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In previous studies on microbial ferric iron (Fe(III)) reduction varying results regarding reduction rates and secondary mineral
formation have been reported for almost identical conditions regarding temperature, pH, medium composition, Fe(III) mineral
identity and bulk iron concentration. Here we show that in addition to physico-chemical parameters also geometric aspects, i.e.,
incubation orientation and dimension of cultivation vessels, influence the reduction rates and mineralogy. We incubated the Fe(III)-
reducer Shewanella oneidensis MR-1 in test tubes at ferrihydrite (FH) concentrations of 1.3–50 mM either in vertical or horizontal
orientation. Cells and minerals formed a pellet at the bottom of the tubes with different thicknesses at the same initial FH
concentration depending on the incubation orientation. In vertically incubated tubes thick FH pellets were present at the bottom of
the tubes and magnetite was formed in all setups with �2.5 mM initial FH. In tubes that were incubated horizontally no magnetite
was formed in presence of <5 mM initial FH. Spatially resolved analysis of the supernatant and mineral sediment including
voltammetric microelectrodes, Xray diffraction and M€ossbauer spectroscopy revealed strong gradients of Fe2C in both the aqueous
supernatant and mineral pellets, whereas a heterogeneous distribution of cells and minerals in the sediment pellet was detected. The
highest cell density and, consequently, the initiation of FH reduction was found at the mineral-supernatant interface. This study
demonstrates that small changes in incubation conditions can significantly influence and even change the experimental results of
geomicrobiological experiments.
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Introduction

Understanding and ultimately predicting secondary mineral
formation during microbial transformation of iron minerals
in the environment is of wide interest. It allows to better
understand the evolution of redox conditions throughout
Earth’s history (Kendall et al. 2012; Posth et al. 2014), the
coupling of biogeochemical cycles including the preservation
of organic matter (Lalonde et al. 2012; Raiswell and Canfield
2012), and the fate of contaminants in soils and sediments
(Benzerara et al. 2011; Borch et al. 2010; Vaughan and Lloyd
2011).

Dissimilatory iron(III)-reducing bacteria (DIRB) can use
poorly soluble Fe(III) (oxyhydr)oxides as electron acceptor

for respiration, which requires mechanisms for extracellular
electron transfer (Melton et al. 2014). Electrons can be trans-
ferred by bacteria to iron(III) via direct contact with the min-
eral surface (Lovley and Phillips 1988) via endogenous
electron shuttles produced by the bacteria (Lies et al. 2005;
Marsili et al. 2008) via conductive pili (so-called nanowires),
(Lovley et al. 2014; Pirbadian et al. 2014) or by natural
redox-active organic compounds such as humic substances,
sulfur species or even biochar (Jiang and Kappler 2008;
Kappler et al. 2014; Lohmayer et al. 2014; Lovley et al.
1996; Okamoto et al. 2013; Roden et al. 2010).

Direct contact electron transfer, flavin production and
electron shuttling by humic substances have been reported to
be performed by Shewanella oneidensis MR-1, the Fe(III)-
reducing strain used in this study. Common to all electron
transfer pathways described is that short distances between
Fe(III)-reducing cells and minerals are crucial or at least ben-
eficial to allow efficient electron transfer. For strain S. onei-
densis MR-1, no biomolecules are known that control the
identity of the secondary minerals formed outside of the cell
during Fe(III) mineral reduction. This is in contrast to
magnetotactic bacteria, which exert a strong control over the
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intracellular formation of iron minerals (Bazylinski and
Frankel 2004).

During Fe(III) mineral reduction by S. oneidensisMR-1, a
number of secondary minerals such as goethite, magnetite,
siderite or vivianite have been found and various factors con-
trolling the identity of secondary minerals described (Piepen-
brock et al. 2011). Direct iron mineral (trans)formation is
strongly controlled by a number of physicochemical parame-
ters, including thermodynamic and kinetic properties of the
reaction system, as well as biological and physical settings
and the design of the experimental setup (Figure 1) (Fre-
drickson et al. 1998; Fredrickson et al. 2003; Hansel et al.
2003; Lies et al. 2005; Piepenbrock et al. 2011; Zachara et al.
2002).

A systematic classification of these parameters leads to a
hierarchical and successive control scheme on secondary min-
eral formation (Figure 1). The highest control level, indicated
by level 1, is represented by the thermodynamic framework.
This framework includes temperature, pH, local geochemis-
try on a microscopic scale and the interaction of the cells with

reactive groups at the mineral surface. As a subsequent level
the reaction kinetics (level II), including chemical and biolog-
ical reaction rates as well as catalytic processes, control the
secondary mineral formation.

Further control levels are biological factors (level III) and
the physical framework (level IV). Biological factors com-
prise the influence of cell density, metabolic activity, nutrient
and substrate availability on the mineral (trans)formation.
The physical framework describes nonbiological influences,
such as the spatial distribution of chemical species (i.e., for-
mation of gradients), the accessibility of cells to the mineral
surface and the presence and interactions of surface blocking
agents (e.g., phosphate, humic substances). A final important
parameter in this hierarchical control scheme is the design
and choice of the experimental setup (level V), including
shape and size of the incubation vessel, agitation disturbances
and the incubation temperature as discussed in detail later in
the present study.

All the factors mentioned above influence, either directly
or indirectly, the identity of the mineral product of DIRB

Fig. 1. Chemical, biological, physical and experimental factors influencing the secondary mineralization product of microbial Fe(III)
mineral transformation.
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activity, leading to various products depending on the param-
eter combination. In laboratory experiments mainly the con-
trol parameters that are comprised in levels III and IV
(Figure 1) are applied to manipulate experimental conditions
and to direct mineral formation. However, even under very
similar conditions regarding temperature, pH, medium com-
position and initial Fe(III) concentration and Fe(III) mineral
identity, the identity and quantities of the secondary minerals
formed during Fe(III) reduction was shown to vary (Piepen-
brock et al. 2011). In the present study we investigated sys-
tematically how the design and choice of the experimental
setup (level V) affects iron mineral (trans)formation.

The goal was to determine how geometric factors, such as
vessel incubation orientation and dimension/shape influence
the local conditions in the experiment and ultimately control
the mineralogy during microbial Fe(III) mineral reduction.
While up-and downscaling of microbial reactors are always a
challenge and often no linear behavior with respect to vol-
ume, cell growth and metabolic rates is observed, this is espe-
cially true for Fe(III)-mineral-reducing cultures, in which the
iron minerals sediment rapidly and the major volume of the
aqueous medium contains the dissolved electron donor (e.g.,
lactate or acetate) but lacks the electron acceptor. Experi-
ments identical in bulk composition may therefore lead to dif-
ferent secondary minerals depending on the experimental
scale and setup.

Therefore, we investigated the influence of incubation ves-
sel orientation, dimension and heterogeneous distribution of
cells and minerals on mineral transformation during ferrihy-
drite (FH) reduction by Shewanella oneidensisMR-1. Culture
tubes were set up with identical cell numbers, nutrient and
FH concentrations, either standing vertically or lying hori-
zontally in the incubator either without disturbance or shaken
once per day (Figure 2A).

Materials and Methods

Bacterial Culture

Shewanella oneidensis strain MR-1, originally isolated from
Lake Oneida, New York, (Myers and Nealson 1988) was
taken from a frozen stock kept at ¡80�C and streaked out
oxically on Luria–Bertani (LB-medium) agar plates (10
gL¡1 tryptone, 5 gL¡1 yeast extract, 5 gL¡1 NaCl and 12
gL¡1 agar). LB-plates were incubated at 28�C for about
24 h and afterwards kept at 4�C for up to 7 days. One col-
ony was transferred into 10 mL of anoxic freshwater
medium (Hegler et al. 2008) amended with 20 mM lactate
and 40 mM fumarate in a 21-mL culture tube. After 72 h of
incubation at 28�C in the dark, 200 mL were transferred into
a culture tube with freshwater medium. After another 24 h
of incubation, cell concentration in the culture was deter-
mined by optical density (OD) measurements (660 nm).
OD660 was calibrated against cell counts obtained by count-
ing with a Thoma-chamber by light microscopy (Axioscope
2, Zeiss, Germany). The cultures were diluted to 2 £ 107

cells mL¡1 and 200 mL were used to inoculate the
experiments.

Ferrihydrite (FH) Synthesis

FH was synthesized according to Cornell and Schwertmann
(2003) and Piepenbrock et al. (2011) using a ca. 200 mM
solution of Fe(NO3)3¢H2O that was neutralized with 1 M
KOH to a final pH of 7.2. After centrifugation and four
washing steps with demineralized water, the wet solid was
resuspended in water to an approximate concentration of
0.5 M Fe(III). The FH suspension was deoxygenized under
vigorous stirring by alternating application of vacuum and
N2, autoclaved (20 min at 121�C) and then stored in the dark
at 4�C.

Experimental Setup

All experiments were conducted at 28�C in the dark in anoxic
LML medium. LML medium contained 0.2 g L¡1 yeast
extract, 0.1 g L¡1 peptone and 22 mM NaHCO3 buffer
adjusted to pH 7.0–7.1. Test tubes with a volume of 13.5 or
21 mL were used with 6 or 10 mL of medium, respectively.
Anoxic FH stock suspension was added to the tubes to final
concentrations of 1.3–50 mM using syringes after the head-
space was flushed with N2/CO2 (90:10) and all vessels were
closed with butyl rubber stoppers. Finally, all tubes except
sterile controls were inoculated with S. oneidensis using syrin-
ges as described above. The incubation vessels were stored in
different orientations: vertically, horizontally, and horizon-
tally shaken once per day. For analysis by voltammetric elec-
trodes, 13.5 mL test tubes with 50 mM FH were completely
filled with medium and incubated without headspace to allow
sufficient immersion of the counter and reference electrodes.
Table 1 provides an overview of all setups.

Cell Number Quantification by qPCR

Cells in the experimental setup were quantified by qPCR as
described in the supporting information.

Analytical Techniques

Lactate and acetate were quantified by HPLC (Shimadzu,
Kyoto, Japan) equipped with an Aminex HPX 87H column
(BioRad, Hercules, USA), a refractive index detector for lac-
tate and a diode array detector for acetate. For bulk analysis
of Fe concentrations and speciation, the incubation tubes
were homogenized by vigorous shaking and samples were
taken anoxically using a syringe with a needle. Samples were
immediately stabilized in 1M HCl to avoid oxidation of Fe
(II). For Fe distribution profiles, the tubes were either
mounted on a micromanipulator for Fe species identification
and quantification using voltammetric microelectrodes or the
tubes were frozen at ¡28�C and sliced inside an anoxic glove
box as described for cell quantification. The cut ice cores
were then thawed and subsamples were dissolved in 1M HCl
for analysis. Fe(II) was quantified photometrically by the fer-
rozine assay. (Stookey 1970) For Fetot measurements, Fe(III)
was reduced to Fe(II) prior to quantification according to
(Kappler and Brune 2002).
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Fig. 2. (A) Conceptual drawing of the experimental setup. Culture tubes with initially 1.3–50 mM ferrihydrite (FH) were incubated
with Shewanella oneidensisMR-1 either horizontally or vertically. Depending on incubation orientation and FH concentration, thick
FH pellets (sedimented FH minerals) formed or the FH was distributed in a thin layer in the tubes. (B) Spatial distribution of Fe(II)/
Fe(tot) ratios (1 M HCl extractable Fe) in 21 ml culture tubes with 2.5 mM FH, inoculated with MR-1 and incubated vertically for
2, 6 and 17 days, respectively. Gray shaded area represents samples taken from the mineral pellet. (C) Fe(tot) concentration for the
same tubes as described in panel B. (D) Development of magnetic susceptibility over time in culture tubes incubated either vertically
or horizontally for bulk FH concentrations of 2.5 and 5 mM. Horizontal tubes were shaken once per day before measurement while
vertical tubes were not. Error bars indicate range of values for duplicate tubes. (E) Extent of total Fe(II) formed from microbial Fe
(III) reduction in 21 mL tubes containing 1.3, 2.5 or 5 mM FH incubated either vertically or horizontally for 8 days without
shaking.
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Cyclic voltammetry microelectrode measurements were
performed using an AIS DLK-100 potentiostat (Analytical
Instrument Systems, Flemington, USA) set to a voltage range
1.8 to 0.1 V. The working electrodes were custom made with
a tip diameter of 100mm and a polished Au-Hg coating. The
counterelectrode was made of platinum and as reference a
standard Ag/AgCl glass electrode was used (Brendel and
Luther 1995). Measurements were performed at 5 mm depth
intervals in the medium and every 3 mm in the mineral pellet.

Minerals were analyzed by M€ossbauer spectroscopy as
described in Dippon et al. (2012) and by powder X-ray dif-
fraction (XRD) as described in the supporting information.
Magnetic susceptibility was used as noninvasive proxy for
magnetite formation. (Porsch et al. 2010) Magnetic suscepti-
bility was measured on a KLY-3 kappa bridge (Agico Co.,
Brno, Czech Republic) using the culture tubes without sam-
pling. All tubes were analyzed twice and measurements of
blanks were subtracted during data processing to correct for
sensitivity fluctuations of the KLY-3 device. Vertically incu-
bated tubes were measured upright without any disturbance,
while horizontally incubated tubes were mixed before the
measurements.

Results

Rates and Extent of Ferrihydrite (FH) Reduction Depending

on Vessel Incubation Orientation

The rates and extent of microbial FH reduction by Shewa-
nella oneidensis MR-1 were influenced by shaking, and the
incubation orientation of the glass tubes containing Fe(III)-
reducing MR-1 cells, lactate as electron donor and varying

concentrations of FH as electron acceptor. For the concen-
trations of 1.3–5 mM FH, the horizontally incubated tubes
(nonshaken) showed faster rates and higher extents of FH
reduction compared to the vertically incubated nonshaken
setups containing the same FH concentrations (Figure 2E).
Quantification of total Fe(II) after 8 days of incubation
showed that the extent of reduction in horizontally incubated
tubes was higher by 31–51% compared to vertically incubated
tubes with the same FH concentration (Figure 2E).

We also observed that with decreasing FH concentration,
the extent of reduction increased. In vertically incubated
tubes that initially contained 5 mM FH, 44.4 § 1.3% Fe(III)
was reduced to Fe(II) within 8 days, while 63.7 § 1.3% Fe
(III) was reduced in tubes with an initial FH concentration of
1.3 mM. In horizontally incubated tubes the extent of reduc-
tion after 8 days of incubation was significantly higher with
59.1 § 3.2% reduction for initial FH concentration of 5 mM
and 83.1 § 0.4% reduction for an initial FH concentration of
1.3 mM.

Spatial Distribution of Fe and Redox Speciation in Mineral

Pellet and Aqueous Supernatant

Tubes containing medium, ferrihydrite and MR-1 cells were
frozen for wet-chemical analysis. We found that depending
on the initial FH concentration, between 81–97% of the total
iron was present in the iron-mineral-cell sediment at the
bottom of the tube, which we termed “mineral pellet”
(Figure 2C). The remaining Fe was present in the aqueous
supernatant overlaying the mineral pellet probably including
colloidal Fe(III) particles, dissolved Fe(III)-organo com-
plexes as well as dissolved Fe(II) (Figures 2B, 2C for 2.5 mM

Table 1. Mineral transformation during reduction of different concentrations of ferrihydrite by Shewanella oneidensis MR-1 depend-
ing on the incubation orientation of culture tubes

Volume of tube /
medium [mL]

Type of
incubation

Amount of
ferrihydrite [mmol]

Concentration of
ferrihydrite [mM]

Formation of
magnetite

13.5/13.5 Vertical 0.68 50 Yes
13.5 / 6 Vertical 0.05 8.77 Yes
13.5 / 6 Vertical 0.0285 5 Yes
13.5 / 6 Vertical 0.0162 2.85 Yes
13.5 / 6 Vertical 0.0143 2.5 No
13.5 / 6 Vertical 0.0074 1.3 No
21 / 10 Vertical 0.5 50 Yes
21 / 10 Vertical 0.05 5 Yes
21 / 10 Vertical 0.0285 2.85 Yes
21 / 10 Vertical 0.025 2.5 Yesa

21 / 10 Vertical 0.013 1.3 No
21 / 10 Horizontal 0.05 5 Yes
21 / 10 shaken Horizontal 0.05 5 Nob

21 / 10 Horizontal 0.0285 2.85 No
21 / 10 Horizontal 0.025 2.5 No
21 / 10 shaken Horizontal 0.025 2.5 No
21 / 10 Horizontal 0.013 1.3 No

aMagnetite is not the main phase, magnetic susceptibility is only 30% of the expected intensity.
bOnly weak traces of magnetite found, magnetic susceptibility is only 5% compared to vertical incubation.
The minerals were analyzed by magnetic susceptibility measurements after 10 days of incubation.
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FH, 3A, 3B for 50 mM FH). For vertically incubated non-
shaken tubes distinct gradients in the distribution of Fe(II)
and Fe(III) and in Fe(II)/Fe(tot) ratios within the superna-
tant were observed for all FH concentrations (Figures 2B,
2C, 3A, 3B).

The gradients changed over incubation time, in tubes with
2.5 mM FH they were steepest during the first days of incu-
bation with low Fe(II) in the mineral pellet, and in the super-
natant directly above the pellet while the Fe(II) fraction
(relative to the total amount of Fe present) was much higher
(>80%) in the upper part of the aqueous supernatant. Over
time (within the following days) the Fe(II) distribution was
more homogeneous throughout the tubes (Figure 2B). The
data showed that the supernatant was dominated throughout
the experiment by Fe(II) but always contained some Fe(III),
while the mineral pellet slowly transformed from a pure Fe
(III) mineral to Fe(II)-containing mineral phases during the
course of the incubation.

To obtain a more detailed view of the spatial resolution of
different Fe redox-species, we used voltammetric microelectr-
odes. Analysis of vertically incubated tubes after 2 and 9 days
of incubation showed two distinct current signals at around
¡1.1 to ¡1.4 mV and ¡0.4 to ¡0.7 mV which were assigned
to dissolved Fe(II) and Fe(III)-organo complexes (Figure 4).
(Jones et al. 2010; Luther et al. 2008) The voltammograms
showed a relative increase in concentration for both Fe spe-
cies from the top of the supernatant toward the mineral pellet
surface. When the electrode touched the surface, the potential
of the Fe(III) peaks shifted, indicating a change in the Fe
redox-species interacting with the electrode. The concentra-
tion gradients of Fe(II) in the supernatant were more distinct
after 2 days (Figure 4A) compared to 9 days where high Fe
(II) levels were recorded throughout the supernatant (Fig-
ure 4B). In contrast, the concentration of Fe(III)-organo
complexes showed both a stronger gradient and higher con-
centrations after 9 days of incubation compared to 2 days
(Figure 4B). Measurements in sterile controls that contained

FH and lactate but no MR-1 cells did neither show signals
for dissolved Fe(II) nor for dissolved Fe(III)-organo com-
plexes (Figure SI1).

Spatial Distribution of MR-1 Cells, Lactate and Acetate in

Mineral Pellet and Supernatant

Since the reduction of Fe(III) and formation of Fe(II) is
directly linked to the activity of Fe(III)-reducing bacteria and
the electron donor availability, we quantified both cell num-
bers and concentrations of lactate (electron donor, i.e., the
source of electrons for Fe(III) reduction) and acetate, i.e., the
product of lactate oxidation) in different layers of the mineral
pellet and the aqueous supernatant for tubes with 50 mM ini-
tial FH incubated vertically. We found that after 5 days,
most of the MR-1 cells were located in the upper and central
parts of the mineral pellet (Figure 3C). Although 3.6 £ 105–
1.3 £ 106 cells per g medium were planktonic, the cell density
in the upper part of the pellet was approximately 6.3 £ 108

cells per g mineral sludge (wet weight) and dropped to 3.7 £
105 cell per g sludge in the lower part of the mineral pellet.

The concentrations of lactate and acetate showed strong
gradients in tubes incubated for 3 and 7 days. After 3 days
we observed 2.9–5 mM lactate in the supernatant with the
lowest concentration (2.9 mM) at the top of the supernatant
and the highest concentration (5 mM) in the liquid right
above the mineral pellet. Within the mineral pellet the lactate
was homogeneously distributed with a concentration of 6.4–
6.6 mM (Figures SI 2A). Acetate showed a similar distribu-
tion with slightly lower concentrations.

After 7 days’ of incubation, the lactate and acetate gra-
dients had changed and we observed steeper gradients
between the upper supernatant and the minerals pellet com-
pared to the day 3 samples with lactate values ranging from
2–4.3 mM (top of supernatant to bottom of supernatant) to
9 mM (pellet surface) and 4.9 mM at the bottom of the pellet

Fig. 3. Distribution of Fe redox-species and microbial cells in vertically incubated culture tubes with 50 mM ferrihydrite after 5 days
of incubation at 28�C. (A) Concentrations of total Fe(II) and total Fe(III) determined by 1 M HCl-extraction. Most of the iron is
present in the pellet (please note the logarithmic scale). (B) Proportion of total Fe(II) in terms of total iron concentration. (C) Distri-
bution of Shewanella oneidensisMR-1 cells after 5 days of incubation quantified by qPCR (please note the logarithmic scale).

Secondary Mineral Formation During Ferrihydrite Reduction 883
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(Figure SI 2B). The acetate concentration showed a similar
distribution, but with a less pronounced decrease in concen-
tration towards the bottom of the pellet (Figure SI 2B). Ster-
ile controls indicated that 0.01 mM of lactate sorbed per
1 mM of FH (Figure SI 3).

Mineral Identity and Distribution During Microbial

Ferrihydrite Reduction

Visual observation of the microbially-active tubes containing
FH and MR-1 revealed that within 3–6 days a color gradient
developed from the initial homogeneously reddish-brown min-
eral pellet to black at the top, and brown at the bottom, of the
pellet (Figure SI 4). After 10 days the color gradient disap-
peared and the mineral pellet appeared homogeneously black.

We used magnetic susceptibility analysis, XRD and
M€ossbauer spectroscopy to identify the Fe minerals formed
during FH reduction. Magnetic susceptibility measurements
showed that magnetite formed in all vertically incubated cul-
ture tubes containing at least 2.85 mM FH (Table 1, Fig-
ure 2D). For initial FH concentrations of 2.5 mM magnetite
was formed only in 21 mL tubes containing 10 mL medium
but not in smaller tubes containing 6 mL of medium. Hori-
zontally incubated tubes (10 mL medium), which were not
shaken during incubation showed magnetite formation only
in the presence of at least 5 mM FH. When tubes containing
5 mM FH were shaken once per day only small traces of
magnetite were formed compared to nonshaken tubes (Fig-
ure 2D, Table 1). In summary, this suggests that magnetite
formation depends on local concentrations of FH, i.e., the
thickness of the FH pellet that depends in turn on the incuba-
tion orientation of the experimental vessels and on the total
FH concentration but also on the volume of medium and
thus the total amount of FH sedimenting from the medium.

XRD and M€ossbauer spectroscopy were used to identify
the minerals formed during FH reduction. Due to the low
amount of sample material, spatially resolved mineralogical
analysis was only possible for the setups containing 50 mM
of FH. XRD and M€ossbauer spectroscopy of 50-mM-FH-
tubes that were incubated vertically showed a transformation
of FH to goethite and magnetite during FH reduction. The
transformation of FH generally started in the upper layer of
the mineral pellet. After 3 days of incubation, the top part of
the pellet consisted of a mixture of magnetite and goethite
(Figure 5A). Widened reflections in the X-ray diffractograms
as well as in 140K M€ossbauer spectrograms suggest a small
particle size and low crystallinity (Figures 5A, 5C).

In the material taken from the center part of the pellet, the
magnetite reflections in X-ray diffractograms were much
weaker and completely absent in the lower part of the pellet
(Figure 5A). The minerals in the lower part of the pellet
showed only weak X-ray reflections after 3 days, suggesting
the presence of mainly X-ray amorphous minerals such as
FH (Figure 5A). The presence of remaining FH after 3 days
in the bottom of the pellet was confirmed by M€ossbauer spec-
troscopy, which showed the paramagnetic contribution of the
sample increasing from 18 to 55% of spectral area from the
top to the bottom of the pellet. The paramagnetic signal in
the M€ossbauer spectra contains FH and transition forms to
more crystalline structures such as goethite and magnetite
(Figure 5C).

The magnetically split material, which can be attributed to
more crystalline material is expected to appear as one sextet
for goethite and two sextets for magnetite in the M€ossbauer
spectra based on the XRD analysis (Figure 5C). Even the
more crystalline minerals showed widened peaks with signifi-
cant “innerline broadening” leading to overlapping features
between the different minerals. The strong “innerline broad-
ening” and the resulting lack of sharp peaks and shoulders
indicate magnetic relaxation found in small particles and low
crystalline materials. Therefore, the magnetically split mate-
rial, covering 45–82% of spectral area was modeled as a sum
of only two sextets, a separate quantification of magnetite
and goethite was not possible for this time point (Table SI 1).

Fig. 4. Voltammograms measured with microelectrodes in cul-
ture tubes (5 mM ferrihydrite) incubated vertically with MR-1
for (A) 2 days and (B) 9 days. Distances in cm give the height
above the pellet surface where 0 is the pellet surface. The signal
for dissolved Fe2C is in the range of ¡1.4 to ¡1.1 V and for dis-
solved Fe(III)-organo complex in the range of ¡0.7 to ¡0.4 V
(yellow highlighted areas). The concentrations are proportional
to peak height and decrease with increasing distance from the
mineral pellet for both time points with exception of the mea-
surement in the pellet (0 cm) after 9 days.
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After 7 days of incubation, XRD indicated a mixture of
magnetite and goethite in all three layers (Figure 5B).
M€ossbauer spectroscopy suggested a higher crystallinity in
all three layers, with no detectable paramagnetic phases. Sim-
ilar to the 3-day samples, an innerline broadening was
observed for the sextets, but weaker than before. The three
analyzed layers consisted almost completely of goethite and
magnetite. The top and bottom layer showed a higher magne-
tite contribution of 55–57% (spectral area) compared to the
sample from the center with 45%. The remaining area of the
M€ossbauer spectrum was modeled as goethite plus in the cen-
ter and bottom layer a collapsed sextet which covers 4–6% of
spectral area and represents a Fe(III) dominated transition
phase of FH to more crystalline material (Figure 5D and
Table SI 1).

Discussion

Microbial reduction of Fe(III) minerals and secondary min-
eral transformation has consequences for many biogeochemi-
cal element cycles and controls the fate of pollutants and
nutrients in the environment (Borch et al. 2010; Muehe et al.
2013a; Muehe et al. 2013b). In many cases the identity of the
minerals produced is the key property that determines the
redox activity and sorption capacity of the solids (Elsner
et al. 2004). Our present study showed that in laboratory

experiments designed to simulate and understand environ-
mental mineral (trans)formation not only geochemical condi-
tions and parameters such as temperature and cell numbers
control the rates of mineral transformation and thus the iden-
tity of the minerals.

We showed that the choice of the experimental vessel
dimension and orientation during incubation led to the sedi-
mentation of either thin layers of FH (horizontally incubated
tubes) or to thick, dense pellets (vertically incubated tubes)
and ultimately controlled the reduction rates and the identity
of the minerals formed under otherwise identical starting con-
ditions, i.e., at identical total ferrihydrite concentrations. In
the following sections we first discuss how in the experimental
tubes that contain minerals suspended in liquid media plus
nutrients and organic substrates at the time of setup distinct
microenvironments form shortly after the setup.

This discussion includes how gradients of substrate and
Fe2C develop and how the reaction rates and the extent of
FH reduction differ depending on vessel size and orientation
during incubation. In the second section we discuss the geo-
chemical Fe-species that are distributed heterogeneously in
the sedimented mineral pellet and supernatant forming dis-
tinct microenvironments. In the third part we present how
this leads to the formation and distribution of different Fe
minerals within the same experimental system and what
implications this has for the design of experiments for mineral
(trans-)formation studies.

Fig. 5. Mineralogical characterization of iron minerals formed within 3 and 7 days of ferrihydrite reduction (50 mM) in vertically
incubated tubes by Shewanella oneidensis MR-1. The samples were taken from three different depths and the labels top, center and
bottom describe the origin of the sample material within the mineral pellet. A&B: Powder X-ray diffractograms of minerals formed
after 3 (A) and 7 days (B). References: dashed lines goethite, solid lines magnetite. C&D: M€ossbauer spectra of the same samples as
used for XRD, recorded at 140K. Black dots: data, blue line: overall fit, grey line: model for paramagnetic doublet (3 days) and col-
lapsed sextet (7 days), respectively.
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Variations in Lactate, Cell Distributions and Rates and Extent

of FH Reduction

Our experiments showed that the Fe(III) reduction rates are
strongly influenced by the distribution of FH in the incuba-
tion tubes based on how the vessels are stored in the incuba-
tor during the experiments. When FH was distributed in a
thin layer in horizontally incubated tubes, faster reduction
rates and a higher extent of reduction have been observed
compared to vertical incubation where the FH aggregated in
a thick pellet (Figure 2E). This suggests a lower metabolic
activity of the MR-1 cells in the thick pellets, which were
probably limited by the availability of either the electron
donor (lactate) or acceptor (FH) due to the dense packing of
the thick mineral pellet.

Additionally to the dense mineral packing, the fact that
most cells were concentrated in a relatively small volume on
the top of the pellet may have led to limitations in electron
transfer efficiency to FH compared to horizontal incubation.
Due to the different sedimentation rates of the heavy FH par-
ticles compared to the lighter cells, an inhomogeneous distri-
bution of cells is most probably already present directly after
inoculation. However, since MR-1 is a motile bacterium
(Myers and Nealson 1988), we expect the cells to be able to
move towards preferential locations where they find optimal
conditions for Fe(III) reduction and growth during the incu-
bation. Localities where high cell densities were observed
after several days of incubation, therefore, probably provided
the most favorable conditions for growth, where the avail-
ability of lactate and FH were highest, i.e., at the interface of
the FH pellet and the supernatant. And indeed, cell concen-
trations strongly increased over the course of the experiment
especially in the upper part of the pellet, suggesting favorable
conditions for growth at the interface between supernatant
and mineral pellet (Figure 3C).

Since in vertically incubated setups most cells were found
in the upper part of the mineral pellet, we expected reduced
lactate and increased acetate concentrations at the pellet sur-
face compared to the upper water column in the tubes due to
efficient lactate consumption of the cells in the top part of the
pellet. In contrast to our expectation, lactate quantification
did not show any depletion (Figure SI 1). In fact, after 3 days
of incubation the lactate concentration in the pore water of
the pellet was even higher compared to the supernatant. This
distribution profile was even more pronounced after 7 days
of incubation (Figure SI 1). The accumulation of lactate
within the cell-mineral pellet over time could be due to sorp-
tion of lactate to the iron minerals. Indeed, sterile control
experiments showed that 0.0112 mM lactate/mM FH were
sorbed to FH (Figure SI 3).

Considering a FH concentration of about 160–310 mM Fe
(tot) in the pellet (Figure 3A), a maximum of 1.8 to 3.5 mM
lactate are expected to sorb assuming that the sorption capac-
ity of the minerals did not change significantly during micro-
bial reduction and secondary mineral formation. Therefore,
the elevated lactate concentrations in the pellets of micro-
bially active setups after 3 days of incubation can be
explained by lactate sorption to the Fe minerals. Addition-
ally, it cannot be ruled out that MR-1 cells stored lactate

internally that is released during sample preparation for lac-
tate HPLC analysis (that includes freezing and thawing of
the cell-mineral pellets).

After 7 days of incubation, the lactate concentration in the
supernatant decreased to 2.0–4.3 mM, consistent with the
consumption of lactate by MR-1 during FH reduction. Sur-
prisingly, the concentration in the pellet increased to 4.7–
9.2 mM, with the highest concentration of 9.2 mM in the
upper part of the mineral pellet, where also the highest cell
density was found (Figure 3C and Figure SI 2B). We
expected to find the lowest lactate concentration in the upper
part of the pellet due to consumption by MR-1; however, in
our experiments, the highest concentration was found in this
layer. Release of lactate stored in MR-1 cells occurred proba-
bly during sample preparation which included freezing of the
samples, but is unlikely to be responsible alone for the high
concentration of lactate measured since this would require
lactate concentrations of >1M within the cells. Therefore,
the secondary Fe minerals formed in this section upon 7 days
of incubation most likely had a much higher sorption capac-
ity for lactate than the initial FH.

Acetate is the metabolic product of lactate oxidation cou-
pled to FH reduction by MR-1 and the increasing acetate
concentration as a function of time in the region of highest
cell density correlates with the increasing cell populations
shown by qPCR quantification in the same layer (Figure 3C
and Figure SI 2B).

In summary, these observations suggest that microbial Fe
(III) reduction in our experiments was limited mainly by the
accessibility of the FH mineral surface for electron transfer
and not by the availability of the electron donor, i.e., lactate
(Amstaetter et al. 2012; Fredrickson et al. 2003; Hansel et al.
2003; Zachara et al. 2002). The accessibility of the FH for
the bacteria correlated with the different thickness and corre-
sponding density of the mineral pellet forming different
microenvironments depending on the total amount of FH in
the tube and the incubation orientation. This led to different
FH reduction and microbial growth rates in the respective
microenvironments and thus spatial differences of Fe(II) sup-
ply rates.

Distribution of Fe Redox-Species in Pellets and Supernatants

of Ferrihydrite Reduction Experiments

During microbial FH reduction, mixed valent Fe minerals,
dissolved Fe(II) and Fe(III)-organo complexes were formed
(Figure 4). Since no Fe(III)-organo complexes were found in
sterile controls, the formation of these complexes can be
attributed to the activity of MR1. Similar Fe(III)-organo
complexes have been described previously for experiments
with Shewanella putrefaciens (Jones et al. 2010; Taillefert
et al. 2007). Furthermore, Fe(III)-organo complexes have
been found in various suboxic and anoxic sediments (Luther
et al. 1996; Luther et al. 2008; Taillefert et al. 2000; Taillefert
et al. 2002).

In our experiments, relative concentrations of Fe(III)-
organo complexes showed a clear gradient with the highest
concentration at the pellet surface (Figure 4), where also the
highest number of cells was present (Figure 3C), which

886 Dippon et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 L
ib

ra
ri

es
, T

w
in

 C
iti

es
] 

at
 0

5:
53

 0
8 

O
ct

ob
er

 2
01

5 



decreased towards the top of the supernatant after both 2 and
9 days of incubation. Additionally, the peak positions for Fe
(III)-organo complexes in the voltammograms shifted to
lower potentials the closer the electrode moved to the surface
of the mineral pellet. When the electrode hit the mineral sur-
face, the potential changed again (Figure 4) indicating that
the Fe(III) species (probably including Fe(III) complexes/
colloids) interacting with the electrode had a different compo-
sition and/or properties in the pellet and supernatant.

Similar changes in peak position were observed during
aging of synthetic Fe(III)-organo complexes, for S. putrefa-
ciens cultures during aging and for combinations of FH with
different alternative electron acceptors in experiments with S.
oneidensis MR-1 (Jones et al. 2010; Taillefert et al. 2000;
Taillefert et al. 2007). Besides different properties of the Fe
(III)-complexes, also their concentration can influence the
peak position due to colloid aggregation processes (Taillefert
et al. 2007). Therefore, the incubation geometry controlled
the heterogeneous distribution of MR-1 cells which lead to
the localized formation of Fe(III)-organo complexes in the
area of highest cell concentration, i.e., the top layer of the pel-
let. The complex concentration in turn controls the local
amount and activity of dissolved Fe(III) which can ultimately
govern mineral (trans-)formation.

Dissolved Fe(II) showed in general a similar distribution
pattern as the Fe(III)-organo complexes. The Fe(II) gradients
were steepest after 2 days of incubation and more homoge-
neous after 9 days of incubation (Figure 4B). This observa-
tion can be explained by a higher mobility of dissolved Fe(II)
compared to the Fe(III)-organo complexes leading to equili-
bration over time, which was also evident from wet chemical
extractions (Figure 2B) where the Fe(II) front moved
upwards from the pellet. Additionally, the Fe(II) concentra-
tion in the pellet detected by voltammetric electrodes drops
abruptly, indicating that Fe(II) found in the wet chemical
extractions is sorbed or bound structurally and thus not
detectable by the voltammetric electrodes (Figure 4) (Taille-
fert et al. 2000).

Identity and Spatial Distribution of Fe Minerals in

Ferrihydrite Reduction Experiments

We distinguished nonmagnetic mineral products and magne-
tite in all our experiments using magnetic susceptibility meas-
urements (Porsch et al. 2010; Porsch et al. 2014). Magnetite
was formed in horizontally incubated tubes shaken once per
day for bulk FH concentrations >5 mM while in vertical,
nonshaken tubes magnetite was formed even at 2.5 mM bulk
FH concentration. The difference in mineral formation can be
explained by the sedimentation of the FH, which either
formed a thin layer or a compact pellet, providing very differ-
ent environments for cell growth and mineral formation in
terms of FH accessibility, nutrient supply and accumulation
of Fe(II). The variations in incubation orientation provided
different growth conditions for the cells in each setup, but also
within the same tubes, spatially distinct regions, “microenvir-
onments” developed. Planktonic cells are exposed to different
conditions compared to cells at the mineral pellet-supernatant
interface or in the pore space of the mineral pellet.

For setups with 50 mM FH we conducted spatially
resolved mineral identification by XRD and M€ossbauer spec-
troscopy, which showed the formation of magnetite and goe-
thite at different depths of the mineral pellet over time. The
mineral transformation started in the upper part of the pellet
where the cell density was highest, leading to a goethite/mag-
netite mixture while in the lower part of the pellet FH and
goethite were dominating after 3 days. After 7 days, no para-
magnetic components were present in the M€ossbauer spectra,
indicating an increased crystallinity. At this time point, mag-
netite was found in all layers of the pellet (Figure 5). These
results are well in line with data reported by Piepenbrock
et al. (2011) who showed that a certain Fe(II)/Fetot ratio was
necessary to trigger magnetite formation.

We could show that not bulk but local concentrations of
cells, organic substrates and FH as well as resulting profiles
of Fe(II) and Fe(III) are directing mineral formation. Our
results suggest that the heterogeneity of geomicrobiological
laboratory batch experiments influence the resulting mineral-
ogy. This means that already small differences in handling of
the experimental vessels or shaking due to transport can
change the identity of the final mineral products.

Heterogeneity in terms of Fe(II) formation, electron
acceptor and donor supply, and pH on a nm-to mm-scale in
the vicinity of cells is relevant for understanding and analysis
environmental mineral transformation and the production of
biominerals (Coker et al. 2012; Hegler et al. 2010; Miot et al.
2014; Pearce et al. 2012). We showed that gradients on a
mm-scale exist with zones of high cell concentrations and dis-
tinct chemical environments. Our data suggest that when
comparing studies on the effect of reactive biogenic Fe miner-
als on contaminant mobilization, immobilization and degra-
dation (Borch et al. 2010; Cerrato et al. 2013; Hohmann
et al. 2010; Islam et al. 2004; Muehe et al. 2013c; Tufano
and Fendorf 2008; Veeramani et al. 2011), in addition to the
chemical and biochemical parameters such as Fe(III)/Fe(II)
concentration and bulk reduction rates, it is necessary to con-
sider the design of the experimental setups. This includes the
orientation of the reaction vessels as well as the absolute vol-
umes of the experimental setups leading to differences in spa-
tial distribution of microbial cells and main iron redox
species as well as compounds such as electron shuttles or
complexing agents produced by the bacteria.
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