octahedral coordination of
Fe(III) in this mineral. Best fits of the EXAFS data of this
sample and of the model compounds ferrihydrite,
phate model compounds. Coordination number (N), interatomic
distance (R), Debye–Waller parameter (r) and energy offset (E0).
Fit quality was estimated by a reduced v2 parameter (see text). The
low coordination number for Fe–O pairs (N = 3.5–4.5) is attrib-
uted to cancellations due to strong distortions of the Fe(O, OH,
H2O) octahedra (see e.g. Michel et al., 2007 for details on
ferrihydrite structure).

Sample N

(±0.3)
Bond R (Å)

(±0.05)
r (Å)
(±0.02)

E0 (eV)
(±3)

v2

2-Line
ferrihydrite

4.2 FeAO 1.96 0.11 1 9.68

1.4 FeAFe 3.03 0.10
2.6 FeAFe 3.44 0.10

Fe(II)-
phosphate

4.0 FeAO 2.09 0.09 4 37.1

1.8 FeAP 3.29
0.9 FeAFe 3.00
2.6 FeAFe 4.71

Fe(III)-
phosphate

3.5 FeAO 1.98 0.07 3 19.9

2.5 FeAP 3.23 0.11

BoFeN1 4.5 FeAO 1.97 0.10 1 10.7
1.3 FeAP 3.19 0.05
0.3 FeAFe 3.52 0.05
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Fe(II)-, and Fe(III)-phosphates are listed in Table 1 and
plotted in Fig. 3. The first- and second-neighbour shells in
EXAFS data of the 13-day old BoFeN1 culture consisted
of oxygen, phosphate and iron ligands at 1.97 ± 0.05,
3.19 ± 0.05 and 3.52 ± 0.05 Å, respectively. These distances
are consistent with those measured on the reference amor-
phous Fe(III)-phosphate (Table 1), i.e. FeO6 octahedra
sharing corners with PO4 tetrahedra (Rose et al., 1996,
1997). The structure of this phase could thus be close to
the structure of iron arsenate recently proposed by Paktunc
et al. (2008). The absence of Fe–Fe pairs at a distance of
3.0–3.2 Å, corresponding to edge-sharing FeO6 octahedra
that are the structural basis of all iron oxyhydroxides, rules
out the possibility this phase would be an iron oxyhydrox-
ide with adsorbed phosphate. In contrast, our EXAFS
results clearly indicate that the final Fe-oxidation product in
BoFeN1 cultures consists of a mixed Fe–PO4 (oxy)hydrox-
ide. Additionally, a linear decomposition of the k3v(k) func-
tion of the BoFeN1 sample with the k3v(k) functions of
Fh2L and of the amorphous Fe(III)-phosphate model com-
pound (Fig. EA-2) was performed. Although previous re-
sults clearly indicate that the iron minerals are not
composed of ferrihydrite, this decomposition allowed the
local order of the iron minerals formed in BoFeN1 cultures
to be investigated. These results indicate that the local
structure of the minerals formed in BoFeN1 cultures is
more ordered than the local structure of the reference
amorphous Fe(III)-phosphate, but remains very close to.
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Indeed, a component having a local structure similar to
Fh2L is more expressed in the BoFeN1 sample than in
the reference Fe(III)-phosphate. All these results are consis-
tent with the production of amorphous Fe(III)-phosphates
in BoFeN1 cultures. This phase exhibits similarities in its
EXAFS signal with the natural oxidation product of vivia-
nite, i.e. santabarbaraite (Pratesi et al., 2003) but determin-
ing the exact nature of this mineral would need further
investigations.

3.2. Microscopic characterization of the precipitates formed

in BoFeN1 cultures

The minerals formed in BoFeN1 cultures were further
characterized by a set of microscopic methods. As illus-
trated in Fig. 4, three different types of precipitates could
be discriminated, based on their morphology and localiza-
tion with respect to the cells. (1) Mineralized filaments
formed by assemblies of 95 ± 30 nm in diameter spherules
were observed outside the cells, and usually in the vicinity
of the cells. (2) 100 ± 25 nm in diameter globules covered
the cell surface (Fig. 4a and c). The extracellular localiza-
tion of these globules, in contact with the cell outer mem-
brane was confirmed by tomography performed on
mineralized bacteria (Fig. 4d and Movie EA3). (3) An elec-
tron dense layer outlining the cell surface was observed
both by STEM in dark field mode (Fig. 4a) and by TEM
(Fig. 4d). As shown by tomography on whole cells, this
layer remained visible whatever the tilt angle (from �60�
to +50�, Fig. 4d and Movie EA3). TEM observations of
stained thin sections unambiguously indicated that this
mineral layer was located within the periplasm, in between
the cytoplasmic and the outer membranes (Fig. 5a and b).
This is consistent with the observation of a rather constant
thickness (40 nm) of this electron dense layer observed by
STEM in dark field mode on samples of whole bacteria
(Fig. 5c and d). In the following, we refer to the formation
of this mineral layer in the periplasm as ‘‘cell encrustation”.
This mineralization almost systematically displayed an
asymmetric pattern at the cell poles: one pole was heavily
mineralized with thicknesses up to 350 nm, whereas the
dense layer on the opposite pole did not exceed 40 nm in
thickness (Fig. 5c). Consistently with XRD and XAS anal-
yses, all three types of precipitates were amorphous by elec-
tron diffraction (Fig. 5b and c) and composed of Fe, P and
O (Fig. 6).

Detection and mapping of organic molecules were
performed using STXM at the C K-edge (Fig. 7). Differ-
ent biochemical compounds can be discriminated at this
edge based on their XANES spectra, in particular the
energy position of their maximum absorption peaks
(e.g. Benzerara et al., 2004a). Fig. 7b–d show the maps
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of proteins (A(C@O)A(NH)A, 288.2–280 eV), polysac-
charides (289.2–280 eV) and iron (708–700 eV), respec-
tively, on the same area. The periplasmic iron-rich
layer contained high amounts of organic carbon.
XANES spectra obtained on the periplasm of many cells
were similar to whole bacteria XANES spectra (Fig. 7e)
and contained mostly amide functional groups character-
istic of proteins. In addition, different organic molecules
were observed in association with extracellular iron min-
erals (Fig. 7c and d). C K-edge XANES spectra re-
corded on these phases exhibited major peaks at 288.6
and 289.9 eV and were similar to XANES spectra of ref-
erence polysaccharides (Fig. 7e).

3.3. Spatial and temporal variations of cell encrustation

among a bacterial population

Aliquots of BoFeN1 cultures were sampled for STEM
analysis 30 min, 3 h, 6 h, 1 day, 3 days and 6 days after
inoculation in order to follow the evolution of cell
encrustation (Fig. 8). In the first stage (30 min), a thin
and discontinuous precipitation of Fe-phosphate started
in the periplasm. In addition, colloidal Fe-rich particles
could be observed at the surface of the cells. After 3 h,
the periplasm was already completely encrusted. Globules
located at the cell surface were widespread in 6-h old cul-
tures and restricted to cells showing encrustation of the
periplasm. After 3 days, a clear asymmetric mineral thick-
ening was observed at the cell pole. Finally, globules at
the cell surface were more numerous and thicker in 6-
day old cultures. Superimposed to this general scheme,
heterogeneities in the intensity of cell biomineralization
were noticed among the bacterial populations. As shown
in Fig. 9, cells devoid of any precipitate were observed in
the cultures at each individual stage. These bacteria were
observed by STEM (Fig. 9a) and were also clearly iden-
tified by STXM, appearing on C maps but not on Fe
maps (Fig. 9b and c).
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Fig. 8. Temporal evolution of BoFeN1 encrustation. STEM images (dark field) acquired 30 min to 6 days after inoculation showing the
progressive encrustation of the periplasm, followed by the appearance of globules at the cell surface.
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3.4. Evolution of iron redox state at the submicrometer scale

in BoFeN1 cultures

The spatial distribution of iron redox states in BoFeN1
cultures was analyzed by STXM at the Fe L2,3-edges
(Fig. 10). Fe(II) and Fe(III) maps (Fig. 10a and b) were ob-
tained by fitting Fe L2,3-edges stacks with linear combina-
tions of Fe L2,3-edges spectra of the Fe(II)- and Fe(III)-
phosphate model compounds and a constant (Fig. 10c). A
color composite of the Fe(II) and Fe(III) maps (Fig. 10d)
allowed the localization of oxidized versus reduced areas
in the samples. The two references (Fe-phosphates) were
also used for linear decomposition of the XANES spectra
extracted from the stacks on bacteria and extracellular pre-
cipitates (Fig. 10e). Best fits provided a quantitative estima-
tion of Fe(II)/Fe(total) and Fe(III)/Fe(total) ratios (Table
2) in the bacteria and in the extracellular precipitates. The
optical density was systematically checked to ensure that
it was low enough to avoid oversaturation of the absorp-
tion signal that could artifactually modify the Fe-redox
ratio.

In 1-day old cultures, iron exhibited a mixed valence in
bacteria as well as in extracellular precipitates, with aver-
age Fe(III)/Fe(total) ratios of 50 ± 0.6% and 44 ± 0.6%
Fig. 9. Heterogeneity of encrustation among the bacterial population. (a)
coexistence of encrusted and non-encrusted bacteria (white arrows). (b) M
of the OD-image taken at 280 eV from the OD-image taken at 288.2 eV. W
same area as (b) obtained from the subtraction of the OD-image taken at
are not visible on this map.
Fe(III), respectively (Fig. 10 and Table 2). Combining
these results with the total Fe concentration (Fe(II) and
Fe(III) in a dissolved or particulate form, 5.4 mM) and
the dissolved Fe(II) concentration measured by spectro-
photometry in the culture medium after 1 day of culture
(3.6 mM), we can estimate particulate Fe(II) and Fe(III)
average concentrations in the medium of 0.95 and
0.85 mM, respectively. However, spatial heterogeneities
of the Fe redox state were detected within the extracellular
precipitates (Fig. 10d): in particular, highly oxidized spots
(75 ± 0.6% Fe(III)) were observed among the extracellular
precipitates.

Following the same method, the temporal evolution of
iron redox state was investigated on samples collected 3 h
to 6 days after inoculation. Fe(II)–Fe(III) composite maps
(Fig. 11a–e) showed a progressive evolution from a
predominantly Fe(II) composition on the cells and the
extracellular precipitates (3–6 h) towards a completely oxi-
dized, Fe(III) state in 6-day old samples. Accordingly, best
fits of the XANES spectra of the bacteria (Fig. 11f and Ta-
ble 2) evidenced a transition from a mixed valence Fe(II)–
Fe(III) mineral (42 ± 0.5% Fe(III)) towards an almost pure
Fe(III) mineral (91.7 ± 0.7% Fe(III)). The same trend was
observed on the extracellular precipitates (Fig. 11g and
STEM image a BoFeN1 cells 6 days after inoculation, showing the
ap of proteins in a 1-day old culture obtained from the subtraction
hite arrows point out non-encrusted cells. (c) Iron OD-map of the

700 eV from the OD-image taken at 708.7 eV. Non-encrusted cells
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Table 2
Fe(III)/Fe(total) quantification obtained from the fit of Fe L2,3-
edge NEXAFS spectra extracted from stacks on bacteria and
precipitates at different stages of the culture. Fe(III)/Fe(total)
values result from at least two spectra fits. Standard deviations
(SD) were calculated as the SD of the fit to the data. Values
reported in this table are means of the standard deviations obtained
for each fit.

Area Time,
h

Mean Fe(III)/
Fe(total)

Standard
deviation

Bacteria 3 0.42 0.005
6 0.450 0.004

24 0.50 0.006
72 0.65 0.008

144 0.917 0.007

Precipitates 3 0.37 0.006
6 0.349 0.004

24 0.44 0.006
72 0.66 0.007
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Table 2). These results parallel bulk measurements of dis-
solved Fe(II) in the cultures (Fig. 1).

4. DISCUSSION

4.1. Periplasmic and polar precipitation of iron phosphates

In the present study, we observed the precipitation of
amorphous iron phosphates within the periplasm of the
anaerobic iron-oxidizing nitrate-reducing strain BoFeN1
(Fig. 4). In contrast, in the anaerobic iron-oxidizing photo-
trophic purple bacteria strain SW2, the periplasm is never
encrusted and precipitation of iron mainly occurs outside
the cells (Kappler and Newman, 2004). The reason why
these two strains, that both oxidize ferrous iron at neutral
pH, exhibit different biomineralization patterns remains un-
clear. Precipitation of calcium and chromium phosphates
within the periplasm has been reported in several other
Gram-negative bacteria exposed to elevated concentrations
calcium (Benzerara et al., 2004b) or chromate (Goulhen
et al., 2006), respectively. This suggests that periplasmic
mineralization of phosphates is a widespread mechanism,
not restricted to iron-oxidizing bacteria. Moreover, the
two latter studies proposed two separate processes to ac-
count for the preferential precipitation of phosphate in
the periplasm: (1) the achievement of supersaturation with
the phosphate phase within the periplasm and (2) the pref-
erential nucleation of phosphate minerals on periplasmic,
possibly protein, compounds. Regarding the achievement
of supersaturation, it should be noted that the culture med-
ium was initially saturated with a Fe(II)-phosphate phase
(see medium preparation in Section 2). It is generally as-
sumed that the chemical composition within the periplasm
is close to that of the culture medium, given the high perme-
ability of the outer membrane, due to the abundance of
porins (Nikaido, 2003; Wilks and Slonczewski, 2007). Slight
variations of chemical activities within the periplasm may
locally increase supersaturation with a Fe-phosphate phase
and account for its precipitation at this location. For exam-
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ple, these variations may be triggered by the recycling of
phosphates involving the activity of phosphatases (e.g. Hir-
schler et al., 1990; Blake et al., 1998), by local variations of
pH and/or by the metabolic oxidation of iron. The solubil-
ity of the amorphous Fe-phosphates detected in the present
study is however unknown and thermodynamic analyses
will have to be conducted in the future to address that
point. Regarding a preferential nucleation of mineral
phases within the periplasm, observations of a preferential
crystallographic growth of apatite parallel to the cell sur-
face and proteomics studies have suggested that formation
of Ca-phosphate in the periplasm may result from nucle-
ation on specific membrane-associated proteins (e.g. Van
Dijk et al., 1998; Benzerara et al., 2004b). In BoFeN1 cul-
tures, we observed an accumulation of proteins in the per-
iplasm of iron-encrusted cells (Fig. 7). These periplasmic
proteins could serve as nucleation sites for precipitation
of iron phosphate, but further investigations are needed
to support this hypothesis.

Proteins allocated to the periplasm are synthesized in the
cytoplasm and translocated to the periplasmic compart-
ment, where they are ultimately folded and assembled
(Miot and Betton, 2004). It has been shown that various
environmental stresses can enhance the accumulation of
misfolded proteins in the periplasm of Escherichia coli, lead-
ing to the formation of periplasmic inclusion bodies com-
posed of protein aggregates (e.g. Arié et al., 2006).
Moreover, recent studies evidenced an asymmetric forma-
tion and accumulation of inclusion bodies at the poles of
E. coli, under non-stressing conditions (Lindner et al.,
2008). This asymmetric pattern was shown to be a direct
consequence of aging: upon cell division, protein aggregates
segregate and accumulate in older poles relative to new
poles. In the present study, we observed both a periplasmic
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accumulation of proteins in iron-encrusted cells and an
asymmetric pattern of cell mineralization at the poles.
These results are both suggestive of protein aggregation
and the possible relation with a preferential cell encrusta-
tion would be interesting to study further. Alternatively,
the preferential location of iron precipitates at the cell poles
might be reminiscent of iron oxide granules previously re-
ported to accumulate at the poles of the iron-reducing bac-
terium Schewanella putrefaciens (Glasauer et al., 2007).
These authors proposed that this polar location could result
from a facilitated iron uptake at the poles.

4.2. Evolution of iron redox state in the periplasm

Proteins involved in the transfer of electrons during iron
oxidation by anaerobic nitrate-dependent iron-oxidizing
bacteria are not known nor localized yet. However, recent
studies of the anaerobic iron-oxidizing phototrophs Rhodo-

pseudomonas palustris strain TIE-1 and R. ferroxidans strain
SW2 suggested that a soluble decahaeme c-type cyto-
chrome, potentially playing a crucial role in iron oxidation,
could reside in the periplasm (Croal et al., 2007; Jiao and
Newman, 2007). Similarly, in the acidophilic iron-oxidizing
bacterium Acidithiobacillus ferroxidans, the electron trans-
fer system coupled to iron oxidation is expected to function
in the periplasmic space (Bruscella et al., 2005) and in par-
ticular, the cytochrome c oxidase has been described as a
membrane-bound protein (Yamanaka and Fukomori,
1995). In the present study, significant amounts of Fe(III)
within BoFeN1 periplasm were observed from the begin-
ning of the culture, increasing over time. These results
strongly suggest that at least one of the steps of iron oxida-
tion takes place in the periplasm of this strain as well.

Given the high permeability of the outer membrane of
Gram-negative bacteria, it is likely that the higher the
Fe(II) concentration in the culture medium, the higher the
Fe(II) concentration in the periplasm. Hypothesizing that
Fe(II) oxidation occurs within the periplasm of BoFeN1,
the redox state of periplasmic iron phosphates is directly
influenced by the balance between soluble Fe(II) concentra-
tions in the culture medium and Fe(III) formed by meta-
bolic oxidation. The following scenario can thus be
proposed: at time zero, there is a high concentration of
Fe(II) in solution, and part of this iron is taken up and oxi-
dized by the bacteria, leading to the precipitation of a
mixed-valence iron phase in the periplasm. Over the course
of culture growth, the concentration of dissolved Fe(II) in
solution decreases and thus the average iron redox state
of the periplasmic precipitate increases. This scenario could
partly explain how the redox state of the periplasmic pre-
cipitate roughly follows the iron redox state of the bulk
solution. Moreover, in a scenario where Fe oxidation stops
as soon as precipitation occurs within the periplasm, one
could expect to find a mixture of cells with periplasmic pre-
cipitates exhibiting various iron redox states ranging from a
mixed-valence compound towards a pure Fe(III) com-
pound in the latest stages of growth. In contrast, although
the number of analyses was inherently limited by the
microscopy approach, the iron redox state of the periplas-
mic precipitates was constant from one cell to another at
a given growth stage. Two hypotheses could account for
these results: (1) a constant re-equilibration of the redox
state of the precipitates after their formation, or (2) an
increasing fraction of biomineralizing cells at a given stage
compared to former stages (potentially caused by a combi-
nation of growth and precipitation kinetics or by cell lysis).
These hypotheses will have to be assessed in future studies.
Overall, the homogeneity of the iron redox state and the
colocalization of Fe and P evidenced by EDXS (Fig. 6)
both suggest the existence of a single Fe-phosphate phase
at a given stage of the culture. Some authors have proposed
the existence of an autocatalytic process consisting in the
oxidation of Fe(II) in solution by Fe(III)-containing solids.
Fakih et al. (2008) have observed a decreased autocatalytic
effect of the oxidation of Fe(II) associated with bacteria in
cultures of Bacillus subtilis. While this process may occur in
BoFeN1 cultures, it should be noted that it would slow
down the rate of Fe(II) oxidation within the periplasm of
BoFeN1 cells. However, the main trend we observe is the
reverse, i.e. faster oxidation of Fe(II) on the cells, which
likely results at first order from the metabolic oxidation
of Fe(II) by the bacteria.

4.3. Extracellular precipitation of iron phosphates

4.3.1. Role of organics in extracellular precipitation of iron

phosphates

Extracellular mineralized filaments consisting of iron
phosphates were shown to be associated with exopolysac-
charides (Fig. 7) in the BoFeN1 cultures. These precipitates
displayed a morphology (Fig. 4) and an organic content
similar to the polysaccharide-associated iron oxyhydroxide
filaments described by Chan et al. (2004) in a neutral-pH
environment. These authors suggested that extrusion of
polysaccharides localized iron precipitation in proximity
to the cell membranes, thus harnessing the proton gradient
for energy generation. In addition, this study showed that
polysaccharide strands triggered the nucleation of high as-
pect ratio pseudo-single crystals of akaganeite. In contrast,
iron phosphates formed by BoFeN1 are amorphous. How-
ever, our results suggest that EPS may facilitate iron phos-
phate nucleation or aggregation of iron phosphate colloids
outside the cells, concomitantly with periplasmic
encrustation.

4.3.2. Origin of extracellular Fe(III)

STXM analyses of the extracellular precipitates formed
in BoFeN1 cultures highlighted a local heterogeneity of
iron redox state, with highly oxidized spots disseminated
within a mixed-valence iron phosphate matrix (Fig. 10).
Furthermore, iron was almost completely oxidized in the
extracellular precipitates after three days of culture
(Fig. 11 and Table 2). These extracellular iron biominerals
are reminiscent of those described in neutrophilic iron-oxi-
dizing phototroph cultures of R. palustris strain SW2 for in-
stance (Kappler and Newman, 2004). Those authors have
questioned the mechanisms involved in the transfer of
Fe(III) from the cells to the extracellular medium. Indeed,
the presence of Fe(III) away from the bacteria is somewhat
surprising given the low solubility of Fe(III) at neutral pH
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(Cornell and Schwertmann, 2003). The same question is rel-
evant to BoFeN1, as we showed in the present study that
BoFeN1, in addition to mineral precipitation within the
periplasm and on external cell wall, has the ability to form
extracellular Fe(III) mineral phases not bound to the cells.
Abiotic oxidation of Fe(II) by nitrite can first be consid-
ered. However, such processes have been shown to contrib-
ute to a significant iron oxidation rate only in the presence
of cell-bound Fe(II) and not in the presence of aqueous
Fe(II) (Coby and Picardal, 2005). Moreover, as demon-
strated by Kappler et al. (2005a), the kinetics of iron oxida-
tion observed in BoFeN1 cultures does not support an
abiotic oxidation of iron by nitrites. Therefore, abiotic oxi-
dation of Fe(II) at distance from the cells via this mecha-
nism is unlikely. Although significant amounts of proteins
were not detected in association with extracellular precipi-
tates, lysis of cells encrusted by Fe(III) minerals could ac-
count in part for the presence of Fe(III)-rich spots among
the extracellular mixed-valence precipitates. Previous stud-
ies on R. ferrooxidans sp. strain SW2 (Croal et al., 2004;
Kappler and Newman, 2004; Croal et al., 2007) have sug-
gested some other mechanisms: (1) a production of
Fe(III)-chelators exporting Fe(III) away from the cells (this
hypothesis may also partly explain the Fe isotope fraction-
ation produced by iron-oxidizing phototrophs (Croal et al.,
2004)) (2) A local drop of pH around the cells (Kappler and
Newman, 2004), which may favor Fe(III) export.

4.4. Potential bio-signatures in the fossil record

Mineralized filaments composed of iron oxides have
been widely described in ancient rocks and their biogenicity
questioned (e.g. Little et al., 2004; Ivarsson et al., 2008).
Most of these studies have noted the morphological similar-
ity of these filaments with structures resulting from iron
oxidation by microaerobic bacteria such as Gallionella

stalks and Leptothrix sheaths (Fortin and Langley, 2005).
However, potential signatures of the past activity of anaer-
obic iron-oxidizing bacteria have never been observed in
ancient rocks, probably as a consequence of the scarcity
of studies dealing with these metabolisms. Nevertheless,
anaerobic iron-oxidizing bacteria may have played a crucial
role in driving ancient geochemical cycles (Konhauser,
1998; Kappler et al., 2005b; Posth et al., in press). More-
over, the potential involvement of iron-oxidizing bacteria
in the formation of tubes in basaltic glass has been dis-
cussed (e.g. Furnes et al., 2005; Benzerara et al., 2007). In
order to fully assess the biogenic origin of iron minerals
found in ancient rocks and their possible relationship with
the activity of past anaerobic iron-oxidizing bacteria, accu-
rate and specific criteria are needed. In the present study,
minerals produced in BoFeN1 cultures were shown to con-
sist of Fe-phosphates. It is likely that using a different cul-
ture medium composition (for instance carbonate instead of
phosphate) would have led to a different mineralogy. The
mineralogy of the phases formed in the present BoFeN1
cultures is thus likely not innate to bacterial anaerobic Fe
oxidation at neutral pH. This issue should be addressed
in future experiments in which the chemistry of culture
medium could be modified. Nevertheless, iron biominerals
produced in BoFeN1 cultures were shown to exhibit very
specific patters that are probably independent of the chem-
istry of the culture medium and more likely related to pro-
cesses triggered by this bacterial metabolism: a 40-nm thick
layer of iron minerals associated with high concentrations
of protein moieties within the periplasm (Fig. 4), asymmet-
ric mineralization at bacteria poles (Fig. 4), and mineralized
filaments composed of iron minerals associated with poly-
saccharides (Figs. 4 and 7). These features are potential
indicators of these metabolisms that could be preserved
and sought for in modern environments and in ancient
rocks. The preservation of such features during diagenesis
and metamorphism, in particular the preservation of local
accumulations of proteins and polysaccharides associated
with the mineral precipitates will have to be assessed in fu-
ture experiments. Looking for such organic–mineral associ-
ations using spectromicroscopic methods (e.g. Bernard
et al., 2007; Lepot et al., 2008) would provide additional
evidence of bacterial iron oxidation in the fossil record.

5. CONCLUSIONS

The periplasm was revealed as a key location for iron
oxidation in BoFeN1. Asymmetric polar mineral thicken-
ing and accumulation of proteins within the periplasm of
iron-encrusted cells are suggestive of protein aggregation
possibly promoting iron phosphate nucleation. Exopolysac-
charides were produced and released by the bacteria and
potentially participate in localizing the precipitation of
extracellular iron phosphates at distance from the cells.
The progressive oxidation of these extracellular phases sup-
ports the hypothesis of a mechanism of Fe(III) export.
These results indicate that this encrusting strain (BoFeN1)
shares similarities with non-encrusting neutrophilic iron-
oxidizing bacteria, such as SW2 (Kappler and Newman,
2004), suggesting that cell encrustation is not exclusive of
Fe(III) export.
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