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Abstract

Iron mineral (trans)formation during microbial Fe(III) reduction is of environmental relevance as it can influence the fate
of pollutants such as toxic metal ions or hydrocarbons. Magnetite is an important biomineralization product of microbial iron
reduction and influences soil magnetic properties that are used for paleoclimate reconstruction and were suggested to assist in
the localization of organic and inorganic pollutants. However, it is not well understood how different concentrations of Fe(III)
minerals and humic substances (HS) affect magnetite formation during microbial Fe(III) reduction. We therefore used wet-
chemical extractions, magnetic susceptibility measurements and X-ray diffraction analyses to determine systematically how (i)
different initial ferrihydrite (FH) concentrations and (ii) different concentrations of HS (i.e. the presence of either only
adsorbed HS or adsorbed and dissolved HS) affect magnetite formation during FH reduction by Shewanella oneidensis

MR-1. In our experiments magnetite formation did not occur at FH concentrations lower than 5 mM, even though rapid iron
reduction took place. At higher FH concentrations a minimum fraction of Fe(II) of 25–30% of the total iron present was nec-
essary to initiate magnetite formation. The Fe(II) fraction at which magnetite formation started decreased with increasing FH
concentration, which might be due to aggregation of the FH particles reducing the FH surface area at higher FH concentra-
tions. HS concentrations of 215–393 mg HS/g FH slowed down (at partial FH surface coverage with sorbed HS) or even com-
pletely inhibited (at complete FH surface coverage with sorbed HS) magnetite formation due to blocking of surface sites by
adsorbed HS. These results indicate the requirement of Fe(II) adsorption to, and subsequent interaction with, the FH surface
for the transformation of FH into magnetite. Additionally, we found that the microbially formed magnetite was further
reduced by strain MR-1 leading to the formation of either dissolved Fe(II), i.e. Fe2+, in HEPES buffered medium or Fe(II)
carbonate (siderite) in bicarbonate buffered medium. Besides the different identity of the Fe(II) compound formed at the end
of Fe(III) reduction, there was no difference in the maximum rate and extent of microbial iron reduction and magnetite for-
mation during FH reduction in the two buffer systems used. Our findings indicate that microbial magnetite formation during
iron reduction depends on the geochemical conditions and can be of minor importance at low FH concentrations or be inhib-
ited by adsorption of HS to the FH surface. Such scenarios could occur in soils with low iron mineral or high organic matter
content.
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1. INTRODUCTION

Iron is ubiquitous in almost all aquatic and terrestrial
environments and is present at neutral pH mostly in the
form of ferric and ferrous iron minerals such as goethite
(a-FeOOH), hematite (a-Fe2O3), maghemite (c-Fe2O3),
poorly crystalline ferrihydrite (FH) (approx. Fe(OH)3),
magnetite (Fe3O4) and siderite (FeCO3) (Cornell and
Schwertmann, 2003). Under anoxic and low bicarbonate/
low phosphate conditions, Fe(II) can also be present as dis-
solved Fe(II), i.e. Fe2+, whereas the solubility of Fe(III) at
neutral pH is very low in the absence of Fe(III)-chelating
ligands. Iron readily undergoes redox reactions, which
can be mediated either chemically or by Fe(II)-oxidizing
and Fe(III)-reducing microorganisms (Kappler and Straub,
2005). Microbial iron reduction at neutral pH leads to the
dissolution of Fe(III) minerals and to the formation of
either dissolved Fe(II) or secondary mineral phases. The
biomineralization products of dissimilatory Fe(III) reduc-
tion (e.g. magnetite, siderite, green rust) vary significantly
depending on the geochemical conditions such as pH (Bell
et al., 1987), buffer system (Fredrickson et al., 1998), reac-
tivity of the Fe(III) minerals (Hansel et al., 2004), surface
area of the Fe(III) minerals (Roden and Zachara, 1996),
Fe(III) reduction rate (Zachara et al., 2002), electron
donor:acceptor ratio (Fredrickson et al., 2003), cell concen-
tration (O’Loughlin et al., 2010) and Fe(II) concentration
(Hansel et al., 2005). Iron mineral (trans)formation affects
the degradation, mobilization and immobilization of organ-
ic and inorganic pollutants and thus is of environmental rel-
evance. For example, the degradation of organic pollutants
can be coupled to Fe(III) mineral reduction (Lovley and
Anderson, 2000). Additionally, toxic metal ions such as ar-
senic are removed from (Tufano and Fendorf, 2008) or re-
leased into (Islam et al., 2004) the environment during the
formation and dissolution of iron minerals due to the sorp-
tion and co-precipitation of these metal ions to and into the
iron mineral (Hohmann et al., 2010).

One of the most important mineral products of micro-
bial Fe(III) reduction is the mixed-valent iron mineral mag-
netite (Hansel et al., 2005; Bazylinski et al., 2007). This
ferrimagnetic iron mineral is an important iron ore and
one of the most important factors determining magnetic
soil properties. Thus, magnetite is of great paleogeo- and
biological importance for paleoclimate reconstructions
(Maher, 2009), the study of processes like the evolution of
life on early earth (Cornell and Schwertmann, 2003;
Johnson et al., 2003) and the deposition of iron deposits
such as banded iron formations (BIFs). Microbial magne-
tite formation occurs either biologically controlled, i.e. in
magnetotactic bacteria that use the magnetic properties of
magnetite for orientation in the earth’s magnetic field, or
as a byproduct of microbial dissimilatory Fe(III) reduction
and Fe(II) oxidation (Bazylinski et al., 2007). As changes in
microbial magnetite formation might by perceptible as
changes of the magnetic bulk signal, measurements of mag-
netic properties might be used to detect changes in micro-
bial activity due to environmental contamination by
organic pollution (Porsch et al., 2010). In order to apply
magnetic measurements for the reliable localization of
organic pollution, it is essential to understand the geochem-
ical parameters controlling magnetite formation in the field.
However, many lab studies use artificial systems with high
concentrations of Fe(III) minerals and without environ-
mentally relevant compounds such as humic substances
(HS) present. It is currently unknown how different Fe(III)
mineral concentrations and the presence of HS influence
magnetite formation.

HS are known to be able to shuttle electrons between
microorganisms and Fe(III) minerals thus enabling the
microorganisms to overcome the limitation that is imposed
on microbial Fe(III) reduction at neutral pH by the low sol-
ubility of the electron accepting Fe(III) minerals (see re-
views by Kappler and Straub, 2005; Weber et al., 2006)
(Fig. 1). Fe(III)-reducing bacteria have to get close to the
Fe(III) minerals and transfer electrons either directly via
outer-membrane proteins (Myers and Nealson, 1988) or,
as recently shown, via conductive pili (Reguera et al.,
2005; El-Naggar et al., 2010). Alternatively, Fe(III)-reduc-
ers can overcome the problem of the poor solubility of
the Fe(III) minerals by using either iron chelators (Lovley
et al., 1994) or electron shuttling compounds such as HS
(Lovley et al., 1996) or flavins (Marsili et al., 2008; Von
Canstein et al., 2008). HS are a heterogeneous mixture of
polymeric organic molecules originating from the degrada-
tion of organic matter (Stevenson, 1994). They are ubiqui-
tous in the environment, redox-active and they can be
reduced not only by Fe(III)-reducing bacteria, but also by
methanogens, sulfate-reducers (Cervantes et al., 2002) and
fermenters (Benz et al., 1998). It was recently shown that
Fe(III) reduction by Shewanella oneidensis MR-1 was stim-
ulated by HS concentrations as low as 5–10 mg C/L and
that Fe(III) reduction by Geobacter sulfurreducens via elec-
tron shuttling HS proceeded seven times faster than direct
Fe(III) reduction (Jiang and Kappler, 2008). Both dissolved
and solid-phase HS have been studied extensively with re-
spect to their effect on microbial Fe(III) reduction due to
electron shuttling (e.g. Lovley et al., 1996; Jiang and
Kappler, 2008; Bauer and Kappler, 2009; Roden et al.,
2010). Recently it has been suggested that HS also have
an effect on the biomineralization products of microbial
Fe(III) reduction, e.g. magnetite (Porsch et al., 2010). How-
ever, this effect has not been studied systematically so far.

As the structure of HS varies depending on genesis and
isolation procedure, and due to their tendency to aggregate
and precipitate under certain geochemical conditions and to
sorb to minerals, HS are difficult to work with experimen-
tally. Therefore, many researchers replaced HS in their
studies on microbial Fe(III) reduction by simple model
compounds for quinoid moieties in HS such as anthraqui-
none-2,6-disulfonic acid (AQDS) (e.g. Coates et al., 1998;
Fredrickson et al., 1998). However, model quinones only
model one of the functions of HS in microbial Fe(III)
reduction systems (i.e. electron shuttling), and do not model
other HS functions like sorption to iron minerals. Wolf
et al. (2009) showed that sorption of HS to FH was more
than one order of magnitude stronger than sorption of
AQDS to FH. The effect of HS sorption on microbial iron
reduction and magnetite formation has not yet been studied
in detail. We hypothesize that HS influence magnetite



Fig. 1. Schematic illustration of the potential pathways of Fe(II) formed during microbial ferrihydrite (FH) reduction in the presence (lower
part) and absence (upper part) of humic substances (HS). (1) Microbial reduction of FH produces Fe2+, in the presence of HS this process can
be stimulated (accelerated) by HS functioning as electron shuttles (1a). (2) Fe2+ interacts with bicarbonate (HCO�3 ) leading to the
precipitation of siderite (FeCO3). (3) Alternatively, Fe2+ sorbs to the FH surface, where the interaction of the sorbed Fe(II) (FeII

sorb) with the
FH can lead to the solid-state conversion of FH to magnetite (Fe3O4) (4). In the presence of HS, Fe(II) sorption sites on the FH surface are
blocked by sorbed HS (3a) inhibiting the solid-state conversion to magnetite. (3b) Additionally, the formation of complexes of HS with the
Fe(II) (HS–FeII) reduces the amount of Fe(II) available for sorption to the FH surface and thus also inhibits solid-state conversion to
magnetite.
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formation by sorption to the ferrihydrite, by Fe(II) com-
plexation and by changing the ferrihydrite reduction rates
(Fig. 1). Therefore, this study aimed to determine the effect
of (i) different initial FH concentrations and (ii) different
concentrations of HS (i.e. the presence of either only sorbed
HS or sorbed as well as dissolved HS) on iron mineral
transformation, in particular on magnetite formation, dur-
ing microbial FH reduction.

2. MATERIAL AND METHODS

2.1. Bacterial cultures and experimental set-up

S. oneidensis strain MR-1, originally isolated from Oneida
Lake, New York (Myers and Nealson, 1988), was streaked
out oxically from a frozen stock kept at �80 �C on Luria–
Bertani (LB-medium) agar plates. LB-medium contained
per L: 10 g tryptone, 5 g yeast extract, 5 g NaCl and 12 g
agar. LB-plates were incubated at 28 �C for approximately
24 h and afterwards kept at 4 �C for up to 10 days. One col-
ony was transferred into 10 mL of anoxic freshwater medium
(Hegler et al., 2008) containing 20 mM lactate and 40 mM
fumarate in a 23 mL culture tube. After 72 h of incubation
at 28 �C in the dark, 200 lL were transferred into a fresh cul-
ture tube with freshwater medium. After another 24 h of
incubation at 28 �C in the dark, cell concentration in the cul-
ture was determined by optical density (OD) measurements
at 660 nm. OD660 was calibrated against cell counts obtained
by direct counting with a Thoma-chamber by light micros-
copy (Axioscope 2, Zeiss, Germany). Dilutions of 2 �
107 cells/mL of these cultures were used as inocula for FH
reduction experiments.

FH reduction experiments were conducted in LML med-
ium (Myers and Myers, 1994), containing 20 mM lactate as
electron donor and either 12 mM HEPES buffer or 30 mM
bicarbonate buffer, adjusted to pH 7 and prepared asepti-
cally and anoxically using a Widdel flask. Twenty five milli-
liter of anoxic LML medium were filled into sterile 50 mL
serum bottles and the headspace was exchanged with N2

for the HEPES buffered medium and N2:CO2 (90:10) for
the bicarbonate buffered medium. FH, HS and AQDS solu-
tions (for preparation see below) were added with a syringe
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through the butyl rubber stopper to obtain final concentra-
tions of 2.5–30 mM FH, 131–393 mg HS/g FH and 7.5–
23.4 lM AQDS. The FH concentration was calculated using
the simplified formula Fe(OH)3. After 48 h on a horizontal
shaker (200 rpm; IKA Labortechnik, Staufen, Germany)
to allow equilibration of HS sorption to FH, the bottles were
inoculated with 250 lL of the 2 � 107 cells/mL suspension
(see above), yielding a final cell concentration of
2 � 105 cells/mL, and incubated at 28 �C in the dark.

HS sorption to FH was quantified under anoxic condi-
tions in 30 mM bicarbonate buffered LML medium (see
above) containing 20 mM lactate. Different concentrations
of HS (100–700 mg/L) were added with a syringe through
the stopper. The HS concentration was quantified before
addition of 15 mM FH. After FH addition, the bottles were
incubated for 72 h on a horizontal shaker (200 rpm; IKA
Labortechnik, Staufen, Germany), centrifuged (10 min,
2000 rpm) and the HS concentration was quantified in the
filtered (cellulose acetate, 0.2 lm, Fisher Scientific,
Germany) supernatant.

2.2. Preparation of ferrihydrite suspensions, humic substance

and AQDS solutions

FH was synthesized according to Schwertmann and
Cornell (2000) and Raven et al. (1998) using 40 g of
Fe(NO3)3�9H2O per 500 mL water that was neutralized
with 1 M KOH to a final pH of 7.2. After centrifugation
and four washing steps with Millipore�-water, the wet solid
was resuspended in water to an approximate concentration
of 0.5 M Fe(III). The FH suspension was deoxygenized un-
der vigorous stirring by alternating application of vacuum
and N2 for 3 min each and then stored in the dark at
4 �C. The iron concentration in the suspension was deter-
mined by the ferrozine assay. The FH was sterilized by
autoclaving (121 �C, 1 bar overpressure, 20 min) and used
within 6 weeks after synthesis for experiments.

For experiments with HS, IHSS (International Humic
Substances Society) Pahokee Peat Humic Acid 1R103H2
was added to 88.6 mM NaCl solution at a concentration
of either 5 or 10 g/L. The pH of the HS preparation was
adjusted to 7.0 with NaOH. The HS preparation was fil-
ter-sterilized (cellulose acetate, 0.2 lm, Fisher Scientific,
Germany) into autoclaved culture tubes closed with butyl
rubber stoppers. After filtration, the solution was deoxy-
genated under sterile conditions by alternating application
of vacuum and N2 for 3 min each.

An AQDS stock solution of 1.25 mM was prepared by
dissolution of 9,10-anthraquinone-2,6-disulfonic acid diso-
dium salt in anoxic Millipore� water. After exchanging
the headspace with N2, the bottle was closed with a butyl
rubber stopper and autoclaved (121 �C, 1 bar overpressure,
20 min).

2.3. Sampling and analytical methods

For quantitation of bioavailable Fe(tot) and Fe(II) con-
centrations, 100 lL samples were taken from the culture
bottles with syringes and extracted with 900 lL of 0.5 M
HCl for 2 h. Although samples were shaken thoroughly
for homogenization, slight variation in amounts of precip-
itates in the samples taken could not be fully avoided. Vi-
sual observation of the samples showed that in some
cases the 0.5 M HCl extraction method did not completely
dissolve all minerals present. However, it has to be noted
that the goal was not to quantify complete Fe(II) but bio-
available Fe(II). Fe(II) and Fe(tot) in the extracts were
quantified using the ferrozine assay (Stookey, 1970) as de-
scribed by Hegler et al. (2008). The detection limit of the
ferrozine assay is in the low lM range. However, in this
study the ferrozine assay was calibrated for a range of
10–1000 lM Fe.

Magnetite formation was followed by magnetic suscepti-
bility (MS) measurements of the culture bottles. MS was
measured using a KLY-3 Kappabridge (AGICO, Czech
Republic) with a magnetic field intensity of 300 A/m and
a frequency of 875 Hz at room temperature as described
in Porsch et al. (2010). This study showed that MS monitor-
ing is a suitable tool to follow microbial Fe mineral trans-
formation non-invasively in batch cultures.

Maximum rates of microbial iron reduction and magne-
tite formation for the individual set-ups were calculated
from the steepest slope between two subsequent measuring
points of both the Fe(II) content and the MS measure-
ments, and values were averaged between duplicates.

The sampling time points for l-XRD were chosen indi-
vidually for each experimental set-up depending on the
MS values: one sample was taken immediately after inocula-
tion (“start”), one during (“increase”) one after the increase
in MS (“plateau”) and one sample at the end of the experi-
ment (“end”). For each time point one bottle was harvested
completely in order to obtain enough mineral product for l-
XRD and the complete mineral preparation was performed
in an anoxic glove box (Braun, Germany; 100% N2 atmo-
sphere). The culture bottles were centrifuged (15 min,
2000 rpm), transferred into the glove box and the superna-
tant was discarded. The pellet was resuspended in anoxic
Millipore� water and transferred into 2 mL plastic tubes.
After washing three times with anoxic Millipore� water,
the minerals were dried. The solids were grinded in an agate
mortar and transferred to a silicon wafer. This was done in
the anoxic glove box by suspending the mineral powder in
anoxic ethanol, transferring it with a glass pipette or spat-
ula, drying the minerals on the silicon wafer and then cover-
ing of the wafer with a low-density polyethylene foil to keep
it anoxic during the measurement. Alternatively, the dry
powder was transferred out of the glove box in an airtight
glass jar and transferred onto the wafer (under air atmo-
sphere) immediately before the measurement. This second
preparation method involved a short exposure of the sample
to air-oxygen. However, it was shown that exposure of
chemically synthesized siderite to oxygen for several hours
did not lead to any l-XRD signals other than those of the
siderite, even though the color of the mineral surface chan-
ged (Amstaetter, 2009). Furthermore, this preparation
method had the advantage that the measurements could
be done without the polyethylene foil, which otherwise
caused a broad signal in the XRD-diffractogram in a 2h
range from 17� to 29�. In this range and at smaller angels
the intensity of the X-rays diffracted by the mineral lattice
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is reduced due to the foil. The l-XRD-device (Bruker D8
Discover X-ray diffraction instrument, Bruker AXS GmbH,
Germany) was set up using a Co Ka X-ray tube, operating at
30 kV, 30 mA. The EVA� 10.0.1.0 software was used to
merge the three measured frames of one sample and to iden-
tify the containing mineral phases using the PDF-database
licensed by ICDD (International Centre for Diffraction
Data). The detection limit of the l-XRD measurements
was approximately 5% of the total iron mineral content.
For details of l-XRD analysis see Amstaetter et al. (2010).

HS concentrations were quantified by UV absorption at
465 nm using a quartz glass microtiter plate and a microti-
ter plate reader (FlashScan 550, Analytik Jena, Germany).
A calibration curve was obtained in the range of 0–250 mg/
L with a detection limit of 5 mg/L.

3. RESULTS AND DISCUSSION

3.1. Magnetite formation and transformation during

ferrihydrite reduction: influence of media composition and

ferrihydrite concentration

3.1.1. Medium and buffer system

In order to determine the effect of different geochemical
conditions on magnetite formation, FH reduction experi-
ments were set up with the Fe(III)-reducing bacterium S.

oneidensis MR-1 in bicarbonate and HEPES buffered
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bicarbonate versus PIPES buffer. These authors found that
magnetite is formed in both buffer systems. While magnetite
was the only mineral product in set-ups containing PIPES
buffer, magnetite was only a minor fraction of the mineral
products in bicarbonate buffered medium, with siderite
being the main secondary mineral phase. However, as
Fredrickson et al. (1998) identified their mineral products
only after 20 days of incubation, it cannot be ruled out that
in earlier stages of their experiments magnetite was domi-
nant even in bicarbonate buffered medium followed by
further reduction and transformation of the magnetite to
siderite. This would correlate well with our observations
in bicarbonate buffered medium, as we found siderite for-
mation and a decrease in magnetite content during later
stages of our FH reduction experiments (see below).

In our experiments with 15 mM and 30 mM FH in
bicarbonate as well as HEPES buffered medium, after the
initial rapid increase, the MS started to decrease after
9 days of incubation (Fig. 3) suggesting either further
reduction and dissolution of the magnetite maybe followed
by the formation of a non-ferrimagnetic mineral phase (e.g.
siderite) or transformation into magnetite particles that
show a lower volume specific MS. Lower MS values of
magnetite could be due to a particle size increase from a
super-paramagnetic (SP) to a single domain (SD) state.
Super-paramagnetic particles close to the SP–SD transition
exhibit spontaneous inversion of their magnetization and
thus a much higher MS, whereas the MS of SD particles
is significantly lower (Dunlop and Özdemir, 1997). The
SP/SD threshold for magnetite is at a grain size of about
30 nm and biogenic magnetite frequently falls within the
SP range (Zachara et al., 2002; Li et al., 2009). Therefore,
although changes in the MS during microbial Fe(III) reduc-
tion can be correlated directly to the formation and disso-
lution of magnetite, the changes could also partially be
due to grain size changes.

However, the decrease in MS observed in our FH reduc-
tion experiments correlated with l-XRD measurements
that showed the absence of magnetite and the presence of
siderite in set-ups with bicarbonate buffer after 65 days of
incubation (Fig. 4). This suggests further reduction and
transformation of the initially formed biogenic magnetite
as the dominating process for the decrease in MS. Reduc-
tion of magnetite by S. oneidensis MR-1 and S. putrefaciens

CN32 along with siderite formation was also observed in
bicarbonate buffered medium by Porsch et al. (2010) and
Dong et al. (2000). In contrast, no mineral phase besides
magnetite was identified in our set-ups with HEPES buf-
fered medium (Fig. 5) although magnetite was also further
reduced, indicated by the decrease in MS (Fig. 3). Obvi-
ously only dissolved Fe(II) was formed in these set-ups sim-
ilar to studies by Kostka and Nealson (1995) and Dong
et al. (2000) who also found indications that the microbial
reduction of magnetite in the presence of PIPES buffer
(Kostka and Nealson, 1995) and HEPES buffer (Dong
et al., 2000) leads to the formation of dissolved Fe(II) with-
out the formation of a secondary mineral phase.

In our study we could show that the extent and the max-
imum rates of Fe(III) reduction as well as the changes of
MS over time were similar for microbial FH reduction by
S. oneidensis MR-1 in both bicarbonate and HEPES buf-
fered LML medium. The main difference between the two
systems was the end product of FH reduction: siderite
was formed in bicarbonate buffered medium whereas no
additional mineral phase was formed in HEPES buffered
medium. The formation of siderite (FeCO3) requires bicar-
bonate, which was present in the bicarbonate buffered med-
ium at a concentration of 30 mM, whereas in HEPES
buffered medium 2.5 and 3.75 mM HCO�3 /CO2�

3 /CO2 are
expected to form from lactate oxidation to acetate during
reduction of 60% of 15 mM Fe(tot) and 50% of 30 mM
Fe(tot), respectively. Even though precipitation of siderite
is expected at these bicarbonate concentrations based on
the solubility product of log(K) = �10.43 (Jensen et al.,
2002), siderite formation in the HEPES buffered set-ups
apparently was kinetically hindered or the amounts of sid-
erite formed were too small to be detected by l-XRD
(Fig. 5). Siderite formation in the bicarbonate system was
the only significant difference between the two buffer
systems. From this we conclude that the buffer system does
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not influence the microbial FH reduction, magnetite forma-
tion, and magnetite transformation per se, but rather the fi-
nal product formation (upon complete Fe(III) reduction
including magnetite reduction).

3.1.2. Influence of ferrihydrite concentration

Experiments were set up at FH concentrations ranging
from 2.5 to 30 mM and microbial reduction of Fe(III) took
place at all FH concentrations and in both media tested.
The maximum Fe(III) reduction rate was linearly correlated
to the initial FH concentration up to 15 mM (Fig. 2). When
increasing the FH concentrations to values above 15 mM,
Fe(III) reduction rates did not increase linearly anymore,
suggesting that at this high FH concentration not the
amount of FH present but rather other factors such as
the cell number (and metabolic rate per cell) were control-
ling the reduction rates (see below).

Our results showed that in the presence of excess micro-
bial cells the available mineral surface area was the limiting
factor for microbial Fe(III) reduction in our experiments.
The iron mineral surface area has also been identified as
the factor controlling Fe(III) reduction rates by Roden
and Zachara (1996) and Roden (2003). Although other fac-
tors such as the crystallinity, solubility and thus the bio-
availability of the minerals also affect the Fe(III)
reduction rates (Bonneville et al., 2004; Cutting et al.,
2009; Bosch et al., 2010) this is only relevant when compar-
ing different iron mineral phases present. Bonneville et al.
(2006) compared reduction of the same Fe(III) mineral
phase (nanohematite) at different mineral concentrations.
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Also in their experiments, the reduction rates increased with
increasing Fe(III) concentrations, but only up to a certain
concentration of Fe(III). Similarly, the maximum reduction
rates in our experiments leveled off at 30 mM initial FH,
suggesting that the mineral surface area was limiting only
below this concentration. Above this threshold, the FH
was probably present in excess compared to the cell number
so that all bacteria could attach directly to the FH surface
leaving unoccupied mineral surface area and only an in-
crease in cell number would lead to a further increase in
maximum reduction rate (per g Fe). Additionally, aggrega-
tion of FH particles at high FH concentrations could
have led to a lower accessible FH surface and thereby could
have influenced the reduction rates. Overall, the absence of
a further increase of reduction rates at 30 mM FH suggests
that factors other than the available mineral surface area, in
particular the metabolic activity, i.e. the substrate turnover
over time and therefore the cell number, started to control
the Fe(III) reduction rate. A transition from surface area
limitation to cell limitation in microbial Fe(III) mineral
reduction experiments with increasing mineral concentra-
tions was also described by Roden and Zachara (1996).

In order to study the effect of different total FH concen-
trations on microbial magnetite formation, the MS was fol-
lowed over time (Fig. 3). While no magnetite was formed in
set-ups with 2.5 mM FH (Figs. 3 and 5), the MS increased
over time in all set-ups with FH concentrations >2.5 mM
which was due to the formation of magnetite as shown by
l-XRD measurements (Figs. 4 and 5). In both, HEPES
and bicarbonate buffered medium, the magnetite formation
strongly depended on the initial FH concentration. The
more FH was present in the system, the higher the maxi-
mum MS measured meaning more magnetite was formed
regardless of the buffer system used. In set-ups containing
5 mM FH the MS increased only to ca. 0.5 � 10�3 SI, while
the MS in set-ups containing 30 mM FH reached maximum
values of ca. 14 � 10�3 SI (Fig. 3). However, the initial FH
concentration not only affected the amount of magnetite
formed, but also its crystallinity as can be seen in Fig. 5
for set-ups with 12 mM HEPES buffered medium. At an ini-
tial FH concentration of 10 mM, prominent and sharp mag-
netite reflections were observed in the diffractogram. At
initial FH concentrations of 5 mM, the signals were much
broader and smaller indicating lower crystallinity (caused
e.g. by more defects in the crystal lattice such as inclusions
or vacancies) of the formed mineral products (Spieß et al.,
2009). At initial FH concentrations of 2.5 mM no signals
for magnetite were present in the l-XRD data.

These findings indicate that the total iron concentration
(in form of FH) in the system is an important factor con-
trolling if, and to which extent, magnetite formation takes
place. Such a behavior has been suggested before by Bazy-
linski et al. (2007), but was not systematically studied. Most
experimental studies in which magnetite formation during
microbial FH reduction was observed were conducted at
higher FH concentrations (20–200 mM) (Lovley et al.,
1987; Fredrickson et al., 1998; Zachara et al., 2002; Coker
et al., 2008). Thus, these studies can be compared to our set-
ups with higher FH concentrations, where magnetite for-
mation was observed, but not to the set-ups with 2.5 mM
FH, which lacked magnetite formation. One exception is
the work by Perez-Gonzalez et al. (2010), who found
magnetite formation during reduction of ca. 2 mM FH by
S. oneidensis ATCC 700550. The different observations
made in our experiments compared with the work of
Perez-Gonzalez et al. (2010) might be due to differences in
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the volume of the batch cultures (750 and 70 mL of medium
in the experiments by Perez-Gonzalez et al. (2010) com-
pared to 25 mL in our experiments). Although the concen-
tration per volume was also 2 mM, due to rapid
sedimentation of the heavy FH particles (density 3.8 g/
cm3 (Schwertmann and Cornell, 2000)), the thickness of
the layer of FH at the bottom of the incubation vial
(70 mL) is probably comparable to a set-up with 5–6 mM
FH in 25 mL volume. Therefore, in the experiments by
Perez-Gonzalez et al. (2010) the FH concentrations proba-
bly were locally similar to our 5 mM FH set-ups leading to
magnetite formation.

In addition to the total amount of FH present, the Fe(II)
concentration built up during FH reduction is the second
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important factor in controlling microbial magnetite forma-
tion, as it has been reported by Zachara et al. (2002). These
authors found that magnetite was formed in FH reduction
experiments only at certain Fe(II) formation rates (i.e. reduc-
tion rates). If Fe(II) concentrations at the FH surface were
too low due to lower reduction rates, the FH transformed
into goethite. On the other hand, at very high dissolved Fe(II)
concentrations (i.e. very high reduction rates) the biominer-
alization process was dominated by the interaction of
dissolved Fe(II) with bicarbonate forming siderite (Zachara
et al., 2002). In order to analyze in more detail the influence
of the Fe(II) concentration on the initiation of magnetite for-
mation in our systems, the Fe(II) concentration at the time
point when the MS started to increase (time point “Lower
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edge”, see Fig. 6a) was plotted against the initial FH concen-
tration (Fig. 6). We found that with increasing FH concen-
trations increasing Fe(II) concentrations were also
necessary to initiate magnetite formation (Fig. 6b and c).

Magnetite formation has been described during the reduc-
tion of hematite (Behrends and Van Cappellen, 2007), lepido-
crocite (O’Loughlin et al., 2010) as well as during the
reduction of poorly crystalline iron phases like FH
(Fredrickson et al., 1998; Bazylinski et al., 2007). While it
has been suggested that magnetite is formed during hematite
reduction by dissolution–reprecipitation mechanisms
(Behrends and Van Cappellen, 2007), the magnetite forma-
tion mechanism during FH reduction is controversial.
Bazylinski et al. (2007) proposed a solid-state conversion of
FH to magnetite, whereas Cornell and Schwertmann (2003)
claimed that FH is dissolved and reprecipitated as magnetite
and Tronc et al. (1992) even suggested a combination of both
mechanisms. In any case, it is generally accepted that magne-
tite formation from FH requires the interaction between dis-
solved Fe(II) and FH (Tronc et al., 1992; Zachara et al., 2002;
Yang et al., 2010). The fact that the beginning of magnetite
formation (that means the point when the first ferrihydrite
is converted into magnetite), indicated by a sharp increase
in MS, in our set-ups with different FH concentrations de-
pended on the Fe(II) concentration present, suggests that a
certain threshold concentration of Fe(II) adsorbed at the
FH surface is necessary for the start of the formation of mag-
netite. If this is the case, the necessary Fe(II) concentration
for initiating magnetite formation should be linearly corre-
lated to the total iron concentration in the system and magne-
tite formation should start at the same Fe(II):Fe(tot) ratio for
set-ups with different initial FH concentrations. However, we
found that the Fe(II):Fe(tot) ratio at the starting point of
magnetite formation was not the same for the different initial
FH concentrations, but slightly decreased with increasing ini-
tial FH concentration (Fig. 6). This means that with increas-
ing initial FH concentration, the amount of Fe(II) necessary
to initiate magnetite formation decreased. Sorption of Fe(II)
to the FH surface probably increased until a certain local
threshold value of Fe(II) per nm2 surface was reached to ini-
tiate magnetite formation. As we have recently observed that
with increasing FH concentration, aggregation of the FH
particles occurs (Amstaetter, 2009), we hypothesize that this
aggregation leads to a lower relative surface area available
for Fe(II) sorption and therefore lower Fe(II) concentrations
are sufficient to reach the local Fe(II):Fe(tot) ratio necessary
to initiate magnetite formation. Indeed, the rate and extent of
aggregation of Fe(0) mineral particles has been found to in-
crease with increasing iron mineral concentration (Phenrat
et al., 2007). Cwiertny et al. (2008) and Nurmi et al. (2005) de-
scribed that aggregation of goethite and Fe(0) particles,
respectively, reduces the effective mineral surface area and
thus the number of available surface sites.

3.2. Magnetite formation and transformation during

ferrihydrite reduction: influence of humic substances/electron

shuttles

HS are known to stimulate microbial Fe(III) reduction
by shuttling electrons between microbial cells and poorly
soluble Fe(III) minerals (Lovley et al., 1996). In addition
to this electron shuttling effect, at pH-neutral conditions,
the negatively charged HS have a strong affinity to the pos-
itively charged Fe(III) mineral surface and show strong
sorption (Kaiser et al., 2007) (Fig. 1). However, little is
known about the effect of the presence of HS on microbial
magnetite formation, either via electron shuttling or by
sorption to the mineral surfaces. Therefore, we performed
FH reduction experiments with S. oneidensis MR-1 in
bicarbonate buffered LML medium to examine the effect
of different HS concentrations (210–630 mg/L) on the
reduction of 15 mM FH. Set-ups amended with 7.5 and
23.4 lM AQDS were used as control experiments for the
presence of electron shuttles that sorb only to a very low ex-
tent to FH (Wolf et al., 2009).

Although HS were described to stimulate microbial
reduction of Fe(III) minerals, in set-ups containing 15 mM
FH and 210–630 mg/L total HS, FH reduction took place
to a lower extent and with a slightly reduced rate compared
to HS free set-ups (Fig. 7). However, we observed differences
between the different HS concentrations: The lowest maxi-
mum reduction rates (measured from two parallel culture
bottles) were obtained in the presence of 210–345 mg/L total
HS (0.83 ± 0.01 and 0.72 ± 0.03 mM Fe/d, respectively). In
the presence of 630 mg/L HS the maximum reduction rates
were slightly higher (1.29 ± 0.00 mM Fe/d) than in the pres-
ence of lower HS concentrations, however not as high as in
set-ups without HS (1.69 ± 0.04 mM Fe/d). These differ-
ences in maximum reduction rates observed indicate that
different concentrations of HS had different influences on
microbial FH reduction.

Besides shuttling electrons between cells and Fe(III)
minerals, (e.g. Lovley et al., 1996; Jiang and Kappler,
2008), HS are expected to affect microbial iron reduction
by sorption to the iron minerals. We found that at HS con-
centrations below 200 mg HS/g FH (corresponding to
320 mg HS/L for 15 mM FH present in our reduction
experiments) virtually all HS in the system were sorbed to
the FH (Fig. 8). This suggests that in our 15 mM FH set-
ups containing 210 mg/L and 345 mg/L total HS (corre-
sponding to 131 and 215 mg HS/g FH, respectively) the
HS were sorbed more or less completely to the FH. There-
fore, stimulation of Fe(III) reduction by electron shuttling
was not possible in these set-ups since HS electron shuttling
requires a minimum concentration of dissolved HS of 5–
10 mg C/L (Jiang and Kappler, 2008). Additionally, the re-
duced maximum reduction rates observed in the presence of
210 mg/L and 345 mg/L total HS in comparison to HS-free
set-ups even suggest that sorption of HS actually decreases
Fe(III) reduction rates by reducing the bioavailable mineral
surface area either by blocking bioaccessible surface sites or
by formation of FH–HS aggregates that are less accessible
(have a lower surface area per g FH) than non-HS-coated
FH. Most previous studies on HS electron shuttling have
been conducted at significantly higher HS concentrations
than were used in the present work (e.g. 3118 mg HS/g
FH in the work of Lovley et al. (1996)) and the fraction
of HS sorbed compared to the dissolved fraction was not
quantified. Therefore, the effects of HS sorption on the
Fe(III) reduction rates observed in our study have not been
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discussed systematically in the literature so far. One excep-
tion is the study by O’Loughlin et al. (2010), who described
that the addition of HS to microbial lepidocrocite reduction
experiments led to reduced reduction rates, probably due to
HS sorption to the mineral surface. As discussed in Section
3.1.2, in our experiments, the microbial reduction of 15 mM
FH at the cell numbers present seemed to be limited by the
iron mineral surface area. Therefore, a further decrease of
the available surface area due to HS sorption to FH is
expected to lead to a lower Fe(III) reduction rate in set-
ups with 210 and 345 mg/L total HS.

In contrast, the scenario was different in the presence of
630 mg/L total HS (393 mg HS/g FH), since sorbed as well
as dissolved HS were present in these set-ups (Fig. 8).
Therefore, in set-ups with 630 mg/L total HS, electron shut-
tling by HS could take place leading to an increase in max-
imum reduction rates compared to the set-ups with sorbed
HS only. In positive controls for electron shuttling, the
model quinone AQDS was used. This quinone compound
has been demonstrated to function as an efficient electron
shuttle between bacterial cells like S. oneidensis MR-1 and
Fe(III) minerals (Lovley et al., 1998; Lies et al., 2005),
but shows only very little sorption to iron minerals (Wolf
et al., 2009). The set-ups with AQDS (Fig. 7) showed that
the presence of this electron shuttle, which does not sorb
(or only to a very low extent) to the FH, increased the max-
imum reduction rates from 3.0 ± 0.1 mM Fe/d in the ab-
sence of electron shuttles to 22.7 ± 4.9 mM Fe/d and
28.4 ± 0.4 mM Fe/d in the presence of 7.5 and 23.4 lM
AQDS, respectively. This indicates a strong effect of elec-
tron shuttling on the Fe(III) reduction rate at the FH and
cell concentrations used in our experiments. Therefore,
the increased Fe(III) reduction rates observed in the pres-
ence of 630 mg/L total HS compared to set-ups containing
210 and 345 mg/L total HS (Fig. 7a and b) were most likely
due to the effect of electron shuttling by dissolved HS
(Lovley et al., 1996). However, a significant fraction of
the 630 mg/L total HS (corresponding to 393 mg total
HS/g FH) was still sorbed to the FH (Fig. 8). Since the
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maximum reduction rates in these set-ups were still lower
than the reduction rates in set-ups without HS, the sorbed
fraction of HS obviously still had an inhibiting effect on
the reduction rate. Thus, in the presence of 630 mg/L total
HS, the two effects of HS sorption (inhibiting Fe(III) reduc-
tion) and HS electron shuttling (stimulating Fe(III) reduc-
tion) were cancelling out each other leading to an overall
intermediate reduction rate. This illustrates that even
though electron shuttling by dissolved HS took place in this
case of low concentration of dissolved HS, it was not strong
enough to completely overcome the surface area limitation
caused by the sorbed HS.

In addition to external electron shuttles such as AQDS
and HS, Marsili et al. (2008) and von Canstein et al.
(2008) described that S. oneidensis MR-1 is able to produce
and excrete flavins which can also function as electron shut-
tles between bacterial cells and Fe(III) minerals. Since the
secretion of these redox mediators seems to be more or less
independent of the geochemical conditions (Von Canstein
et al., 2008), MR-1 can be expected to excrete the same
amount of redox mediators in all of the different set-ups
used in our experiments. Nevertheless, a stimulating effect
of AQDS and an inhibiting effect of sorbed HS on the
Fe(III) reduction rates was observed in our study. This
could be due to the fact that the concentrations of flavins
detected in the experiments by Marsili et al. (2008) and
von Canstein et al. (2008) (0.1–0.6 lM) were significantly
lower than the lowest concentrations of electron shuttles
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used in our experiments (7.5 lM AQDS). Thus, the amount
of endogenous electron shuttles excreted by MR-1 could
simply be too low to completely overcome the surface area
limitation in our systems. This confirms previous findings of
Jiang and Kappler (2008), who described that the stimulat-
ing effect of electron shuttles on microbial Fe(III) reduction
depends on the concentration of the electron shuttles.

Besides Fe(III) reduction rates we also followed the MS
during 15 mM FH reduction by MR-1 in the presence of
HS compared to experiments in the absence of HS. Highest
MS values (9.691 ± 0.12 � 10�3 and 9.446 ± 0.081 �
10�3 SI, respectively) and the steepest increase in MS
(3.276 ± 0.194 � 10�3 and 3.763 ± 0.398 � 10�3 SI/d,
respectively) were measured in treatments without HS and
in treatments with 210 mg/L total HS (Fig. 9). With increas-
ing HS concentrations, the maximum MS value as well as the
slope of the MS curve decreased indicating that the extent as
well as the maximum rate of magnetite formation decreased.
In the presence of 630 mg/L total HS almost no magnetite
formation took place as shown by MS measurements
(Fig. 9) and by l-XRD measurements (Fig. 4). In treatments
without HS, the MS decreased again significantly after reach-
ing its maximum value (Fig. 9) while Fe(II) still increased
(Fig. 7) indicating magnetite reduction. However, in treat-
ments with 210 and 345 mg/L total HS, the MS decreased
only slightly within 65 days of incubation (Fig. 9a). Thus,
in the presence of HS, the further reduction of magnetite
and subsequent formation of siderite, which was responsible
b
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for the decrease in MS in HS-free bicarbonate buffered set-
ups (Section 3.1.1), seemed to be slowed down considerably.
In contrast, the set-ups with AQDS showed only in the first
15 days stable MS values (Fig. 9c) and then a further decrease
in MS (data not shown) similar to the set-ups without elec-
tron shuttles suggesting further reduction of the magnetite
also in the set-ups with AQDS.

As discussed before, there are several possible effects of
HS on microbial Fe(III) reduction and magnetite formation,
e.g. sorption of HS to iron minerals, HS electron shuttling be-
tween microorganisms and Fe(III) minerals or complexation
of Fe(II) by HS (Fig. 1). The set-ups with AQDS illustrate the
effect of electron shuttling on microbial magnetite formation.
The presence of AQDS did not inhibit magnetite formation
(Fig. 9c and d). On the contrary, the MS increased even faster
in the presence of 7.5 and 23.4 lM AQDS than in the absence
of AQDS. This indicates that the inhibiting effect on the mag-
netite formation rates measured in the presence of higher HS
concentrations cannot be due to the effect of electron shut-
tling, but rather due to Fe(II) complexation by HS or due
to HS sorption to the FH. The amount of Fe(II) that can
be complexed by the amount of HS present in the system
can be estimated to 1.54, 2.53, and 4.62 mM Fe(II) in set-
ups with 210, 345, and 630 mg/L HS, respectively (based on
Amstaetter (2009)). As this corresponds to 41.6, 68.9 and
>100% of the Fe(II) present at the time-point before magne-
tite formation starts, complexation by HS could lead to a
considerable reduction of the amount of dissolved Fe(II)
available for the interaction with the FH and, thus, to a de-
crease in magnetite formation. Alternatively, HS sorption
to the FH could be responsible for the reduced or absent mag-
netite formation in the presence of HS. The amount of sorbed
HS increased from set-ups with 210 mg/L total HS (131 mg
total HS/g FH) and set-ups with 345 mg/L total HS
(215 mg total HS/g FH) to set-ups with 630 mg/L total HS
(393 mg total HS/g FH) (Fig. 8). As there was the same
amount of FH present in all set-ups (15 mM), the increased
amount of sorbed HS means that there was less free surface
area available at higher HS concentrations. As discussed in
Section 3.1.2, magnetite formation depends on the interac-
tion of Fe(II) with the FH, which requires sorption of dis-
solved Fe(II) to the FH surface. Therefore, as the mineral
surface area available for Fe2+ sorption decreased with
increasing HS concentration (due to HS sorption) the magne-
tite formation rate decreased likewise. In the presence of
210 mg/L total HS only about 30% of the FH surface were
covered with sorbed HS (estimated from Fig. 8 based on
monolayer coverage of HS on the FH surface) which seems
to be too low to significantly inhibit Fe2+ interaction with
the FH. Therefore, the rate and extent of magnetite forma-
tion measured in these set-ups was in the same order of mag-
nitude as the magnetite formation rate measured in the
absence of HS. In the presence of 345 mg/L total HS, on
the other hand, the maximum magnetite formation rate
was considerably lower compared to magnetite formation
rates measured in the absence of HS indicating that at an esti-
mated coverage of ca. 50% of the surface area (Fig. 8) enough
of the surface binding sites for Fe2+ were blocked by sorbed
HS to limit the interaction between Fe2+ and FH necessary to
initiate rapid magnetite formation. At the highest HS
concentration of 630 mg/L magnetite formation did not take
place at all, even though FH was reduced and dissolved Fe(II)
was present. This suggests that magnetite formation was pre-
vented by an almost complete blocking of Fe2+ binding sites
by HS as supported by the HS sorption isotherm (Fig. 8).
Additionally, the sorbed HS could also interfere with the
recrystallization of FH to magnetite by interrupting the
structure of the mineral lattice, similar to the effect of exo-
polysaccharides on the crystallinity observed during the pre-
cipitation of ferrihydrite (Mikutta et al., 2008). These
findings are in agreement with experiments reported by Jones
et al. (2009) and O’Loughlin et al. (2010). Jones et al. (2009)
found that the Fe(II)-catalyzed recrystallization of 2.5 mM
FH reacting with a solution of 1 mM FeSO4 in abiotic exper-
iments at neutral pH was prevented by adsorption of 150 mg/
L HS (561.3 mg HS/g FH) to the iron mineral surface. They
also suggested that sorbed HS prevented the adsorption of
Fe2+ to the mineral surface and thus the interaction of Fe2+

with FH, which was essential for the recrystallization
process.

3.3. Implications for magnetite formation in the environment

Magnetite is one of the most important mineral products
of microbial Fe(III) reduction. In addition to the impor-
tance of microbial formation and dissolution of iron miner-
als in controlling the fate of pollutants in the environment,
magnetite formation is of special interest due to its magnetic
properties, which make it one of the most important factors
determining magnetic soil properties. The results of the pres-
ent study highlight the importance of the interaction of dis-
solved Fe(II) with FH for the formation of magnetite.
Different mechanisms of magnetite formation are discussed
in the literature: solid-state conversion of FH (Bazylinski
et al., 2007), dissolution of the FH and subsequent reprecip-
itation of magnetite (Cornell and Schwertmann, 2003) or a
combination of both (Tronc et al., 1992). In spite of the dif-
ferences in the proposed mechanisms, all authors agree on
the importance of the presence of Fe2+ for magnetite forma-
tion. Thus, it is expected that processes that constrain the
interaction of FH with dissolved Fe(II) will reduce the rates
and/or extent of magnetite formation. Based on the results
of the present study, such processes could be either HS sorp-
tion to the FH surface blocking the available surface sites
for Fe2+ adsorption, complexation of Fe(II) by HS or the
formation of an unfavorable Fe(II):Fe(III) ratio (either
too high or too low) leading to an unfavorable degree of
FH surface saturation with Fe2+.

Our results suggest that magnetite formation in natural
environments strongly depends on the geochemical param-
eters present, in particular on the presence of dissolved HS.
In soils of low iron content, magnetite formation could be
limited by low iron concentration or inhibited by adsorp-
tion of HS to the Fe(III) mineral surface. In contrast, in
soils of higher iron content with the simultaneous presence
of low concentrations of dissolved HS that can sorb to the
mineral surface, microbial Fe(III) reduction is more likely
leading to considerable magnetite formation.

Our results also suggest that in order to better under-
stand microbial Fe(III) reduction and magnetite formation
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in the environment, in laboratory experiments more atten-
tion has to be paid to the geochemical parameters present
in the environment. In particular the use of model quinones
such as AQDS instead of redox-active HS might produce
misleading results, as our study showed significant differ-
ences regarding Fe(III) reduction and magnetite formation
between parallel treatments with AQDS and HS.

ACKNOWLEDGEMENTS

We would like to thank Christoph Berthold, Katja Amstaetter
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