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ORIGINAL ARTICLE

Iron-reducing bacteria accumulate ferric
oxyhydroxide nanoparticle aggregates that may

support planktonic growth
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Iron-reducing bacteria (FeRB) play key roles in anaerobic metal and carbon cycling and carry out
biogeochemical transformations that can be harnessed for environmental bioremediation. A subset
of FeRB require direct contact with Fe(lll)-bearing minerals for dissimilatory growth, yet these
bacteria must move between mineral particles. Furthermore, they proliferate in planktonic consortia
during biostimulation experiments. Thus, a key question is how such organisms can sustain growth
under these conditions. Here we characterized planktonic microbial communities sampled from an
aquifer in Rifle, Colorado, USA, close to the peak of iron reduction following in situ acetate
amendment. Samples were cryo-plunged on site and subsequently examined using correlated two-
and three-dimensional cryogenic transmission electron microscopy (cryo-TEM) and scanning
transmission X-ray microscopy (STXM). The outer membranes of most cells were decorated with
aggregates up to 150 nm in diameter composed of ~3 nm wide amorphous, Fe-rich nanoparticles.
Fluorescent in situ hybridization of lineage-specific probes applied to rRNA of cells subsequently
imaged via cryo-TEM identified Geobacter spp., a well-studied group of FeRB. STXM results at the Fe
L, absorption edges indicate that nanoparticle aggregates contain a variable mixture of Fe(ll)-
Fe(lll), and are generally enriched in Fe(lll). Geobacter bemidjiensis cultivated anaerobically in the
laboratory on acetate and hydrous ferric oxyhydroxides also accumulated mixed-valence
nanoparticle aggregates. In field-collected samples, FeERB with a wide variety of morphologies
were associated with nano-aggregates, indicating that cell surface Fe(lll) accumulation may be a
general mechanism by which FeRB can grow while in planktonic suspension.
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Introduction

Microbial precipitation and dissolution of minerals
are fundamentally important in global biogeochem-
ical cycling. In the subsurface, biologically induced
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mineralization and dissolution are often coupled to
changes in redox state and can alter solution
chemistry, aquifer porosity and permeability
(Ehrlich and Newman, 2009).

In natural systems, Fe(Ill) minerals can be
microbiologically reduced by strictly anaerobic or
facultative Fe-reducing bacteria (FeRB) using a wide
range of organic compounds as electron donors or by
using H, (Ehrlich and Newman, 2009). The ability
to use Fe(Ill) as a terminal electron acceptor is
widespread across the domains Bacteria and
Archaea. Geobacter metallireducens (strain GS-15),
Geobacter sulfurreducens (strains KN400 and PCA),
Shewanella oneidensis MR-1 and Shewanella putre-
faciens (strains 200 and ATCC 8071) are the best-
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studied Fe(Ill)-reducing bacteria (see reviews by
Mahadevan et al., 2001; Weber et al.,, 2006;
Fredrickson et al., 2008 and references therein).
Results indicate that for dissimilatory growth on
Fe(Ill) minerals, Geobacter species require direct
contact with insoluble Fe(III) oxide surfaces (Nevin
and Lovley, 2000). In Geobacter spp., motility
enables contact with Fe(IlI) oxides (Childers et al.,
2002), which cells may reduce via conductive
‘nanowires’ that provide conduits for electron
transfer (Reguera et al., 2005). Diverse periplasmic
and outer-surface c-type cytochromes in Geobacter
species also play key roles in extracellular electron
transfer to Fe(lIl) (Lloyd et al., 1999; Ding et al.,
2006; Leang et al., 2010; Qian et al., 2011). In
contrast to other Fe(Ill)-reducing species, such as
Shewanella, Geobacter cannot produce soluble
electron shuttles to reduce Fe(III) minerals (Nevin
and Lovley, 2000).

Prior studies have documented Fe-bearing miner-
als associated with cell surfaces. In the case of
iron-oxidizing bacteria, nanoparticle aggregates
accumulate following enzymatic oxidation of Fe(I)
(Beveridge, 1989; Schiddler et al., 2009; Comolli
et al., 2011). In experiments where S. oneidensis
MR-1 were incubated with ferrihydrite, a correlation
was noted between the location of cell surface-
attached Fe-rich mineral aggregates and the outer-
membrane cytochrome MtrC, showing that these
particles serve as the terminal electron acceptor
(Reardon et al., 2010). However, the extent to which
the cells actively accumulate these aggregates is
unknown. In fact, direct association of Fe(IlI)-rich
nanoparticle aggregates with FeRB cell surfaces has
not been reported in natural systems.

Geobacter are typically reported as the dominant
planktonic FeRB around the peak of iron reduction
in field experiments where acetate is added to
groundwater for in situ biostimulation (Anderson
et al., 2003; Holmes et al., 2007; Wilkins et al.,
2009). Thus, the question arises of how do FeRB that
require contact with Fe-oxide surfaces for respira-
tion proliferate as planktonic cells.

Ultrastructural information from FeRB recovered
during the period of iron reduction from field
biostimulation experiments may provide insight into
how these organisms grow in suspension. The few
prior ultrastructural studies on FeRB generally used
conventional transmission electron microscopy
(TEM) methods and targeted cells grown in pure
culture (see, for example, Glasauer et al., 2001;
Shelobolina et al., 2007). Traditional fixation and
dehydration methods cause significant artifacts that
can be eliminated by using cryogenic TEM (cryo-
TEM; see review by Milne and Subramaniam, 2009).
Frozen hydrated samples, which are not stained, are
imaged using low-dose techniques to minimize
radiation damage and preserve structures in a ‘near-
native’ state. Cryo-TEM provides two-dimensional
(2D) images, including fairly high-dose, high signal-
to-noise ratio views of selected areas. Cryogenic
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electron tomography provides three-dimensional
(3D) ultrastructural information regarding cell orga-
nization and associations with inorganic phases at a
resolution up to ~4nm (Comolli et al., 2009, 2011).

Here, we characterized groundwater planktonic
FeRB from the uranium-contaminated aquifer
sampled during in situ acetate amendment at the
Department of Energy’s Rifle Integrated Field
Research Challenge (IFRC) site in Rifle, Colorado,
USA. Our work differs from prior ultrastructural
characterization efforts targeting natural subsurface
microbial consortia in that samples were cryo-
plunged directly on site immediately after sampling.
This step minimizes post-collection alteration,
including cell damage. Cells and cell-associated
minerals were analyzed using 2D and 3D cryo-TEM,
high-resolution TEM, energy-dispersive spectro-
scopy (EDS) and scanning transmission X-ray
microscopy (STXM). In addition, confocal laser
scanning microscopy (CLSM) was performed on
cells labeled with a Geobacter-specific fluorescence
in situ hybridization (FISH) probe. This combina-
tion of microscopy and spectroscopy tools provided
insight into the structure and composition of
minerals associated with FeRB and uncovered a
mechanism by which Geobacter may obtain energy
during planktonic growth.

Materials and methods

Injection gallery design, operation and sampling

The ‘Super 8’ acetate amendment field experiment
was conducted at the Rifle IFRC site, Colorado, USA
during August and September 2010. The experi-
mental flow cell comprised 10 injection wells and
21 monitoring wells, with 2 monitoring wells
located ~5m up-gradient of the region of injection
(Supplementary Figure 1). Acetate and bromide
(both as the sodium salt) were injected and
dispersed into the wells (Williams et al., 2011).
Acetate was added as a carbon source and electron
donor to stimulate acetate-oxidizing microorgan-
isms over the course of the 25-day injection period
starting 23 August 2010, with bromide used as the
conservative tracer. Acetate-amended (50 mm, Sigma
Aldrich, St Louis, MO, USA) and bromide-amended
(20mm, Sigma Aldrich) groundwater was injected
into the subsurface at rates designed to achieve
target aquifer concentrations of 5 and 2 mwm, respec-
tively. Groundwater geochemistry was monitored
throughout the experiment (Williams et al., 2011).
For all analyses, groundwater from well CD-01 was
sampled from 26 August 2010 to 7 September 2010
every 2 to 3 days.

Specimen preparation in the field

To prepare cryo-TEM samples on site, we used a
simple portable cryo-plunge device (Comolli et al.,
2012). For cryo-TEM and STXM, aliquots of 5pl
groundwater sample were deposited onto 200 mesh
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lacey carbon-coated formvar Cu grids (Ted Pella Inc.,
Redding, CA, USA). Grids were manually blotted
with filter paper and plunged into liquid ethane or
propane at liquid nitrogen temperature, and then
stored in liquid nitrogen until further analysis. For
correlative FISH and TEM, samples were placed on
pretreated, customized TEM nickel finder grids
(Maxtaform Finder Grid Style H7, 63pum pitch,
400 mesh; SPI Supplies, West Chester, PA, USA), as
described before (Knierim et al., 2011). Before use,
both types of TEM grids were exposed to shortwave
ultraviolet light for 30min to improve sample
deposition onto the grid. A total of 10 and 250nm
colloidal gold particles (BBInternational, Cardiff, UK)
were put on TEM grids for cryo-TEM and for
correlative FISH and TEM, respectively, and allowed
to dry before sample collection.

In addition, for STXM experiments, groundwater
from well CD-01 sampled 8 days after the start of
acetate amendment was filtered onto a 0.2-pum
hydrophilic polyethersulfone filter (Pall Corpora-
tion, Port Washington, NY, USA). The filter was
flash frozen in liquid nitrogen and stored at — 80 °C
until measurements.

The 2D and 3D cryo-TEM

Imaging was performed on a JEOL JEM-3100 FFC
TEM (JEOL Ltd, Akishima, Tokyo, Japan) equipped
with a field emission gun electron source operating
at 300kV, an Omega energy filter (JEOL), a cryo-
transfer stage and a Gatan 795 2Kx2K CCD camera
(Gatan Inc., Pleasanton, CA, USA). The stage was
cooled with liquid nitrogen to 80K during acquisi-
tion of all data sets.

In order to have a statistically relevant survey of
cell sizes and morphologies, over 240 images were
recorded using magnifications of 15—40kx, giving a
pixel size of 1.5—0.68 nm at the specimen. A total of
21 high-resolution cryo-TEM images (80—200kx,
pixel size 0.35—0.122nm) of the nano-aggregates
were acquired. Underfocus values ranged from 6.4
to 14+0.5um for whole-cell imaging, and 20-
374nm for high-resolution cryo-TEM. Energy filter
widths were typically 28 £ 2 eV. The same grids used
for cryo-TEM were freeze-dried and then used for
further analyses by EDS.

A total of 10 tomographic data sets of cells with
associated mineral aggregates were acquired. Tomo-
graphic tilt series were acquired under low-dose
conditions, typically over an angular range between
+65° and —65°, £5° with increments of 2°. Bet-
ween 57 and 88 images were recorded for each tilt
series, acquired semiautomatically with the program
Serial-EM (http://bio3d.colorado.edu/) adapted to
JEOL microscopes.

For tilt series data sets, all images were collected
using nominal magnifications of 20 or 40kx,
corresponding to a pixel size of 1.2 and 0.68 nm at
the specimen, respectively. Underfocus values ran-
ged between 6+ 0.5 pm and 12 £ 0.5 um, and energy
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filter widths were ~28eV. For all data sets the
maximum dose used per complete tilt series was
~150 e A~ ?, with typical values of ~100 e A~

All tomographic reconstructions were obtained
with the program Imod (http://bio3d.colorado.edu/;
Kremer et al., 1996). The software Image] 1.38x
(NIH, http://rsb.info.nih.gov/ij/; Collins, 2007) was
used for analysis of the 2D image projections.
Volume rendering and image analysis of tomo-
graphic reconstructions were computed using the
open source program ParaView (http://www.
paraview.org/). All movies were created with the
open source package ffmpeg (http://www.ffmpe-
g.org/). Adobe Photoshop CS5.1 was used to adjust
contrast in the images and to insert calibrated scale
bars into images.

FISH and CLSM

For FISH, frozen samples on TEM grids were fixed in
paraformaldehyde solution (2% final concentration)
while slowly thawing and then dehydrated as
described in Knierim et al. (2011). To test whether
the cells examined by cryo-TEM were Geobacter spp.,
an oligonucleotide probe GEO3-B, targeting rRNA
genes, labeled with Cy3 was applied (Richter et al.,
2007). Hybridization was performed on fixed samples,
following a method previously described in Richter
et al. (2007), with incubation at 46°C for 3h and
washing at 48°C for 20min. Hybridizations were
counterstained with 4,6-diamidino-2-phenylindole
(DAPI) DNA stain (1 pgml ' final concentration).

CLSM was performed on a Carl Zeiss Inc. LSM
710 Zen 2010, Release Version 6.0 software (Carl
Zeiss Microlmaging Inc., Thornwood, NY, USA),
equipped with Argon (458, 488 and 514 nm) and He-
Ne (594, 543 and 633 nm) lasers and a diode 45-30
(405nm). The diode (405nm) was used for DAPI
signals (bandpass filters 410-495). CY3-labeled
bacteria were detected by using the 514nm laser
line (bandpass filters 540-680). A Plan-Apochromat
100x/1.4 oil DIC (Zeiss) lens was used. Positively
labeled bacteria were imaged and their positions on
the TEM finder grids were marked.

Following CLSM, the grids were unmounted,
washed in Milli-Q water (Millipore, Billerica, MA,
USA), and then in pure ethanol and air dried.
Subsequently, the bacteria analyzed by CLSM were
imaged on a JEOL JEM-3100 FFC transmission electron
microscope (using conditions as described above).

CLSM image stacks were processed with Imaris
image processing and manipulation software (Bit-
plane AG, Zurich, Switzerland) and are presented as
2D maximum intensity projections.

TEM lattice fringe imaging, high-angle annular dark-
field scanning TEM and EDS

TEM lattice fringe imaging, selected area electron
diffraction and spatially resolved elemental analysis
of cells on dried cryo-TEM samples were carried out
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on a JEOL 2100-F 200kV Field-Emission Analytical
TEM equipped with Oxford INCA EDS X-ray detec-
tion system (Oxford Instruments, Abingdon, UK) at
the Molecular Foundry at Lawrence Berkeley National
Laboratory (Berkeley, CA, USA). High-angle annular
dark-field scanning TEM images and X-ray elemental
line scans were acquired with a 1-nm probe at
both 120 and 200kV. The specimens were tilted 10°
toward the X-ray detector to optimize the X-ray
detection geometry. Collection time was 300 s for each
line scan.

STXM

STXM analyses were performed on the following
samples: (1) groundwater samples (8 days after the
start of acetate amendment) on cryo-TEM grids;
(2) ~1pl of filtered groundwater deposited onto
a Si,N, window (Silson, Ltd, Blisworth, UK) and
air-dried, just before measurements; and (3) Geo-
bacter culture samples (as described in the Labora-
tory cultures of Geobacter section). STXM
measurements were carried out on beamlines
11.0.2 and 5.3.2.1 of the Advanced Light Source,
Lawrence Berkeley National Laboratory (Kilcoyne
et al., 2003). These microscopes employ a Fresnel
zone plate lens (25nm outer zones) to focus a
monochromatic X-ray beam onto the sample. The
sample is raster-scanned in 2D through the fixed
beam and transmitted photons are detected via a
phosphor scintillator—photomultiplier assembly.
The image contrast relies on core electron excitation
by X-ray absorption (Stéhr, 1992; Kirz et al., 1995).
X-ray images recorded at energies just below and at
the Fe L, absorption edge were converted into
optical density (OD) images and used to derive
elemental maps (OD=In (I,/I), where I, is the
incident X-ray intensity and I is the transmitted
intensity through the sample). Image sequences (that
is, stacks) recorded at energies spanning the Fe L, 5
edges (700-735eV) were used to obtain near-edge
X-ray absorption fine structure (NEXAFS) spectra
from regions of interest. Fe L,,; edges NEXAFS
spectra are sensitive to Fe oxidation state and local
bonding environment (de Groot, 1994). The relative
amplitude of the two absorption peaks at the Fe L,
edge is roughly indicative of the relative proportions
of Fe(Il) (at ~707.8eV) and Fe(Ill) (at ~709.5eV)
present in the region of interest (van Aken and
Liebscher, 2002). Iron NEXAFS spectra were com-
pared with spectral libraries of reference com-
pounds. Fe(IIl) standards included ferrihydrite 21,
lepidocrocite, goethite, akaganeite, FeCl; and hema-
tite (o-Fe,0;). Mixed-valence Fe standard included
magnetite (Fe;O,). Fe(Il) references included pyrite,
pyrrhotite, FeCl,, biotite, siderite and vivianite. Fe L
spectra (spectral shape, energy shift and intensity)
are diagnostic of a specific Fe form in relationship to
reference spectra, and hence our interpretation
is limited by the relevance of our standards and
other published spectra. All measurements were
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performed at ambient temperature under helium
at pressure <1latm. The theoretical spatial and
spectral resolutions were 30nm and £0.1eV,
respectively. Beam-induced damage was checked
and not observed under our experimental condi-
tions. The main Fe L; resonance of the ferrihydrite
2L standard set at 709.5eV was used for relative
calibration of the Fe spectra. All data were pro-
cessed with the aXis2000 software (AP Hitchcock,
an IDL-based analytical package, http://unicorn.
mcmaster.ca).

Laboratory cultures of Geobacter

Standard anaerobic techniques were used through-
out the laboratory studies (Balch and Wolfe, 1976;
Balashova and Zavarzin, 1980). In order to obtain
cell abundance comparable to that of the field
samples and sufficient for visualization by cryo-
TEM, pure cultures of Geobacter bemidjiensis were
grown anaerobically at 25 °C using acetate (10 mm) as
the carbon source and electron donor and fumarate
(40 mm) as the electron acceptor with basal bicarbo-
nate buffer (80 N,/20 CO,; vol:vol; Caccavo et al.,
1994). Cells were harvested in mid log phase (OD
0.25) via centrifugation (4000g; 10min), washed
once, and resuspended in 10 ml of 30 mm phosphate
buffer, working in an anaerobic glove bag. Cryo-TEM
was conducted on the harvested cells to verify that
nano-aggregates were not present at the start of the
experiment.

The cell suspension was anoxically and asepti-
cally added to 30mm phosphate-buffered (pH 7.1)
fresh water media with N, headspace amended with
10mm acetate and 25 mMm hydrous ferric oxyhydr-
oxides (HFO; Lovley and Phillips, 1986). Fresh-
water basal medium contained the following (in
grams per liter of deionized H,0): NaH,PO,, 0.38;
Na,HPO,, 0.97; NH,CI, 0.25; KCl, 0.1; DL vitamins,
10ml; and DL trace minerals, 10ml (Lovley and
Phillips, 1988). A killed control was run in parallel.
Cultures were maintained at 25 °C in the dark. Fe(II)
production and total Fe were monitored using the
ferrozine assay for each treatment (Lovley and
Phillips, 1988).

Samples for cryo-TEM and STXM were taken at
the beginning of the experiment, and then 7.7 and
13.7 days after the start of the experiment. For
STXM, 1 ml of sample was flash frozen under anoxic
conditions in liquid nitrogen and kept frozen at
— 80 °C. Before analysis, ~1 pl of the thawed sample
was placed between two silicon nitride windows
and sealed. Handling was carried out in an anaero-
bic glove box and the sample kept under anoxic
conditions until measurements.

Results

Geochemistry
Groundwater samples were collected from well
CD-01 (Figure 1). Injection of the acetate resulted
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Figure 1 Changes in Fe(II), acetate and sulfate concentrations with time in well CD-01 during the Super 8 experiment at the Department
of Energy’s Rifle Integrated Field Research Challenge site in Rifle, Colorado, USA. Vertical dashed lines indicate beginning and end of the
acetate amendment to the subsurface. The vertical solid lines indicate the collection dates for samples analyzed by cryo-TEM and related
methods as reported in this paper. Note that the decrease in acetate concentration between days 18 and 24 is because of a 6-day gap

between two acetate injection periods.

in a rapid increase in Fe(Il). Sulfate concentrations
stayed stable during the experiment, indicating
minimal sulfide production during the sampling
period. No sulfides were detected via STXM.

Bacteria—mineral spatial relationship

Cryo-TEM observations were exclusively based on
groundwater aliquots instantly frozen at the field
site. Samples collected after 8 days of acetate
amendment were used for extensive ultrastructural
characterization because this time point correlated
with an increase in microbial abundance in the
subsurface (data not shown). In addition, some
observations were made for samples collected after
5, 10 and 15 days of acetate amendment. Cryo-TEM
imaging of samples collected 8 and 15 days after the
start of acetate amendment contained FeRB deco-
rated with nano-aggregates.

Of the 252 planktonic groundwater cells investi-
gated via 2D and 3D cryo-TEM, 187 were decorated
with nanoparticle aggregates up to 150nm in
diameter (Figure 2a and Supplementary Figure 2).
Aggregates were composed of 2.9 + 0.59 nm diameter
(n=30, minimum diameter=1.9nm, maximum
diameter=4.1nm) of individual nanoparticles
(Figures 2b—d). The number and size of nano-
aggregates covering the surface of individual cells
varied greatly. Some cells exhibited very few small
nano-aggregates, whereas others were almost
entirely covered (Supplementary Figure 2). Cells
varied in both shape (cocci, comma or rod shaped)
and size (Table 1). All bacteria had a Gram-negative-
like cell wall consisting of an inner membrane, an
outer membrane and a peptidoglycan layer within a
periplasmic space (Figure 2). The periplasm had a
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variable thickness ranging between 12 and 46 nm,
averaging 30nm (Table 1). Some of the cells had
flagella (Figure 2a), but pili were not observed. The
contact area of the nano-aggregates to the cell
surface and the volume of the nano-aggregates were
determined for three of the cells for which tomo-
graphic data were available (Table 2). Two cells were
chosen that were found during dominant iron
reduction and therefore represent average cells
regarding the cell surface area covered by nano-
aggregates. In addition, one cell with smaller and
fewer nano-particles attached to its outer membrane
was encountered. Typically, between 4% and 15%
of the cell surface area was covered by nano-
aggregates.

The 3D reconstructions established that all aggre-
gates were located outside of the cell wall (Figure 3).
Aggregates adhered to the outer membrane, and
in some cases, the interface was nearly flat
(Supplementary Movie 1). Individual slices from
3D reconstructions suggest a physical connection
between the nano-aggregates and the periplasmic
space (Figure 3b). The TEM image resolution was
sufficient to image lattice periodicities with a
spacing of ~0.3nm, but only one crystalline region
was observed (Figure 4). Selected area electron
diffraction patterns from the nano-aggregates exhib-
ited no defined rings or spots.

Identification of bacteria

Hybridization of oligonucleotide probes to samples
on cryo-TEM finder grids showed that the majority
of the bacteria in the samples collected 8 and 15
days after acetate amendment were Geobacter spp.
(Figure 5). The dominance of Geobacter was
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Figure 2 Cryo-TEM 2D projections of planktonic bacteria collected from the subsurface during the Super 8 experiment. Nanoparticle
aggregates are attached to the outer membrane of these bacteria. (a) Image of an entire single cell. (b—-d) Magnified regions of cell surfaces
showing nano-aggregates attached to the outer membrane of the cells. CA, putative chemotaxis apparatus (see, for example, Comolli
et al., 2011); F, flagellum; IM, inner membrane; OM, outer membrane; P, peptidoglycan.

Table 1 Measurements of cell sizes and inner to outer membrane
spacing for groundwater bacteria with nanoparticle aggregates
attached to their cell surface

Cell length Cell width IM-OM distance
(nm) (nm) (nm)
Range 818-2859 304-791 12—-46
Average (s.d.) 1813 (440) 521 (127) 30 (6.5)

Abbreviations: IM, inner membrane; OM, outer membrane.
A total of 41 cells were measured. The s.d. values are shown in
brackets.

supported by 16S rRNA and proteomic results,
which revealed that a single Geobacter strain closely
related to G. bemidjiensis (>97% similarity) domi-
nated the community (accounting for 62% and 38%
of the bacterial community 8 and 15 days after
acetate amendment, respectively; MJ Wilkins et al.,
unpublished data). FISH-labeled bacteria (Figures
5a and b) were imaged by CLSM and their positions
on the grids were recorded. TEM analysis showed
that Geobacter cells identified by FISH and imaged
using CLSM had aggregates attached to their cell
walls (Figures 5c and d).
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Table 2 Nano-aggregates

Bacterium A

Bacterium B

Bacterium C

Contact surface of nano-aggregates to the cell ( x 10° nm?)
Cell surface area covered by nano-aggregates (%)

Volume of nano-aggregates ( x 10’ nm?)

Number of Fe atoms available for the cell ( x 10?)

6.45
14.65
3.14
8.28

5.77
16.77
3.13
8.25

2.32
4.43
0.52
1.37

Measurements and calculations are based on three bacterial reconstructions shown in Supplementary Figure 3. Bacterium A is shown in Figure 3.

For FeOOH a density of 3.9gcm™ was assumed.

Figure 3 The 3D reconstruction of a bacterium decorated with nano-aggregates. (a) A single slice through the center of a tomographic
reconstruction of a bacterium with 3D volume rendering of nano-aggregates (orange) attached to the cell wall. Slices through nano-
aggregates of the 3D reconstruction shown within the box in (a) and cut (b) parallel to the long axis of the cell, (c) orthogonal to the long

axis of the cell, and (d) parallel to the cell surface.

Figure 4 Structure of nano-aggregates. (a) TEM lattice fringe image of a nano-aggregate. Red box highlights the only region of crystalline
structure within any nano-aggregate. (b) Representative selected area electron diffraction (SAED) pattern from nano-aggregates attached
to a cell surface displaying diffuse diffraction rings indicating the amorphous nature of the nano-aggregates.

The ISME Journal



g

200 nm

FeRB accumulate iron-rich nanoparticle aggregates
B Luef et al

e

Figure 5 Correlative FISH and cryo-TEM. (a) Epifluorescence image of planktonic cells on a TEM grid positively labeled with Geobacter
probe (Geo3 B) in red; DAPI in blue. (b) Close up of positively labeled Geobacter cells in red. (¢) TEM defocused diffraction image of the
same Geobacter cells as in (b) with aggregates of nanoparticles attached to the outer membrane imaged after FISH labeling. (d) Close up of
nano-aggregates attached to the outer membrane of the FISH-labeled Geobacter cell. Because of thawing and dehydration processes, cells
imaged by CLSM and then by TEM do not preserve ultrastructural details.

Elemental composition of aggregates

A total of 35 nanoparticle aggregates were analyzed
for elemental composition with EDS line scans. The
aggregates contained primarily Fe and O, with
smaller amounts of V, Ca and Si, and traces amounts
of P, S, K and Mg (Figure 6). STXM elemental
mapping at C K, K K, Ca L;, O K, V L, and Fe L,
edges showed that the aggregates primarily con-
tained Fe and O, with smaller amounts of Ca and V
and traces of K (Figure 7). Si, P, S and Mg were not
investigated by STXM.

Fe valence state of aggregates
Fe L,; NEXAFS spectra collected on cell surface-
attached nano-aggregates showed mixed-valence

Fe(Il)-Fe(lll) (Figure 8). The Fe(Il)/Fe(Ill) ratio
varied from one aggregate to another. Of the 29 cell
surface-attached individual nano-aggregates mea-
sured by STXM on 13 planktonic cells, 21 were
mixed-valence Fe, with high proportion of Fe(III),
3 were mostly Fe(Il) and 5 were primarily Fe(IlI). A
representative average spectrum from all nano-
aggregates present on a cell shown in Figure 7a is
displayed in Figure 8. This spectrum exhibits a
lower Fe(Il)/Fe(lll) ratio than pure magnetite
(Fe;O,), and does not match published spectra of
maghemite (y-Fe,O;), the oxidation product of
magnetite (Bernard et al., 2010). In aggregate-free
regions, a small, Fe(Il)-rich background level was
consistently detected.
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Figure 6 Energy-dispersive X-ray spectra from nano-aggregates
attached to a bacterium. High-angle annular dark-field scanning
TEM (HAADF-STEM) image of a bacterium with nano-aggregates
attached to its cell surface. The red line indicates region of the
line scan. Bacterium is supported by a carbon-coated lacey
Formvar film. Bright white signals represent added gold colloids.
(a) X-ray EDS sum spectrum of the line scan of nano-aggregates.
C peak derived mainly from the cell. Cu peak and part of the C
peak originated from the carbon-coated formvar Cu grids used for
sample preparation. (b) EDS line scans of the five most abundant
elements, Fe, O, Ca, V and Si, within the nano-aggregates.

Confirmation of environmental results via laboratory
experiment

We verified that G. bemidjiensis cells actively
reducing HFO coupled to acetate oxidation accu-
mulate nanoparticle aggregates on their surfaces
during a laboratory batch experiment. No nano-
aggregates were observed on cell surfaces over the
first 5.8 days of the experiment. Over this period,
aqueous Fe(Il) values ranged from 0.2 to 11.13 mm,
indicating utilization of 42.7% of the available
Fe(Il). However, 1.9 days later (7.7 days from start
of the experiment) nano-aggregates were observed
on almost all cell surfaces (Figures 7b and c) and the
aqueous Fe(Il)/Fe(Ill) ratio was 1:1. After 6 days
(13.7 days from the start of the experiment), when
the percentage of reduced iron increased to 63.2%,
nano-aggregates could no longer be detected on cell
surfaces.
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STXM analysis at Fe L,; edges of the 7.7-day
G. bemidjiensis culture sample showed that cell-
attached nano-aggregates contained of a variable
mixture of Fe(III) and Fe(II) (Figures 7c and 8). It was
important to verify the oxidation state of Fe in the
cell-associated particles in these experiments. Field
samples were cryo-plunged at the time of collection;
however, the oxidation state of the Fe may have
changed during the field sampling process. The
laboratory results confirm that mixed-valence Fe
coexist in the nanoparticle aggregates, suggesting
preservation of Fe oxidation state in the field
samples.

Discussion

Both field-recovered and laboratory culture samples
show that under certain conditions, Geobacter cells
accumulate mixed-valence iron oxyhydroxide nano-
particle aggregates onto their surfaces. Given that
the initial cell-associated nanoparticle aggregates
contain only Fe(Ill) (in laboratory experiments) and
that some aggregates contain mixed valence iron, we
infer that the iron is being biologically reduced. This
finding allows us to answer the question posed of
how can cells that require direct access to Fe (III)-
bearing minerals survive in the planktonic state. We
conclude that Geobacter collect ferric iron minerals,
which they can use as a terminal electron acceptor
to support growth while not attached to macro-
scopic ferric iron-bearing minerals. Such a process
could supplement other proposed mechanisms that
enable maintenance energy requirements to be met
during planktonic growth of Geobacter, such as the
capacitive behavior of extracytoplasmic c-type cyto-
chromes expressed during growth on synthetic and
sediment Fe(IlI) oxides (Esteve-Nuilez et al., 2008).

The cryo-TEM images acquired from field samples
clearly indicate a diversity of cell shapes and sizes
(Supplementary Figure 2), suggesting that a broader
range of bacteria than Geobacter accumulate ferric
iron nanoparticle aggregates on their cell surfaces.
Regardless of their specific identities, accumulation
of ferric iron-rich minerals may be a broadly relevant
strategy used by FeRB to support planktonic growth.

Ferric iron associated with colloidal material in
the aquifer represents a plausible source for the
Fe(III) observed to accumulate on the bacterial cell
surfaces. Such colloids are a natural component of
the clay-sized fraction (<2pm) of alluvial sedi-
ments, such as those comprising the Rifle aquifer,
and are typically found as both detrital and
authigenic grain coatings on primary minerals (for
example, quartz). In most cases, coatings are well
aggregated and bound to primary minerals by both
electrostatic forces and cementing agents, such as
iron oxides, carbonates and silica (McCarthy and
Zachara, 1989). Otherwise stable colloidal aggre-
gates may periodically become deflocculated or
released to groundwater as a result of changes in
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CULTURE

Figure 7 STXM analyses of nano-aggregates attached to planktonic bacteria collected from the subsurface during the Super 8
experiment (field, a—f) and to laboratory-grown G. bemidjiensis cells (culture, g-i). (a) STXM image at Fe L; edge (709.5eV) of a
planktonic cell decorated with nano-aggregates and corresponding (b) carbon, (c) calcium, (d) iron, (e) vanadium and (f) bicolor-coded C
(in red) and Fe (in green) distribution maps. (g) 2D cryo-TEM image of a laboratory-grown G. bemidjiensis cell with nano-aggregates
attached to the outer membrane. (h) STXM image at Fe L, edge (709.5eV) of G. bemidjiensis cells with nano-aggregates and (i) Fe

distribution map. Intensity scale bars are in optical density units.

local fluid chemistry (for example, pH, ionic
strength, ionic composition) or decreases in aquifer
redox status. Onset of iron-reducing conditions
following acetate amendment is an example of the
latter, wherein colloid release and/or deflocculation
can accompany partial reductive dissolution of
oxide cements (Thompson et al., 2006). Such a
release mechanism has been demonstrated in
laboratory batch incubations using a Rifle relevant
Geobacter strain and similar to those reported here,
where it was shown that acetate addition resulted in
deflocculation of initially micron-sized ferrihydrite
aggregates to nanometer-sized colloids (Tadanier
et al., 2005).

Other mechanisms by which Geobacter transfer
electrons to remotely located ferric iron-bearing
minerals have been proposed. Specifically,

Geobacter species have the ability to sense and
respond to iron minerals (Childers et al., 2002), and
to transfer electrons to Fe(III) oxides over distances
of multiple cell lengths via conductive pili (Reguera
et al., 2005). This capacity has also been reported for
other FeRBs, including Shewanella (Gorby et al.,
2006). In the current study, we did not detect
evidence for extensive pili production, possibly
because the natural environmental growth condi-
tions were not those that favor this particular pili-
mediated electron transfer mechanism.

Assuming that the nano-aggregates attached to the
cell surface of FeRB accept electrons generated from
acetate oxidation, we can use measurements from
three tomographic data sets (for cells A, B and C in
Supplementary Figure 3) to estimate the respiratory
value of this resource. The electron-accepting
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Figure 8 Fe L, NEXAFS spectra of nano-aggregates attached to
G. bemidjiensis cells (culture, in blue) and to a planktonic cell
(field, in black). Spectra were obtained from selected areas
pointed out in Figure 7a. For clarity, spectra from the diffuse
and aggregate no. 2 areas were multiplied by a factor of 15 and 2,
respectively, and all spectra were shifted vertically. Fe standards
(confirmed by XRD) are shown for comparison and include Fe(II)
carbonate (siderite), Fe(Ill) oxyhydroxide (ferrihydrite) and
mixed-valence magnetite (Fe;0,). Vertical dashed lines are
located at 707.8 and 709.5eV.

capacity of the nano-aggregates varies significantly
(Table 2 and Supplementary Figure 3). Bacterium A
and B had sufficient Fe(Ill) aggregates to accept
1.38 x 10~ "*mol electrons, whereas aggregates asso-
ciated with bacterium C could accept 2.29 x 10~ '°
mol electrons. Energy generated, in the form of a
proton-motive force, could be used for ATP synth-
esis and cell maintenance or flagellar rotation.
Chemostat-grown G. sulfurreducens cells require
an electron transfer of 1.19 x 10~ **mol electrons
per hour (Esteve-Nufiez et al., 2005; Esteve-Nufiez
et al., 2008). Thus, nano-aggregates on bacteria A
and B could support a maintenance metabolic
rate for ~7min, and bacterium C for ~1min. The
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chemostat measurements for cells growing in rela-
tively rich media likely overestimate the energy
demand for cells growing in the natural environ-
ment, and hence these times may be underestimates.

The importance of flagellar-driven motility and
chemotaxis along an Fe(Il) gradient is docum