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ABSTRACT: Fe(Ill) (oxyhydr)oxides affect the mobility of
contaminants in the environment by providing reactive surfaces
for sorption. This includes the toxic metal cadmium (Cd), which
prevails in agricultural soils and is taken up by crops. Fe(III)-
reducing bacteria can mobilize such contaminants by Fe(III)
mineral dissolution or immobilize them by sorption to or
coprecipitation with secondary Fe minerals. To date, not much is
known about the fate of Fe(IIl) mineral-associated Cd during
microbial Fe(IIl) reduction. Here, we describe the isolation of a
new Geobacter sp. strain Cdl from a Cd-contaminated field site,
where the strain accounts for 10* cells g~' dry soil. Strain Cdl
reduces the poorly crystalline Fe(III) oxyhydroxide ferrihydrite in
the presence of at least up to 112 mg Cd L™". During initial
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microbial reduction of Cd-loaded ferrihydrite, sorbed Cd was mobilized. However, during continuous microbial Fe(III)
reduction, Cd was immobilized by sorption to and/or coprecipitation within newly formed secondary minerals that contained
Ca, Fe, and carbonate, implying the formation of an otavite-siderite-calcite (CdCO;—FeCO;—CaCO;) mixed mineral phase. Our
data shows that microbially mediated turnover of Fe minerals affects the mobility of Cd in soils, potentially altering the dynamics

of Cd uptake into food or phyto-remediating plants.

B INTRODUCTION

The heavy metal cadmium (Cd) is one of the most widely
distributed contaminants in agricultural soils worldwide' > and
poses a great threat to environmental and human health." This
has been recognized by governmental agencies, which have
consequently released new regulations to minimize Cd input
into the environment and Cd uptake by humans.* Cd enters the
human body via crops and tobacco smoke," and mainly affects
kidneys, liver, bones and increases the risk of cancer.”>® The
input of Cd into agricultural soils occurs via atmospheric
deposition and fertilization.””® Cd binds to clays, carbonates,
organic matter, and Fe oxides in soils, with most of the Cd
prevailing in the exchangeable fraction, thus becoming easily
bioavailable to plants and soil microbiota.”* So far, research
focused on geochemical factors that increase or decrease Cd
bioavailability, however, changes in soil mineralogy caused by
microorganisms have not yet been thoroughly considered.

Cd was shown to positively correlate with total Fe oxide
content in different soils.""'> At circumneutral pH, Cd binds
directly to hydroxyl surface groups of Fe and Mn (oxyhydr)-
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oxides'® or indirectly via ternary complexes with organic
matter.'* Several studies have investigated sorption mechanisms
and the impact of competing ions on Cd sorption to various
Fe(III) (oxyhydr)oxides.">~"® However, Fe is redox active and
has a high turnover rate in soils and water."”” Abiotic and
microbial Fe(II) oxidation lead to Fe(IIl) mineral formation in
anoxic and oxic pH-neutral environments.”® The reverse
reaction, that is the reduction of Fe(Ill) to Fe(Il), is mainly
mediated by Fe(Ill)-reducing bacteria, which oxidize organic or
inorganic electron donors and reduce Fe(Ill) (oxyhydr)-
oxides.”" During this process, the Fe(IIl) minerals are partially
or completely dissolved and aqueous Fe** and secondary Fe(1I)
or Fe(Il)/Fe(III) mixed valence mineral phases form depend-
ing on the geochemical conditions.”® The formation and
dissolution of Fe(III) minerals significantly affect the mobility
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Figure 1. Field site Langelsheim, Goslar, Germany (N51.9429 E10.3489) was sampled in a transect at five different sampling points 1-5 (A).

Sampling point 1 is referred to as “river” and sampling point 5 as “road”. Th

e amount of 1 M acetate- and 0.5 and 6 M HCl-extractable Fe (in mg Fe

g~" dry soil, n = 3) are given for “river” (B) and “road” (C). Fe(II) and Fe(III) are depicted in gray and white, respectively. 1 M acetate-, 0.1 M HCI-

and aqua regia-extractable Cd (in ug Cd g™ dry soil, n = 3) is shown for

“river” (B) and “road” (C). The presence of bacteria capable of Fe(III)

reduction using either acetate or lactate as electron donor is shown for “river” and “road” (D) (in microbes g™' dry soil, n = 7). 16S rRNA gene copy
numbers of total Bacteria (black line), Geobacter spp. (dark gray line) and the isolate Geobacter sp. Cd1 (light gray line) present in the soil are given
for sampling locations 1—5 (E), based on 16S rRNA quantification by qPCR (in 16S rRNA gene copy numbers g™' dry soil, n = 4). Scanning

electron micrograph of strain Cdl after reduction of Cd-loaded ferrihydrit

e (F). Mean values + standard deviation.

and bioavailability of mineral-associated nutrients and con-
taminants.”>”>* Up to now, microbial Fe(Ill) reduction-
induced changes of metal(loid) mobility and bioavailability
have been studied for a number of metal(loid)s including
arsenic,”® radium,?® chromium,””*® and uranium,””*° but not
comprehensively for Cd.

The most prominent case of how microbial Fe(III) reduction
affects metal mobility currently is observed in Southeast Asia. In
that case, Fe mineral-associated As was mobilized by the activity
of microorganisms,31 which caused the “world’s worst mass

poisoning” by contaminating the drinking water of millions of

14100

people.”” During microbially catalyzed reductive dissolution of
As-loaded Fe(III) minerals, As can be either mobilized from the
minerals or sequestered by newly formed secondary Fe
minerals.’"* Fe(III)-reducing microbial communities including
the genus Geobacter were correlated with the mobilization of As
in these aquifers.”>**** The species Geobacter metallireducens is
most commonly known for Fe(III) reduction but also for the
bioremediation of metal-contaminated soils, including uranium,
chromate, and cobalt, but not Cd.>*"** To our knowledge, no
Fe(III)-reducing bacterium has been isolated that shows high
tolerance to Cd. Whether microbial reduction of Cd-loaded
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Fe(1II) minerals leads to mobilization or sequestration of Cd in
secondary Fe mineral phases has not been studied in detail yet.

Within this study, we first isolated a Fe(IIl)-reducing
Geobacter strain that shows high Cd tolerance and reduces
Fe(1II) minerals in the presence of elevated Cd concentrations.
In a second step, the ability to reduce Cd-loaded ferrihydrite
was determined for the isolated strain in comparison to the
known metal-remediator Geobacter metallireducens strain GS-15.
Finally, Cd mobility, its distribution between the liquid and
solid-phase, and the Fe mineralogy were determined during and
after microbial reduction of Cd-loaded ferrihydrite.

B MATERIAL AND METHODS

Geochemical and Microbiological Field Site Charac-
terization. The Cd-contaminated field site Langelsheim is
located adjacent to the Innerste river near Goslar, Germany
(NS1.9429 E10.3489) (Figure la). Five sampling points were
selected along a transect between river and road. At sampling
points 1 (“river”) and 5 (“road”), the water content, soil pH,
total organic and inorganic carbon (TOC and TIC), 1 M Na-
acetate-, 0.5 and 6 M HCl-extractable Fe were determined after
sieving the soil (2 mm) (see Rijal, et al.*). To determine
mobile or loosely sorbed Cd, 1 g of soil was extracted with
10 mL of 1 M ammonium acetate (24 h, 25 °C, 150 rpm). Cd
associated with poorly crystalline minerals was extracted from
1 g of soil with 10 mL of 0.1 M HCI (30 min, 25 °C, 150 rpm).
After extraction, the soil suspensions were filtered through
Whatman No. 1 filter paper and stabilized by 1 mL 65% HNO;.
For aqua regia extractions, 0.25 g soil were extracted with
1.8 mL of 37% HClI and 0.6 mL of 65% HNO; for 2 h at 60 °C,
2 hat 75 °C, and 5 h at 100 °C. After cooling to 25 °C, the
solution was filled up to 10 mL with 2% HNO; and filtered
through Whatman No. 1 paper. At sampling points “river” and
“road”, the presence of Fe(III)-reducing bacteria with acetate or
lactate as electron donor and in the presence of 11 mg L™' Cd
was determined by most probable number (MPN) studies.*’
16S rRNA gene copy numbers of total bacteria, Fe(III)-
reducing Geobacter spp. and the isolated Geobacter sp. strain
Cdl were quantified by qPCR. For this, soil samples were
frozen at —20 °C.

Isolation and Characterization of a Cd-Tolerant Fe(lll)-
Reducing Strain. From a Fe(III)-reducer MPN plate of the
sampling point ‘river, 10% (v/v) of an enrichment were
transferred to 15 mL volume culture tubes containing 9 mL of
anoxic mineral medium*' and 1.07 g L™! ferrihydrite (10 mM),
20 mM acetate and 11 mg L™ total Cd (100 uM). The
enrichment was transferred 10 times into fresh medium. The
transfers 7—10 included a 10-fold dilution series, from which
the highest dilution that showed growth after transfer was used
for the following transfer. The purity of the obtained culture
was verified microscopically and via 16S rRNA gene cloning
and sequencing. After obtaining the isolate Geobacter sp. Cdl,
the strain was routinely cultivated in the presence of 100 M
Cd at 28 °C. To determine its Cd tolerance, strain Cdl was
incubated with ferrihydrite, acetate and up to 112 mg L™
(1000 uM) Cd (CdCl,) and Fe(Ill) reduction was followed
over time. To determine the versatility of Cdl, different
electron donors (organic acids, glucose, H,, Fe(Il)) and
acceptors (Fe(Ill), fumarate, nitrate) were tested. Fe redox
transformation was quantified with the ferrozine assay,* while
growth in the absence of Fe was determined by OD
measurements (660 nm).

Competitive Fe(lll) Reduction Experiments. Geobacter
metallireducens strain GS-15* and Geobacter sp. Cdl were
adapted to the experimental growth conditions by growing two
consecutive precultures on medium containing 1.07 g L™
ferrihydrite (10 mM) and 20 mM Na-acetate for 7 days
without Cd. For experiments, 50 mL medium were amended
with 0.54 or 0.86 g L™" ferrihydrite (S or 8 mM), synthesized
by neutralization of a Fe(NO,); solution using 1 M KOH."
0, 11, or 55 mg L' Cd and 20 mM Na-acetate were added
prior to inoculation with 5% v/v preculture containing
1.35 X 107 strain Cd1 cells mL™" or 8.59 X 107 strain GS-15
cells mL™". During Fe(III) reduction, the pH rose from 7.0 to
7.4 in all set-ups. For analyses, bottles were shaken and 2-mL
samples were withdrawn in an anoxic chamber (N,). For cell
number quantification with qPCR, 1-mL samples were frozen at
—20 °C. For total Fe analysis, 100 uL sample was added to 0.9
mL of 1 M anoxic HC], incubated anoxically for 24 h at 4 °C to
dissolve minerals and prevent Fe(Il) oxidation until quantifi-
cation.** The remaining 0.9 mL sample was centrifuged
(13200g, 2 min). For dissolved Fe, 100 uL supernatant was
added to 0.4 mL of 1 M anoxic HCl. For quantification of
dissolved Cd, 500 pL supernatant was added to 9.5 mL of 2%
HNO; and stored at 4 °C until measurement. At the beginning
of the experiment, the total Cd content was determined by
dissolving 0.25 mL sample in 0.25 mL of 1 M HCl and 9.5 mL
of 2% HNO;. For solid phase analysis, bottles containing 0.86 g
L™! ferrihydrite (8 mM) and S5 mg L™' Cd were set up for
Fe(Ill) reduction by strain Cdl. Fe—Cd-minerals were
harvested by centrifugation, washed three times with anoxic
Milli-Q_water, and vacuum-dried for Mdssbauer, SEM-EDX,
and XRD-PDF analysis.

Molecular Biology Methods. DNA from soil and from the
isolated strain was extracted, amplified and sequenced as
described in the Supporting Information (SI). Details on the
quantification of total Bacteria, Geobacter spp. and Geobacter sp.
Cd1 16S rRNA gene copy numbers by qPCR are provided in
the SL

Analytical Methods. Details regarding analysis of Fe and
Cd, mineral analysis by Mdssbauer spectroscopy, SEM-EDX,
synchrotron-XRD, synchrotron total scattering and PDF
analysis, and STXM are provided in the SL

B RESULTS

Geochemical and Microbiological Description of the
Cd-Contaminated Field Site Langelsheim. The soil pH at
the field site Langelsheim was 6.2 + 0.0, the organic carbon
content was between 4.5 and 8% (w/w), and the inorganic
carbon was between 0.20 and 1.04% (w/w). The concen-
trations of sorbed (Na-acetate-extractable) Fe were below
0.3 mg Fe g~' dry soil at both sampling points “river” and
“road” (Figure 1b,c). Poorly crystalline (0.5-M-extractable) Fe
was twice as high at “road” than at “river” (approximately 20 vs
10 mg Fe g~" dry soil) and consisted mainly of Fe(III) at “river”
and approximately 50% Fe(II) at “road”. Most Fe was present
in the crystalline Fe fraction: Sampling point “road” contained
twice as much crystalline Fe (approximately 122 mg ¢! dry
soil), made up of 60% Fe(Il), compared to sampling point
“river” (approximately 65 mg g' soil) with 20% Fe(Il).
Approximately 25 yg total Cd g~ dry soil were extractable with
aqua regia at “road” and “river” (Figure 1b,c). Ammonium
acetate extraction revealed approximately 4.5 ug Cd g~" dry soil
in the exchangeable Cd fraction at both sampling points.
Approximately 8 and 6 ug Cd g~" soil were present in the 0.1 M
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Figure 2. Fe(II) formation (A,B), 16S rRNA gene copy numbers (C,D), and concentration of mobile Cd (E,F) over time during reduction of S mM
Cd-free and Cd-loaded ferrihydrite with 20 mM acetate by Geobacter sp. strain Cdl and Geobacter metallireducens GS-15. Data for strain Cdl is
shown in red (A,C,E) and for strain GS-15 in blue (B,D,F). Increasing concentrations in Cd are represented by increasing color intensity. The set-
ups contained either no Cd (white symbols) or 11 mg/L Cd (light red and blue) or 55 mg/L Cd (dark red and blue). Sterile controls are
represented by cross symbols and data for dissolved Fe®* is only shown for strain Cdl and set-ups containing 55 mg/L Cd**. Data represent the

mean + range of duplicate cultures.

HCI extractable fraction at “river” and “road”, respectively,
which is considered the bioavailable Cd fraction.

Culture-dependent enumeration of Fe(Ill)-reducing bacteria
revealed equal numbers of acetate- and lactate-oxidizing
Fe(1ll)-reducers at each sampling site (Figure 1d), while in
total, ten-times more Fe(Ill)-reducers were present at “river”
compared to “road” (approximately 10° and 10* cells g~' dry
soil, respectively). PCR-based quantification of 16S rRNA gene
copy numbers showed that in total 10® bacterial 16S rRNA
gene copies g~ dry soil were present at all sampling locations
of the transect at Langelsheim with about 1% belonging to
Geobacter spp. (Figure le).

Isolation and Phylogeny of Strain Cd1. An enrichment
culture with ferrihydrite as electron acceptor and acetate as
electron donor in the presence of 11 mg L™' Cd was obtained
from the MPN enumeration at sampling point “river”. The
enrichment was repeatedly transferred until constant Fe(III)
reduction rates were obtained and one dominant cell
morphology was observed microscopically. 16S rRNA sequenc-
ing and classification indicated that strain Cd1 is affiliated to the

14102

genus Geobacter within the phylum Proteobacteria. Based on
16S rRNA gene comparison strain Cdl has 94.6% sequence
similarity to Geobacter metallireducens GS-15.%° Tts closest
relative is Geobacter argillaceus strain G12 with 98.9%
similarity.** qPCR of the Langelsheim transect revealed that
strain Cd1 comprised approximately 1% of all Geobacter spp. at
that site (Figure le). Cells of strain Cdl grown in liquid
cultures with acetate and fumarate appeared whitish and slightly
pink. The cells were rod-shaped, 1—2 pm long and 0.3—0.4 ym
wide after chemical fixation and critical point drying (Figure 1f)
and were often closely associated with Fe(III) minerals in liquid
cultures. When not in contact with minerals some cells showed
motility. Using acetate as electron donor, strain Cdl reduced
approximately 50% of S mM ferrihydrite within 6 days
(Figure 2). Strain Cdl reduced ferrihydrite using a number
of electron donors, namely acetate, lactate, H,, glucose,
succinate, propionate, butyrate, pyruvate, ethanol, but not
formate (data not shown). Strain Cdl was not able to grow on
nitrate, nitrite or sulfate in combination with acetate and did
not oxidize Fe(I) with nitrate as electron acceptor.

dx.doi.org/10.1021/es403365w | Environ. Sci. Technol. 2013, 47, 14099—14109



Environmental Science & Technology

Microbial Fe(lll) Reduction and Cd Mobility. Alongside
microbial Fe(III) reduction, Cd mobility and 16S rRNA gene
copy numbers were monitored for cultures of Geobacter sp. Cdl
and compared to G. metallireducens GS-15 (Figure 2). Strain
Cd1 reduced Fe(III) even in the presence of 112 mg L' Cd
(data for up to 5SS mg Cd L™' shown in Figure 2a), although the
extent and rate of Fe(III) reduction decreased with increasing
Cd concentrations. In the absence of Cd, strain Cdl reduced
64.2 &+ 7.4% of the ferrihydrite in 22 days at a maximum rate of
091 + 0.05 mM Fe(II) day ™!, while strain GS-15 reduced
19.2 + 4.6% Fe(Ill) with a maximum rate of 0.21 + 0.10 mM
Fe(Il) day™" (Figure 2a,b). The presence of 11 mg Cd L™" did
not significantly change the extent or rate of Fe(IIl) reduction
for both strains, although the onset of Fe(IIl) reduction was
delayed in GS-15 for at least one day. The addition of 55 mg
Cd L7' decreased Fe(Ill) reduction by strain Cdl to
47.0 + 12% at a maximum rate of 0.5 + 0.07 mM Fe(Il)
day™!, while strain GS-15 was not able to perform Fe(III)
reduction at all.

Analyzing the solid/liquid phase fractionation of Fe during
ferrihydrite reduction in the presence of 55 mg Cd L™" by strain
Cd1 indicated that most of the formed Fe(II) was in solution as
Fe®" at the beginning of Fe(III) reduction and precipitated over
time with approximately 40% of the produced Fe(II) remaining
in solution (Fe?* data for 55 mg Cd L™ in Figure 2a).

The change in 16S rRNA gene copy numbers (as proxy for
total cell numbers) over time for ferrihydrite incubations with
strain Cdl and GS-15 (Figure 2c,d) reflected the results
obtained for Fe(Ill) reduction and increased from approx-
imately 10° cells mL™' at the start of incubation to
approximately 107 cells mL™" after 7 days of ferrihydrite
reduction for both strains. Addition of Cd at concentrations of
11 and 55 mg L™" did not affect the final 16S rRNA gene copy
numbers of strain Cdl, but progressively delayed Cdl growth
by up to 1 day, in agreement with delayed ferrihydrite
reduction. In contrast to strain Cdl1, Geobacter strain GS-15 did
not grow and was unable to reduce ferrihydrite in the presence
of 55 mg Cd L™". However, in the presence of 11 mg Cd L,
strain GS-15 reached the same 16S rRNA gene copy numbers
after 7 days as in the absence of Cd after 2 days, thus reflecting
the delay in ferrihydrite reduction observed.

Aqueous Cd concentrations in the sterile controls decreased
slightly within 24 h and then remained at a constant level
(Figure 2e,f). This initial drop in aqueous Cd due to
equilibration of sorbed and dissolved Cd was observed for all
sterile and nonsterile set-ups. For the 5SS mg Cd L™ setup with
Cd1, aqueous Cd concentrations increased simultaneously to
the onset of ferrihydrite reduction within the first 9 days, and
subsequently decreased to almost 0 by day 22. For the 55 mg
Cd L7! setup of strain GS-15, dissolved Cd concentrations
decreased in the first 2 days, but did not change subsequently,
in agreement with the inability of this strain to sustain growth
under these conditions (Figure 2f). For the 11 mg Cd L™ setup
with Cd1, aqueous Cd started below 0.04 mg L' and increased
slowly to 1.3 + 0.3 mg L' by day 1S before it decreased again
slightly (Figure 2e). By contrast, aqueous Cd in the 11 mg Cd
L™" setup with strain GS-15 remained largely constant over the
duration of the experiment, despite the ability of this strain to
grow under this condition.

Localization of Cd in Cell-Mineral Aggregates and
Mineralogy of Reduced Cd-Bearing Minerals. The
distribution of Cd in the minerals before and after 31 days of
ferrihydrite reduction by strain Cdl in the presence of 55 mg

Cd L™ was followed using STXM (Figure 3). Generally, Cd
was detected, but it was not found directly associated with, or

linear absorbance [OD] Fe Cd

1 pum

Figure 3. Scanning transmission X-ray microscopy analysis of minerals
before (0 days) and after (31 days) microbial reduction of Cd-loaded
ferrihydrite (8 mM ferrihydrite, 55 mg/L Cd**) by Geobacter sp. strain
Cd1. The linear absorbance of Fe (red), cells (green) and Cd (blue) in
the cell-mineral aggregates are presented quantitatively as RGB values
in the upper pair of panels. For better illustration of the Cd
distribution within precipitates, the gray scale images of Cd alone are
displayed additionally (bottom pair of panels).

within the Geobacter Cdl cells. Initially, Cd was mainly
associated with the surface of the ferrihydrite. After 31 days of
microbial Fe(III) reduction, Cd was found to no longer be
surface-associated, but rather homogeneously distributed
throughout the mineral aggregates (Figure 3).

Using SEM, three different mineral morphologies were
observed and analyzed by EDX to obtain Cd, Ca, P, and Fe
distribution patterns. The most dominant phase was similar to
the initial phase and is probably a ferrihydrite-like structure,
which contained some associated Cd, Ca, and P (data not
shown). The second dominant phase (Figure 4a) also
contained some Cd and Ca plus a significant amount of P
and Fe (Figure S). The morphology and composition suggest
the mineral vivianite [Fe;(PO,), X 8H,0], which was
identified with Mdssbauer spectroscopy (Figure 4c,d). The
third mineral phase, a double-rounded aggregate made up of
many needle-shaped crystallites (Figure 4b), was not present in
large numbers, but contained 2—5 times more Cd than the
other phases, in addition to some Fe, Ca, and almost no P
(Figure 5). Based on EDX quantifications, this phase contained
1.6—1.7 times as much Ca as the other phases, however, there
was approximately 3 times more Cd than Ca (atom-%).
Correspondingly, a Fe—carbonate mineral was identified with
Mbssbauer spectroscopy (Figure 4c) suggesting that this
mineral was a carbonate, potentially otavite [CdCO;] with
some Fe and Ca substituting for Cd.

Analysis of the initial, Cd-loaded minerals by synchrotron-
based XRD showed two broad signals at 2-theta values of
approximately 4.8° (d = ~2.54 A) and 8.2° (d = ~1.5 A) which
are characteristic for 2-line ferrihydrite (Figure 4e). The
corresponding pair distribution functions (PDF) of the XRD
spectra supported the identification of the starting material as
ferrihydrite (Figure 4f). After microbial Fe(IlI) reduction, we
observed notable differences in peak intensities in the 3 and
3.5 A region in the Cd-loaded ferrihydrite. The coherent

dx.doi.org/10.1021/es403365w | Environ. Sci. Technol. 2013, 47, 14099—14109
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Figure 4. Characterization of the mineral products from microbial reduction of Cd-preloaded ferrihydrite (8 mM) by Geobacter sp. strain Cdl.
Scanning electron micrographs of two mineral phases, one rich in P (A) and the other rich in Cd (B), that are present after the microbial reduction
of Cd-loaded ferrihydrite. Mdssbauer spectrum of the Fe mineral products in the presence of Cd (C) and absence of Cd (D) obtained at room
temperature. Hatched doublet:(super)paramagnetic ferrihydrite; dark gray doublet: siderite; gray and light gray doublets: vivianite. X-ray
diffractograms of Cd-loaded (red) and Cd-free (black) Fe mineral products (E) and corresponding pair distribution functions (PDF) (F).

scattering domain of the final Cd-containing mineral product
extended to approximately 3 nm (Figure 4f), which is more
than for pure ferrihydrite with approximately 2.2 nm. The
strong increase in signal intensity above 5 A (Figure 4f)
suggests that Cd is not just surface bound but is rather a
structural component of the mineral phase. Additional features
in the XRD and PDF analysis point toward the presence of
secondary mineral phases, including a potential phosphate-
containing mineral phase based on the P—O bond observed in
the 1.52 A region (Figure 4f).

Mdssbauer analysis confirmed that the starting Fe(III)
minerals consisted of 2-line ferrihydrite both in the absence
and presence of Cd (SI Figure S1). After 9 days of microbial
reduction, unaltered ferrihydrite remained and vivianite was
identified as a secondary ferrous mineral phase. After 31 days of
incubation, remaining Fe(III) was identified as ferrihydrite of a

higher degree of crystallinity and/or a larger particle size (SI

14104

Figure S2). Neither magnetite, nor goethite were detected at
any time during the Fe(IlI) reduction experiments. After 31
days of microbial Fe(III) reduction in the presence of Cd, a
low-Ca, Fe-rich carbonate was identified as an additional
secondary mineral product (Figure 4c).*’ This phase was
absent in the Mdssbauer spectra of samples after 31 days of
microbial Fe(III) reduction in the absence of Cd (Figure 4d).

B DISCUSSION

Fe- and Cd-Rich Field Site and Isolation of the Cd-
Tolerant Fe(lll)-Reducing Bacterium Geobacter Strain
Cd-1. The field site Langelsheim is an alluvial meadow of the
river Innerste near Goslar, Germany. The area is contaminated
with Cd and other metals by mining and industrial activities*®
and is a natural habitat of the Cd-hyperaccumulating plant
Arabidopsis halleri.* The low TIC content and pH of 6 at
Langelsheim suggest that most of the Cd was mobile or
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Figure S. Energy-dispersive X-ray spectroscopy image of the Cd-rich
mineral phase: Two different mineral phases can be observed, which
are separated by a white line for easier identification. SE = secondary
electrons. The four colored panels show distribution of Fe, Cd, P, and
Ca.

associated with soil particles containing clay and ferric iron
minerals®® and not associated with carbonates. Since Langel-
sheim soil is rich in Fe(IlI), a significant fraction of Cd is

expected to be sorbed or coprecipitated with Fe(III) minerals
including poorly crystalline Fe(III) (oxyhydr)oxides®® and
goethite.>”

The organic carbon present in Langelsheim soil (4.5—8%) is
a potential electron donor for microbial Fe(III) respiration,”
which takes place in anoxic habitats in the presence of Fe(III)-
bearing minerals.>® At the sampling point “road” of the field site
Langelsheim, high levels of Fe(II) were indeed detected in the
0.5 and 6 M HCI extractable Fe fraction, indicating the activity
of Fe(Ill)-reducing bacteria. The presence of organic matter
might also increase the solubility of Cd by complexation or
displacement from mineral surfaces via sorption competi-
tion,">* thus, increasing Cd availability to the biosphere and
forcing microorganisms to adapt to the toxicity of mobile Cd.*®
Total cell numbers of 10° g~! dry soil at Langelsheim are in the
lower range of reported cell numbers in soils,* indicating that
the elevated metal content at Langelsheim only allowed
adapted, Cd-tolerant microorganisms to thrive. Using qPCR-
based quantification, we found that Fe(IlI)-reducing Geobacter
spp, represent 1% of all Bacteria at the field site. Even though
this number seems low, we have recently shown that under
reducing conditions in a Cd-bearing soil, numbers of Geobacter
spp. can increase significantly and influence the mobility of Fe
and Cd*" Considering that other Fe(IIl)-reducing genera
including Shewanella and Desulfuromonas coexist, the fraction of
microorganisms capable of Fe(Ill) reduction is probably even
higher than 1%.

In addition to qPCR quantification, we demonstrated in
culture-dependent MPN studies the ability of bacteria from the
field site to reduce Fe(IIl) in the presence of 11 mg Cd L™".
Heavy metal tolerance has been observed before in other
Fe(III)-reducing microbial communities that were dominated
by Geobacter species, with the same maximum Cd tolerance
level of 11 mg L8 From our MPN enrichments, a Geobacter
sp. strain Cd1 was isolated that performs Fe(III) reduction in
the presence of 112 mg Cd L™/, of which approximately 15 mg
L™" were mobile, the highest Cd concentration reported so far
that still allowed microbial Fe(III) reduction. In order to thrive
in Cd-contaminated habitats, the microorganisms need to be
adapted to metal tolerance, which can be mediated by metal
efflux pumps encoded on the czc or cad operon.* Even though
the metal efflux operon czc has been found in Geobacter, and
was up-regulated during growth with Fe(III), it has not been
directly linked to metal efflux, nor any other function in this
genus so far.®® However, Methé et al. postulated that metal
efflux genes would be important to Fe(Ill)-reducers as these
organisms mobilize high amounts of Fe? and other toxic
metals. More support for an active metal efflux pump that can
also transport Cd out of the cells of the isolated strain Cdl
comes from STXM analysis. We showed that Cd was not
accumulated inside Cdl cells, indicating that Cd was either
prevented from entering the cells or was exported.”

Mobilization and Immobilization of Cd by the Cd-
tolerant Geobacter sp. strain Cd1 vs Geobacter
metallireducens GS-15. To compare the isolated strain Cdl
to a non-Cd-tolerant Fe(Ill)-reducer regarding their ability to
reduce poorly crystalline Fe(III) and to change the mobility of
Cd, G. metallireducens strain GS-15 was chosen. This strain has
environmental relevance since it was suggested to be used for
bioremediation of metal-contaminated environments.*”*"** So
far, G. metallireducens has not been studied regarding Cd
tolerance, and hence, its potential use as a bioremediator for
Cd-contaminated sites has not been explored. However, strain
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GS-15 was not able to reduce ferrihydrite in the presence of 55
mg total Cd L™" with 4—8 mg aqueous Cd L™". In conclusion,
strain GS-15 does not seem suitable for the remediation of Cd-
bearing soil. In contrast, strain Cdl grew and reduced
terrihydrite in the presence of at least up to 112 mg total Cd
L™" with 15 mg aqueous Cd L™". The extent and rate of Fe(III)
reduction mediated by strain Cdl was higher compared to G.
metallireducens, in particular when considering the lower cell
number present, but decreased with increasing Cd concen-
tration. However, strain Cdl was still able to metabolize at
extremely high Cd concentrations and is relatively versatile
since it uses a number of different organic cosubstrates
including lactate, making it suitable for remediation of Cd-
contaminated sites or the use in bioreactors used for
remediation.”

Cd mobility over time during Fe(III) reduction by strain Cd1
was more complex than expected. At the beginning of the
incubation, Fe(III) reduction catalyzed by strain Cd1 led to Cd
mobilization within the first 9 days. In a second phase, almost
all dissolved Cd was removed from solution. Based on our
geochemical analyses and mineral characterization and
identification we hypothesize that the initial mobilization of
Cd is caused by ferrihydrite dissolution, while the sequestration
of Cd into solid phases is due to the formation of secondary Fe
minerals. A similar behavior including mobilization and binding
to secondary Fe minerals has been described before for arsenic.
In Southeast Asian groundwater aquifers, arsenic is believed to
be released during reductive dissolution of arsenic-bearing
Fe(1II) (oxyhydr)oxides.®" It has been demonstrated, however,
that depending on the geochemical conditions, this process can
also lead to the formation of secondary Fe minerals that
coprecipitate/sorb arsenic.*¥*"%*

Changes in contaminant mobility are crucial to the health
and functioning of ecosystems.”* In case of Cd, a sudden rise in
bioavailable Cd could diminish the diversity and abundance of
the microbial community significantly, while reduced mobile
Cd concentrations would allow previously nontolerant micro-
organisms to grow—broadening the diversity and abundance of
the microbial community. The observed changes in bioavailable
Cd could also be useful for the remediation of Cd-
contaminated sites. On the one hand, mobilized Cd could be
taken up by phyto-remediating plants such as A. halleri,
facilitating the permanent removal of Cd from contaminated
sites.”” On the other hand, the coprecipitation of Cd with
secondary mineral phases would result in lower bioavailability
of Cd at contaminated sites, relieving the ecosystems of a toxic
stressor.”*

Mineral Transformation of Cd-Loaded Ferrihydrite
During Fe(lll) Reduction. After initial mobilization of Cd
during reduction of Cd-loaded ferrihydrite, Cd was removed
from solution. Approximately 47% of the Fe(IIl) in Cd-loaded
ferrihydrite (total Cd concentration of 55 mg L7') were
reduced to Fe(I) (Figure 2). The removal of Cd correlated
with the precipitation of more than half of the formed Fe(II) as
secondary Fe(II) minerals, while the rest of the Fe(Il)
remained in solution as dissolved Fe*". A combination of
Mossbauer and SEM-EDX analysis revealed that vivianite
[Fe;(PO,), X 8H,0]% was formed as a consequence of the 1
mM phosphate present in the medium. The solubility product
(25 °C) of the Fe(II)-phosphate vivianite is 107> mol® L2,
while it is 107 mol* L™ for Cd-phosphate, suggesting that
most of the phosphate precipitated with the Fe and not with
Cd. A similar formation of Fe phosphates in the environment

has been observed in anoxic aquifers in Southeast-Asia
containing fertilizer-derived phosphates.*®

Fe-specific Mossbauer spectroscopy and SEM-EDX consis-
tently indicated carbonate mineral formation, such as otavite
[CdCO;,], siderite [FeCO;] and calcite [CaCO,]. Note that
when we talk about Mdssbauer analysis of otavite or other non-
Fe-containing carbonate minerals, we refer to minerals where a
minor amount of the cation, that is Cd** or Ca**, respectively,
was substituted by Fe*', thus enabling to measure Mossbauer
spectra. We did not find any references for Mdssbauer
parameters of Fe-doped otavite in the literature. As Ca®*
(114 pm®’) has a very similar ionic radius to Cd**
(109 pm®) in octahedral coordination, we expect that Fe-
doped otavite should have Méssbauer parameters similar to Fe-
containin§ calcite [CaCO;] or a high-Ca carbonate such as
ankerite.”® However, the Mdssbauer parameters of the
carbonate suggest the presence of a low-Ca and low-Cd
carbonate such as siderite [FeCO,] (SI Table S1). As a
consequence of microbial ferrihydrite reduction, aqueous Fe**
and Cd?* reached their solubility maxima in the medium. Since
the Cd-carbonate otavite has the lower solubility product
(1072 mol* L%, 25 °C), it precipitates before the Fe-carbonate
siderite (107" mol®> L™?). Calcite has a solubility product of
107 mol* L™ and partially coprecipitated with the forming Fe-
and Cd-carbonate due to the higher Ca** concentration in
comparison to Cd*". Hence, the Mossbauer data suggest that
otavite with some Ca®* and minor Fe* precipitates first,
followed by siderite with a minor amount of remaining Cd**
and Ca®. It has to be noted that in many environments Cd-
and Fe-bearing carbonates do not necessarily precipitate during
Fe(III) reduction, due to degassing of the CO, formed resulting
in lower concentrations of carbonate. However, in permanently
water-logged, carbon- and nutrient-rich environments, for
example, peat bogs,*® the formation of Fe- and Cd-carbonates
and Cd-phosphates are likely. Generally, the identity of the Fe
minerals formed during microbial ferrihydrite reduction
depends on the geochemical conditions including the presence
of phosphate, humic substances, etc.%”~"*

Mbssbauer data and the difference in the coherent scattering
domain above 8 A in the PDF analysis indicate that the
ferrihydrite remaining after microbial Fe(III) reduction was
more crystalline than the starting material, probably due to
aging of the ferrihydrite during the experiment at 28 °C,
potentially even catalyzed by Fe?*.”* It was shown previously
that significant amounts of ions from solution are taken up and
incorporated into Fe oxides during recrystallization.” Lin, et
al.”* showed that Cd(II) was incorporated into the product of
ferrihydrite aging at high Cd(II):Fe(III) molar ratios. Since in
our experiments we also used high Cd(II):Fe(III) molar ratios
of up to 1:10, Cd could also have been incorporated into the
aged Fe(IlI)-containing minerals confirming the STXM data
that showed a homogeneous distribution of Cd.

Environmental Implications. Microbial Fe(IIl) reduction
and the associated dissolution of Fe(III) minerals is known to
change the mobility, and hence bioavailability of Fe oxide-
bound nutrients and contaminants, which strongly impacts the
functioning and health of ecosystems.”* In the present study,
we have shown that also the mobility of Cd is affected by
microbial Fe(III) reduction. As a result of extensive agriculture
and related mineral and manure fertilization, more and more
soils are becoming enriched with Cd. Thus, a fundamental
understanding of the processes affecting the mobility and fate of
Cd in the soils, such as the combined microbial cycling of Fe
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and Cd, is essential. Here, we have isolated and characterized a
new Cd-tolerant Fe(III)-reducing bacterium and have used this
Geobacter strain for identification and quantification of the
complex interplay of mineral dissolution, secondary mineral
formation, and Cd sequestration. However, in the environment
complex microbial communities including other Fe(III)-
reducing microorganisms (e.g, Shewanella, Geothrix, etc.)
might influence the reduction of different Fe(Ill) (oxyhydr)-
oxides and geochemical parameters such as pH and the
presence of humic substances might further affect the mobility
of Cd. A better understanding of how microbial Fe cycling
impacts Cd mobility is necessary for the exploration and
optimization of new remediation approaches of Cd-contami-
nated sites.
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