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Enhanced Uranium Immobilization and Reduction by Geobacter
sulfurreducens Biofilms
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Biofilms formed by dissimilatory metal reducers are of interest to develop permeable biobarriers for the immobilization of solu-
ble contaminants such as uranium. Here we show that biofilms of the model uranium-reducing bacterium Geobacter sulfurredu-
cens immobilized substantially more U(VI) than planktonic cells and did so for longer periods of time, reductively precipitating
it to a mononuclear U(IV) phase involving carbon ligands. The biofilms also tolerated high and otherwise toxic concentrations
(up to 5 mM) of uranium, consistent with a respiratory strategy that also protected the cells from uranium toxicity. The en-
hanced ability of the biofilms to immobilize uranium correlated only partially with the biofilm biomass and thickness and de-
pended greatly on the area of the biofilm exposed to the soluble contaminant. In contrast, uranium reduction depended on the
expression of Geobacter conductive pili and, to a lesser extent, on the presence of the ¢ cytochrome OmcZ in the biofilm matrix.
The results support a model in which the electroactive biofilm matrix immobilizes and reduces the uranium in the top stratum.
This mechanism prevents the permeation and mineralization of uranium in the cell envelope, thereby preserving essential cellu-
lar functions and enhancing the catalytic capacity of Geobacter cells to reduce uranium. Hence, the biofilms provide cells with a
physically and chemically protected environment for the sustained immobilization and reduction of uranium that is of interest

for the development of improved strategies for the in situ bioremediation of environments impacted by uranium

contamination.

n their natural environment microorganisms are most often

found as surface-attached communities or biofilms (1, 2). Bio-
film cells are encased in a matrix of exopolymeric substances
(EPSs), such as polysaccharides, nucleic acids, lipids, and proteins,
which promote adhesion to surfaces and mechanically stabilize
the multilayered communities (3). In addition, the EPS matrix
functions as a hydrated, catalytic microenvironment for the cells
that promotes the adsorption of nutrients and, in some cases, their
extracellular processing to facilitate their assimilation (3). Al-
though the biofilm structure is dynamic and can change to mini-
mize mass transfer limitations (4), gradients of nutrients and
waste products may form within the biofilms, and as a result, the
chemical composition of the matrix and the physiology of the
biofilm cells are heterogeneous (5). This unique physical and
chemical microenvironment also makes the physiology of biofilm
cells substantially different from that of planktonic cells and leads
to some general, biofilm-specific traits, such as increased resis-
tance to antimicrobials (6), greater catalytic rates (7), and in-
creased metabolic productivity (8).

Multimetal resistance is also a common biofilm trait (9), and
for this reason, biofilms have attracted interest for applications in
metal bioremediation (10). The polyionic nature of the biofilm
matrix can provide, for example, 20- to 30-fold more charged
groups for metal sorption than planktonic cells (11). This limits
the diffusion of the metals within the biofilm and their permeation
inside the cells, thus reducing the susceptibility of the biofilm cells
to metal toxicity compared to that of their planktonic counter-
parts (9). The chemical and physiological heterogeneity of the
biofilms also establishes pH and redox gradients across the biofilm
matrix, which may influence metal speciation (9). The chemistry
of some metals is such that their speciation affects their solubility
and, therefore, their potential for spread and their bioavailability.
This is particularly important for uranium (U), which often per-
sists in contaminated groundwater and sediments as the soluble
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uranyl cation (UO,*") containing the oxidized U(VI) species. Its
solubility facilitates the spread of the contaminant plume far away
from the source (12) and results in volumes of contaminated
groundwater and sediments too large to permit standard excava-
tion-and-removal and pump-and-treat remediation approaches
(13). Hence, a promising bioremediation approach would be to
immobilize the U(VI) contaminant and reduce it to the U(IV)
species, which is less soluble and can precipitate out of solution
under the right redox conditions and pH (12). This prevents the
migration of the contaminant, reduces its bioavailability, and
minimizes the potential for exposure to humans and other living
components of the ecosystem.

One way to reduce U(VI) to U(IV) is by the action of some
dissimilatory metal-reducing bacteria, which can gain energy for
growth by coupling the oxidation of various electron donors to the
reduction of the uranyl cation (14-16). This metabolic ability can
be stimulated in situ with field-scale additions of electron donors
and results in the removal of the uranyl cation from the ground-
water and its accumulation in the sediments as sparingly soluble,
less mobile U(IV) minerals (17-21). Field-scale additions of elec-
tron donors often stimulate the growth and activity of dissimila-
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tory metal-reducing microorganisms within the family Geobacte-
raceae (17, 19, 20, 22). Studies with the model representative
Geobacter sulfurreducens indicate that the reduction of U by these
organisms is extracellular; this prevents the permeation and re-
ductive precipitation of the radionuclide inside the cell envelope,
thereby protecting the cell from its toxicity (23). The extracellular
reduction of U by G. sulfurreducens is primarily mediated by hair-
like protein filaments or pili and, to a lesser extent, by ¢ cyto-
chromes of the outer membrane (23). The pili of Geobacter are
conductive (24), and their expression levels are linearly propor-
tional to the amount of U reductively precipitated by planktonic
cells (23). Pilus expression in G. sulfurreducens is also required to
form an electroactive biofilm (25, 26), where the cells are encased
in an EPS matrix containing not only the pili but also exopolysac-
charide and ¢ cytochromes (27). This suggests that Geobacter bio-
films may be particularly suitable to catalyze the speciation of U
while providing a microenvironment that also protects cells from
its toxicity.

Biofilms are particularly prevalent at the matrix-well screen
interface and within rock fractures in subsurface environments
contaminated with U, thereby influencing its mobility and specia-
tion (13). However, the contribution of Geobacter biofilms to
these processes and their potential use as bioremediation tools
have not been fully investigated. This contrasts with the availabil-
ity of studies about U transformations mediated by Geobacter
planktonic cells (14, 15, 23, 28, 29) or by biofilms formed by other
metal-reducing bacteria, such as Desulfovibrio (30, 31) and She-
wanella (32, 33). Hence, we investigated U transformations medi-
ated by biofilms of G. sulfurreducens. The results indicate that the
biofilms have an enhanced capacity to immobilize and reduce U
compared to planktonic cells and also tolerate exposure to higher
concentrations of the contaminant for prolonged periods of time.
Furthermore, microscopic, genetic, and spectroscopic studies of
the U-reducing biofilms indicated that the radionuclide was re-
duced extracellularly in a catalytic process influenced by the bio-
film structure and the presence of redox components of the bio-
film matrix, most significantly, the conductive pili. These findings
support the notion that Geobacter biofilms contribute to the im-
mobilization and reduction of U in the subsurface and highlight
their potential use as permeable biobarriers for the in situ biore-
mediation of U.

MATERIALS AND METHODS

Strains and culture conditions. Wild-type (WT) Geobacter sulfurredu-
cens PCA (ATCC 51573), a pilin-deficient mutant (24) (herein designated
the pilA mutant), and its genetically complemented strain, pRG5::pilA
(24) (herein designated the pilA™ strain), were routinely cultured in fresh-
water (FW) medium (34) modified as previously described (23) and sup-
plemented with 15 mM acetate and 40 mM fumarate (FWAF). The me-
dium was dispensed into tubes or serum bottles, sparged with N,-CO,
(80:20), sealed with butyl rubber stoppers (Bellco) and aluminum tear-off
seals (Wheaton), and autoclaved for 30 min. Unless otherwise indicated,
incubations were at 30°C.

Biofilm cultures. Biofilms were grown either on 6-well, cell culture-
treated polystyrene plates (Corning) or on glass coverslips assembled ver-
tically, four at a time, onto rubber stoppers, as described previously (26).
Briefly, the glass coverslips used for the stopper assemblies were first acid
washed overnightin a bath of 50/50 (vol/vol) HCI-NO; ™~ or 15% (vol/vol)
HCI-H,O and rinsed thoroughly with double-distilled H,O before they
were inserted into slits cut on inverted stoppers. Each coverslip assembly
was placed upside down (coverslips down) in a sterile 50-ml conical tube
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(Corning) and submerged in FW medium lacking vitamins, minerals,
acetate, and fumarate before it was sterilized by autoclaving, as previously
described (26). The assembly was then transferred to a clean conical tube.
The biofilm chambers (either wells of plates or conical tubes with cover-
slip assemblies) were filled with 6 or 20 ml of FWAF medium, respectively,
and inoculated to a final optical density at 600 nm (ODyy,,) of 0.04 with an
early-stationary-phase FWAF culture. The chambers were incubated at
30°C for 24, 48, or 72 h, as specified below, inside a vinyl glove bag (Coy
Labs) with an H,-CO,-N, (7:10:83) atmosphere. At the end of the incu-
bation period, the culture supernatants were decanted from the biofilm
vessels and the biofilms were washed once with sterile, anaerobically pre-
pared wash buffer (29).

When indicated, the biofilm biomass in the samples was estimated as
the total amount of cell protein. To do this, the biofilm biomass was
scraped off from the surface with a sterile plastic spatula and harvested by
centrifugation (5 min, 12,000 X g), and the biofilm cells were then lysed in
2 M NaOH at 100°C for 1 h. The lysate solution was allowed to cool before
neutralizing it with an equal volume of 2 M HCI. After another cycle of
centrifugation to remove cellular debris, the supernatant, which con-
tained the soluble protein released after lysing the cells, was analyzed for
protein content using a Pierce Microplate BCA protein assay kit (reducing
reagent compatible; Thermo Scientific) with bovine serum albumin stan-
dards, according to the manufacturer’s specifications. Protein was mea-
sured as the OD, on a Tecan Sunrise plate reader (Tecan, Inc.).

U immobilization assays with resting planktonic cell suspensions
and biofilms. The ability of planktonic or biofilm cells to immobilize U
was assayed by monitoring the removal of U(VI), provided as uranyl
acetate (1 mM or as indicated below), at 30°C by resting planktonic cells
and biofilms, using protocols adapted from those described previously
(23, 29). Planktonic cells were harvested from mid-exponential-phase
cultures (ODg, 0.3 to 0.5) grown for 48 h under pilin-inducing condi-
tions (25°C) and suspended in 10 ml of reaction buffer (ODg,, 0.1) as
described before (23). Resting biofilms were prepared by first growing the
surface-attached communities in FWAF medium for 24, 48, or 72 h on
the coverslip-stopper assemblies described above. The culture broth of the
biofilm culture was then decanted, and the coverslip assembly was gently
rinsed with sterile, anaerobically prepared wash buffer (29). To initiate the
assay, the assemblies were submerged upside down in 50-ml conical tubes
containing 20 ml of reaction buffer (23, 29) supplemented with 20 mM
sodium acetate and 1 mM uranyl acetate (Electron Microscopy Sciences),
which had been prepared from stock solutions in 30 mM bicarbonate
buffer. Heat-killed planktonic cells (23) and uninoculated biofilm con-
trols were also included to rule out any abiotic removal activity and/or
absorption. Resting planktonic cells, resting biofilms, and the controls
were incubated for up to 24 h at 30°C. Supernatant samples (500 1) were
periodically removed during incubation, filtered (pore size, 0.22 pm; Mil-
lex-GS filter; Millipore), acidified in 2% nitric acid (500 1), and stored at
—20°C. All procedures were performed inside an anaerobic glove bag, as
described above. The concentration of U(VI) in the acidified samples was
measured using an inductively coupled plasma mass spectrometer (ICP-
MS; Micromass; Thermo Scientific) or a kinetic phosphorescence ana-
lyzer (KPA; Chemchek) and was used to estimate the total amount of U
immobilized in each sample. When indicated, the amount of U immobi-
lized by the planktonic and biofilm cells was normalized by the cell bio-
mass, which was calculated as the amount of total cell protein released
from the samples after lysis with 2 M NaOH (100°C for 1 h) and neutral-
ization with 2 M HCl, as described above.

U valence and speciation by XAS analyses. The valence and specia-
tion of the U immobilized by resting biofilms were estimated by X-ray
absorption near edge spectroscopy (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) analyses, respectively. For these analyses, bio-
films grown on coverslip-stopper assemblies and exposed to U for 24 h, as
described above, were gently rinsed with wash buffer, scraped off the
coverslips, and suspended in 2 ml of reaction buffer. The biofilm biomass
was then harvested by centrifugation (12,000 X g, 10 min), loaded into
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custom-made plastic holders, and stored at —80°C (23). All procedures
were carried out in an anaerobic chamber, and samples were kept frozen
during X-ray absorption spectroscopy (XAS) measurements. The XAS
measurements were performed with a multielement Ge detector in fluo-
rescence mode using the PNC-CAT beamline 20-BM at the Advanced
Photon Source (Argonne National Laboratory) and standard beamline
parameters, as described elsewhere (35). XANES measurements were used
to calculate the fraction of the immobilized U that had been reduced to
U(IV) by linear combination fitting of the spectrum with U(VI) and
U(IV) standards. The spectra were energy aligned using a simultaneously
measured uranyl nitrate standard. The U L;;;-edge EXAFS spectrum was
also collected for the biofilm samples and modeled to determine the
atomic coordination about U, as previously described (23). The number
of axial oxygen (O,,) atoms calculated in the EXAFS spectral analyses was
also used to estimate the amount of U(VI) and U(IV) in the samples, as
there are two double-bonded O, atoms for each U(VI) atom in the uranyl
cation (0, =U=0,,) and none for U(IV) (36).

Vitality fluorescent assays. The respiratory activity of 48-h-old bio-
films after exposure to various concentrations (1, 2.5, and 5 mM) of ura-
nyl acetate for 24 h and that of biofilms not exposed to uranyl acetate
(referred to as the 0 mM biofilm controls) were assayed using a fluore-
scent RedoxSensor vitality kit (Invitrogen), with the protocols being
adapted from those described previously (23). The biofilms were first
grown for 48 h on coverslip assemblies, rinsed gently with reaction buffer,
and incubated in reaction buffer in the presence or absence of the uranyl
acetate. The experiment also included negative controls (referred to as the
0* mM controls) in which the 0 mM biofilms were first treated for 5 min
with electron transport chain uncouplers (a mix of sodium azide [ 10 mM]
and carbonyl cyanide 3-chlorophenylhydrazone [CCCP; 10 uM]) pro-
vided in the RedoxSensor vitality kit (Invitrogen). After 24 h of incuba-
tion, the reaction buffer was decanted from the tubes and the assemblies
were washed once with wash buffer. The biofilm biomass was scraped
from the coverslips and suspended in 1 ml of reaction buffer, vortexed
briefly, mixed 1:1 with the redox dye solution, and incubated at room
temperature for 10 min before measuring the dye’s fluorescence (490-nm
excitation, 520-nm emission) using a SpectraMax M5 plate reader (Mo-
lecular Devices). Separate aliquots of the biofilm samples were stained
with Syto 9 (Invitrogen) following the manufacturer’s recommendations
to determine the total biofilm biomass. The respiratory activity of the
biofilms was estimated as the vitality index, i.e., the relative fluorescence
emission from the RedoxSensor dye normalized by the fluorescence emis-
sion from the Syto 9 dye for six replicate samples (three biological samples
and two technical replicates for each). Statistically significant changes in
vitality indexes were determined in pairwise comparisons to the 0 mM
control biofilms using the #-test function of Microsoft Excel software.

Microscopy. A scanning electron microscope (SEM) was used to im-
age 48-h-old WT biofilms, which were grown on coverslip assemblies as
described above, except that round (12-mm-diameter) rather than square
glass coverslips were used. The biofilms were incubated at 30°C in reaction
buffer in the presence or absence of 1 mM uranyl acetate for 24 h and
washed once in wash buffer before fixing the cells at 4°C for 1 to 2 h in 4%
glutaraldehyde. After this, the biofilms were briefly rinsed in 0.1 M so-
dium phosphate buffer and then dehydrated in a series of ethanol washes
(25%, 50%, 75%, 95%, 10 min each), followed by three 10-min washes in
100% ethanol. The samples were dried to the critical point using a Blazers
010 critical point dryer (Blazers Union Ltd.) with liquid CO, as the tran-
sitional fluid. Once they were dry, the coverslips containing the biofilm
samples were mounted on aluminum stubs using epoxy glue and coated
with ~10 nm of osmium using a NEOC-AT osmium coater (Meiwafosis
Co., Ltd.). Samples were imaged with a JEOL JSM-7500F SEM equipped
with an energy-dispersive spectroscopy (EDS) 30-mm? detector crystal,
which was used for elemental analyses.

Confocal laser scanning microscopy (CLSM) was also used to examine
the biofilms and generate three-dimensional images for structural analy-
ses. The WT biofilms were grown for 24, 48, and 72 h on 6-well plates, and
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the pilA and pilA™ biofilms were grown for 48 h. At the end of the incu-
bation period, the culture supernatant from each well was carefully de-
canted, and the biofilms were stained for 15 min with LIVE/DEAD
BacLight bacterial viability kit (Invitrogen) dye solution, following the
manufacturer’s recommendations. After staining, the biofilms were
washed once in phosphate-buffered saline (PBS) and imaged on a Zeiss
Pascal LSM microscope (Carl Zeiss Microscopy, LLC) equipped with an
Achroplan X40/0.80W submersible objective. Images were collected ev-
ery 1.14 pm, and side and top projections of the biofilms were created
using Zeiss LSM Image Browser software (Carl Zeiss Microscopy, LLC).
Approximately 6 to 10 distinct fields of view (1,024 by 1,024 pixels, 0.22
pm/pixel) were imaged for each of three independent biofilm replicates,
and the micrographs were analyzed with COMSTAT image analysis soft-
ware using connected-volume filtration to remove noise in the data, as
described previously (4). The biofilm structural parameters quantified
with the COMSTAT analyses are listed in Table S2 in the supplemental
material.

SDS-PAGE and heme staining of proteins of the biofilm EPS matrix.
The EPS matrix of 48-h-old biofilms grown on 6-well plates was extracted
using a modification of previously described protocols (27, 37). Briefly,
biofilms were scraped off the wells and collected in reaction buffer, and the
solution was centrifuged for 10 min at 13,000 X g. After decanting the
supernatant, the biofilm pellet was suspended in 1/5 volume of TNE (10
mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM EDTA) and vortexed for 1
min. SDS was then added to a final concentration of 0.1% (wt/vol), and
the solution was mixed at room temperature for 5 min. The samples were
then passed 10 times through an 18-gauge needle and centrifuged at
15,500 X g for 20 min to collect the insoluble sheared biological fraction.
The resulting pellet, which predominantly contained the biofilm exopo-
lysaccharide and associated proteins, was washed 5 times to remove any
SDS before suspending it in 10 mM Tris-HCI buffer (pH 7.5).

Heme-containing proteins in the EPS biofilm matrix were also ana-
lyzed, as previously described (27). The protein content in the matrix
sample was determined with the bicinchoninic acid (BCA) protein assay,
as described above, and the equivalent of 20 pg of protein of the EPS
sample was boiled in SDS sample buffer for 10 min before electrophoretic
analysis in a 12% Mini-Protean TGX gel (Bio-Rad) at 250 V for 30 min.
Novex Sharp markers (Invitrogen) were used as molecular weight stan-
dards. Heme-containing proteins were visualized on the gel after
N,N,N',N’-tetramethylbenzidine staining, as described previously (23,
38). A duplicate gel was run in parallel and stained for total protein using
Coomassie brilliant blue G-250 (Bio-Rad) according to the manufactur-
er’s reccommendations.

RESULTS AND DISCUSSION

Enhanced U immobilization and tolerance by biofilms. The ki-
netics of U immobilization were investigated by measuring the
amount of U, provided as uranyl acetate, removed from solution
by resting 48-h-old biofilms in reference to the amount removed
by pilus-expressing planktonic cells (Fig. 1A). Heat-killed plank-
tonic cell controls and uninoculated biofilm vessel controls were
also included to rule out any abiotic precipitation of U due to
either components of the medium (such as phosphate) or adsorp-
tion to the biofilm coverslip assemblies and vessels used for the
assays (Fig. 1A). The kinetics of U removal by the biofilms was
linear throughout the 24-h-long assay (~10 uM/h; R* = 0.967).
In contrast, the planktonic cells stopped removing U from solu-
tion after 12 h, and all the U immobilized by the planktonic cell
biomass was solubilized again after 24 h of incubation. The en-
hanced capacity of the biofilms to immobilize U compared to that
of planktonic cells (Fig. 1A) cannot be explained by differences in
cell biomass because the rates of U immobilization per h, once
normalized by the total amount of cell protein, were 6 times
higher in the biofilms (~2.8 wmol U immobilized per mg protein
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FIG 1 (A) Kinetics of U immobilization by 48-h-old biofilms of G. sulfurre-
ducens (solid symbols) in reference to those of controls consisting of pilin-
expressing planktonic cells (open symbols), heat-killed cells (gray triangles),
and uninoculated biofilm assembly controls (dashed line). (B) Respiratory
activity (measured as the vitality index) of 48-h-old biofilms exposed to in-
creasing concentrations of uranyl acetate (0, 1, 2.5, and 5 mM) for 24 h in
reference to that of a negative biofilm control chemically poisoned to uncouple
the respiratory chain (0* mM controls). Shown are averages and standard
deviations of 6 replicates (3 replicates for the poisoned control). Significant
differences in ¢-test pairwise comparisons with the unexposed (0 mM) control
are shown: *, P < 0.05; **, P < 0.005.

per h) than in planktonic cells (~0.45 pwmol/mg/h). Furthermore,
the biofilms sustained the rates of U immobilization 2 times lon-
ger (24 h) than their planktonic counterparts. As a result, the
yields of U immobilization by the biofilms at the end of the 24-h
assay were 12 times greater (~66 pwmol of U immobilized per mg
of biofilm biomass protein) than the maximum yields measured
in the planktonic cells after 12 h (~5.4 pmol of U per mg of
protein).

The sustained immobilization of U by 48-h-old biofilms for 24
h suggests that the biofilm cells remained viable and metabolically
active throughout the assay. To investigate this, we used the fluo-
rogenic RedoxSensor dye to measure the respiratory activities of
the biofilms after exposure to increasing concentrations of U (1,
2.5, and 5 mM) for 24 h and in reference to those of biofilms
incubated similarly but without U (0 mM) (Fig. 1B). Interestingly,
the vitality index of the biofilms exposed to 1 mM U was greater
than that of the unexposed 0 mM biofilm controls. Furthermore,
increasing the concentration of U (2.5 and 5 mM) did not decrease
the respiratory activities of the biofilms to or below the levels for
the unexposed biofilm. The measured vitality correlated well
with the respiratory activity of the biofilms because pretreatment
of the biofilms with sodium azide and CCCP (0* mM controls),
which are chemicals that uncouple the electron transport chain,
reduced the vitality index by 80%. Furthermore, the dye used in
these experiments yields green fluorescence when modified by the
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FIG 2 SEM micrographs of 48-h-old biofilms exposed to 1 mM uranyl acetate
for 24 h (A and B) showing the extracellular needle-like, white precipitates of
uranium associated with the biofilm microcolonies. (C) Control biofilms not
exposed to U are also shown, allowing visualization of the network of extra-
cellular filaments that connect the biofilm cells. Bars, 1 pm.

bacterial reductases, which are mostly located in the electron
transport system of the cell envelope (39, 40). It is also unlikely
that the increases in the biofilm’s respiratory rate with U were due
to a cellular response of the cells to U toxicity, because the vitality
index serves as a proxy of viability and overall cell health in G.
sulfurreducens cells after U exposure (23). For example, exposure
of pilus-expressing planktonic cells to 1 mM U for only 6 h re-
duced the respiratory activity of the cells by 70%, because of the
toxic effects of the U that permeates and mineralizes in the cell
envelope (23), yet when the cells were encased in the protective
biofilm microenvironment, they tolerated high, otherwise toxic
levels of U, and their metabolic activities were stimulated as well.

U reduction by the biofilms. As the reaction of interest during
U bioremediation is the reduction of the soluble U(VI) species to
the less mobile U(IV), we used XANES to investigate if any of the
U immobilized by the biofilms had been reduced to U(IV). For
these experiments, the 48-h-old biofilms for which the results are
presented in Fig. 1A were collected at the end of the 24-h U chal-
lenge, and the valence of the biofilm-associated U was analyzed by
XANES in reference to the valences of U(VI) and U(IV) standards.
Approximately 65% * 5% of the U immobilized by the biofilms
was in the reduced state, U(IV) (see Table S1 in the supplemental
material). Consistent with the reductive precipitation of U by the
biofilms, SEM-EDS analyses revealed needle-like, extracellular
precipitates coating the microcolonies (Fig. 2A) that contained U
(see Fig. S1 in the supplemental material). The preferential local-
ization of U minerals on the top regions of the biofilm is consistent
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FIG 3 (A and B) Total U immobilized (gray bars) and fraction reduced to U(IV) (open bars) by WT biofilms grown for 24, 48, and 72 h (A) and by 48-h-old
biofilms of the pilin-deficient pilA mutant and the hyperpiliated pilA™ strain (B). The biofilms were exposed to 1 mM uranyl acetate for 24 h. Shown are averages
and standard deviations for triplicate biofilm samples (WT) and averages and standard errors for duplicate biofilm samples (pilA and pilA™ strain). Significant
differences in t-test pairwise comparisons with the 24-h-old (A) or 48-h-old (B) WT biofilms are indicated: *, P < 0.05; **, P < 0.005. (C) Heme-stained
SDS-PAGE of protein extracted from the EPS matrix of 48-h-old biofilms of the WT, pilA, and pilA™ strains. Numbers at the right are the relative molecular
masses of protein markers (in kDa). The arrow points to the migration of the small, processed form of the OmcZ ¢ cytochrome (OmcZ).

with the metabolic stratification of cells within electroactive bio-
films of G. sulfurreducens (41). As the biofilms grow, their thick-
ness increases and a gradient of acetate is formed across the bio-
film. This concentrates the metabolically active cells in the top
regions of the biofilm, where acetate is more available. As a result
of this metabolic stratification, U is preferentially reduced in the
metabolically active, top biofilm stratum (41).

SEM micrographs also revealed the presence of extracellular
filaments interspersed with the U precipitates (Fig. 2B). The dense
filament network was more clearly visible in biofilm controls not
exposed to U (Fig. 2C). Some filaments had diameters (<4 nm)
that closely matched the diameters reported for the conductive pili
of G. sulfurreducens (24), whereas others had larger diameters (ca.
15 to 20 nm) within the ranges reported for dehydrated EPS fibers
(27). The conductive pili of G. sulfurreducens are the primary sites
for extracellular immobilization and the reduction of U by pilin-
expressing planktonic cells (23) and are also required for the for-
mation of electroactive biofilms (25, 26). In addition to contain-
ing the conductive pili, the EPS matrix of G. sulfurreducens also
anchors several ¢ cytochromes involved in metal reduction (27).
Thus, the Geobacter matrix not only provides an extended matrix
for U immobilization but also contains redox-active components
which could mediate its reduction.

U immobilization and reduction during biofilm develop-
ment. As the biofilms develop, their thickness increases and more
electroactive matrix is available to immobilize and reduce U.
Hence, we hypothesized that older and thicker biofilms would
immobilize and reduce more U than younger and thinner bio-
films. To test this hypothesis, we studied U immobilization and
reduction as a function of biofilm age (24 h, 48 h, and 72 h) (see
Table SI in the supplemental material). The biofilms were also
imaged by confocal microscopy (see Fig. 4), and the confocal mi-
crographs were analyzed with COMSTAT software (4) to estimate
the thickness and other structural parameters of the biofilms (see
Table S2 in the supplemental material).

We first studied U immobilization during biofilm develop-
ment. Although the capacity of the biofilms to immobilize U in-
creased steadily as they aged (Fig. 3A) and their thickness in-
creased (Fig. 4), the amount of U immobilized per biomass unit
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did not change significantly during biofilm development (see Fig.
S3A in the supplemental material). For example, young (24-h-
old) biofilms had less biofilm biomass, thickness, and surface area
(number of cells per biofilm layer) than older (48-h- and 72-h-
old) biofilms (see Fig. S4A to C in the supplemental material).
Nevertheless, despite being less dense, they immobilized more U
per biofilm biomass unit than older biofilms (see Fig. S3A in the
supplemental material). In contrast, the surface coverage by all of
the biofilms was similar and neared confluence (81 to 92%) (see
Fig. $4D in the supplemental material). The surface-to-volume
ratio also remained relatively constant during biofilm develop-
ment (see Fig. S4E in the supplemental material), indicating that
the area of the biofilm exposed to the liquid milieu relative to the
biofilm volume is the same. Furthermore, the biofilm topography

pilA

FIG 4 CLSM micrographs showing side-view projections of WT, pilA, and
pilA" biofilms grown for 24, 48, and/or 72 h. Bar, 20 pm. The biofilm cells
were stained with dye solution from the BacLight viability kit. Color top-view
projections for these images are shown in Fig. S2 in the supplemental material.

Applied and Environmental Microbiology


http://aem.asm.org

was relatively constant during biofilm development as well, as
indicated by the similar roughness coefficients measured in all the
biofilms (see Fig. S4F in the supplemental material). Taken together,
the results support a model in which achieving biofilm confluence
early on in biofilm development is critical to promote U immobiliza-
tion. As the biofilms age, they adapt their structure to maintain a
relatively constant topography that maximizes exposure to the liquid
milieu. As a result, U is preferentially immobilized in the biofilm
regions exposed to the liquid milieu, which is further supported by
the preferential localization of U on the outer layers of the biofilms, as
revealed in SEM micrographs (Fig. 2).

The fraction of the immobilized U that was reduced to U(IV)
was also estimated by XANES (see Table S1 in the supplemental
material). Interestingly, the yields of U reduction increased lin-
early with biofilm age (Fig. 3A), even when normalized by the
biofilm biomass (see Fig. S3A in the supplemental material). None
of the biofilm structural parameters determined in the COMSTAT
analyses fit the linear trend of U reduction (see Fig. S4 in the
supplemental material). As observed for U immobilization, sur-
face coverage, surface-to-volume ratio, and roughness coefficient
were unaffected by biofilm age. The biofilm parameters that
changed were those related to biofilm biomass (biofilm biomass,
thickness, and surface area), but they all stabilized in the 48-h- and
72-h-old biofilms rather than increase linearly. Only the total pro-
tein content of the biofilms, which accounts for the protein con-
tributed by cells and by proteinaceous components of the biofilm
matrix, increased linearly as the biofilms aged (see Fig. S5 in the
supplemental material). Biofilm formation is a developmental
process consisting of specific stages, such as attachment, micro-
colony formation, and biofilm maturation (42). As biofilms tran-
sition from one stage of development to the next, the biofilms
increase their thickness and biomass but also undergo extensive
gene reprogramming so that specific biofilm components and ac-
tivities are expressed (9, 43). Pilus expression in G. sulfurreducens
is, for example, required to transition from young, monolayered
biofilms to thicker biofilms composed of several layers of cells
(26), and this, in turn, is required to maintain the electroactivity of
the biofilms (25). Hence, as the Geobacter biofilms age, they ex-
press more redox-active components in the biofilm matrix, and
this, in turn, may increase their capacity to reduce the immobi-
lized U to U(IV).

Role of the redox components of the biofilm matrix in U im-
mobilization and reduction. As the conductive pili of G. sulfurre-
ducens are the primary site for U immobilization and reduction in
planktonic cells (23) and are also required for biofilm formation
(25, 26), we compared the capacity of 48-h-old biofilms of the
WT, a pilin-deficient mutant (the pilA mutant), and its genetically
complemented strain, the pilA™ strain, to immobilize and reduce
U (Fig. 3B). The pilA biofilms had a diminished capacity to im-
mobilize and reduce U (P = 0.07) compared to that of WT bio-
films of the same age. The defect was due to the pilin deficiency
because complementing the mutation in trans (in the pilA™
strain) restored the phenotypes and promoted U immobilization
and reduction to levels comparable to those for the WT biofilms.

The defect in pilin production in the pilA mutant biofilms also
prevented the biofilms from growing in thickness (Fig. 4) and led
to ~50% decreases in the values of other biomass-related struc-
tural parameters, such as biomass volume and surface area (num-
ber of cells per biofilm layer), compared with those for the WT
biofilms (see Table S2 and Fig. S4A to C in the supplemental ma-
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terial). These defects are consistent with the reported role of the
pili at promoting cell-cell aggregation during biofilm formation
and providing the structural support required to build multilay-
ered biofilms (26). However, despite the biomass and pilus de-
fects, the pilA mutant biofilms immobilized more U per biomass
unit than the WT biofilms. Furthermore, genetic complementa-
tion of the pilA mutation in the pilA™ strain resulted in denser
biofilms (Fig. 4), consistent with the increased ability of the pilA™
hyperpiliated strains to aggregate (26). Nevertheless, despite the
increased biofilm biomass, the pilA™ biofilms immobilized less U
per biofilm biomass unit than any other biofilm (see Fig. S3B in
the supplemental material). The lack of a clear correlation be-
tween biofilm biomass and U immobilization in the biofilms of
the pilA, WT, and pilA™ strains may reflect differences in the rates
of diffusion of electron donors and acceptors, as more diffusional
constraints are expected in thicker biofilms (pilA* > WT) than in
thinner biofilms (i.e., pilA biofilms). Consistent with this, the
pil A" biofilms had lower surface-to-volume ratios than any other
biofilms (see Fig. S4E and Table S2 in the supplemental material),
indicating that less surface area of the biofilm volume is exposed to
the liquid medium and available for electron donor and acceptor
diffusion. Furthermore, the roughness coefficient, which provides
ameasure of the spatial heterogeneity of the biofilms as variations
in biofilm thickness, was also the lowest in the pilA™ biofilms (see
Fig. S4F in the supplemental material). The very dense pilA™ bio-
films have, for example, a relatively uniform topography (indi-
cated by a very low roughness coefficient of ~0.06), whereas the
thin pilA biofilms formed the most heterogeneous biofilms of all
(indicated by the highest roughness coefficient of ~0.32, which is
almost twice the roughness coefficients for the WT) (see Table S2
in the supplemental material). Hence, the more heterogeneous
structure of the pilA and WT biofilms also maximizes the biofilm
surface area available for the diffusion of electron donors and
acceptors.

Although the pilin-deficient pilA biofilms immobilized more
U per biomass unit than any other strain, they reduced a lower
fraction (~38%) of the immobilized U to U(IV) per biomass unit
than the WT (~63%) and pilA™* (~76%) biofilms (see Fig. S3 in
the supplemental material). The capacity of the biofilms to reduce
U (pilA mutant < WT strain < pilA™ strain) correlated linearly
with the levels of piliation of the strains but only exponentially
with the biofilm biomass (see Fig. S6 in the supplemental mate-
rial). Hence, pilus expression in the strains had a more significant
impact on their ability to reduce the immobilized U than the bio-
film biomass itself. As defects in pilin expression can also affect
cytochrome expression in planktonic cells (23), we investigated
the potential contribution of defects in the expression of matrix-
associated cytochromes to U reduction by WT, pilin-deficient pilA
mutant, and hyperpiliated pilA™ biofilms. Although planktonic
cells of the pilA mutant strain also have defects in outer membrane
¢ cytochromes, such as OmcS (23), which is required for the op-
timal reduction of insoluble metal oxides (44), a protein with a
relative molecular mass matching the mass of OmcS (~47 kDa)
(45) was expressed at similar levels in both the WT and pilA bio-
films (Fig. 3C). The only notable difference in the profile of heme-
stained proteins from the biofilm matrices was a heme-containing
protein of about 30 kDa, which was particularly abundant in the
WT biofilms but absent in the pilA biofilm matrix and expressed at
low levels in the pilA" matrix (Fig. 3C). The relative molecular
mass of this band is within the ranges reported for OmcZg, a pro-
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cessed isoform of the outer membrane OmcZ ¢ cytochrome that is
secreted to the biofilm matrix (27) and is required for optimal
current production by anode biofilms in microbial fuel cells (46).
In vitro studies show that the purified OmcZg protein can reduce
U (46), raising the possibility that this cytochrome participates in
U reduction within the biofilm matrix. However, the contribution
of OmcZg to U reduction is likely secondary to that of the conduc-
tive pili, as suggested by the fact that OmcZg expression was low in
the biofilm matrix of the genetically complemented pilA™ strain
(Fig. 3C), although this mutant removed and reduced signifi-
cantly more U than any other biofilm (Fig. 3B) and did so in
proportion to its piliation levels (see Fig. S6 in the supplemental
material). Furthermore, pilin expression may be greater in the top
regions of the biofilms (47), which are also the regions where U
mineralization was more prominent (Fig. 2), whereas OmcZg
preferentially localizes to the biofilm layers closer to the support-
ing surface (48), where mass transport limitations may reduce the
availability of both acetate and U.

Taken together, the results support a model in which the expres-
sion of the conductive pili allows the biofilms to grow in biomass and
thickness, adjusting their structure to maximize the diffusion of the
electron donor and acceptor. Once bound to the biofilm matrix,
the redox activity of the matrix-associated pili and, to a lesser extent,
the cytochromes mediate the reduction of the immobilized U cou-
pled to the oxidation of the electron donor, acetate. Because of this,
pilus expression can be used as a predictor of the amount of U that
can be reductively precipitated by the biofilms.

EXAFS analyses reveal pilin-specific U mineral signatures in
the biofilms. Knowledge of the chemical state and local atomic
structure of the U mineral associated with the biofilms is critical to
predict the long-term stability of the radionuclide during in situ
bioremediation and can provide valuable insights into the biofilm
components involved in the immobilization and reduction of U as
well. Information on the average local atomic structure around U
and the U valence can be obtained by least-squares modeling of
the U L;j;-edge extended X-ray absorption fine structure (EXAFS)
spectrum, which corresponds to the oscillating part of the spec-
trum above the L;;; absorption edge (starting approximately ~50
eV above the edge). EXAFS analysis determines the type and av-
erage number and distance of atoms neighboring U. On the basis
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of the number of axial oxygen atoms (O,,), determined from the
EXAFS modeling, we estimated the U valence state (VI or IV)
independently of standards. This is possible because U(VI) has 2
O, atoms whereas U(IV) has none. For example, an EXAFS result
of an average of 1 O,, is interpreted as 50% U(VI) and 50% U(IV)
(36). Hence, we collected the U L;;-edge EXAFS spectra for the
48-h-old WT and pilA biofilms, to investigate how the presence
and absence of pili in the biofilm matrix affected the valence and
atomic coordination of the immobilized U. The spectra, in both
cases, were best described by a mixture of U(VI) and U(IV) atoms
coordinated by carbon atoms. The magnitudes of the Fourier-
transformed spectra and the models are shown in Fig. 5A, with the
spectra being offset for clarity. A molecular moiety that is consis-
tent with the models for both the WT and pilA biofilms is shown in
the inset. Figures 5B and C show the contribution of each path in
the model in the real part of the Fourier transform for the WT and
pilA samples, respectively. In both the WT and pilA biofilms, the
model includes two types of carbon (C) ligands. One of the C
ligands is bound to two oxygen atoms of U in a bidentate fashion
(C-2) and is followed by a distant carbon (C-3) atom. The other C
ligand is bound to one of the oxygen atoms of U in a monodentate
fashion (C-1) and is attached to a distant oxygen (Oyg;,) atom.
Multiple scattering paths from distant C-3 and Oy;,, atoms were
included in the model, which was then simultaneously refined to
both spectra. The distances and o values used to model the spec-
tra are listed in Table S3 in the supplemental material, and the
coordination numbers are listed in Table S4 in the supplemental
material. The coordination numbers are consistent with 1 to 2
bidentate C ligands and 1 to 2 monodentate C ligands per U atom
and closely matched the U-to-C distances determined for pilus-
expressing planktonic cells, which use pili and, to a lesser extent, ¢
cytochromes to immobilize and reduce the U extracellularly (23).
From the number of O,, atoms, we estimated the amount of
U(VI) and U(IV) in the biofilms. The WT and pilA biofilms con-
tained approximately 48% and 25% U(IV), respectively (with an
estimated uncertainty of 10%). These values are within the ranges
estimated for the 48-h-old WT and pilA biofilms by bulk XANES
(Fig. 3A and B), thereby providing additional, independent evi-
dence that the pilA biofilms had a diminished U reduction capac-
ity compared to the WT biofilms.
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Interestingly, the model that fit the EXAFS spectra of the WT
and pilA biofilms did not require a phosphorus (P) ligand (Fig.
5A). Previous studies with planktonic cells of the pilA mutant (23)
identified a correlation between the pilA mineral signature and the
permeation and reduction of U inside the periplasmic space of the
mutant cells. Once in the periplasmic space, U can bind C ligands
in periplasmic proteins and peptidoglycan as well as membrane
phospholipids, and as a result, planktonic cells of the pilA mutant
required the addition of a P ligand to model the U moiety by
EXAFS (23). The absence of a P ligand in the U moiety of the pilA
biofilms therefore suggests that U may not have permeated inside
the cells but, rather, was immobilized and reduced in the biofilm
matrix, as in the WT biofilms. Hence, even without the conductive
pili and the OmcZg ¢ cytochrome, the pilA biofilm matrix immo-
bilizes the uranyl cation, likely limiting its diffusion and perme-
ation inside the cells. Furthermore, the pilA biofilms reduced
25% = 10% of the immobilized U (determined by EXAFS analy-
ses). Several heme-containing bands were detected in the pilA bio-
film matrix (Fig. 3C), which could provide the redox activity
needed to reduce some of the U immobilized by the pilA biofilms.
The biofilm matrix encases the cells in a unique physical and
chemical microenvironment, which reprograms the physiology of
the biofilm very differently from that of planktonic cells (3). We
showed, for example, that OmcS expression, while defective in
planktonic cells of the pilA strain (23), was not affected in the pilA
biofilms (Fig. 3C). Hence, other, yet to be identified components
of the biofilm matrix may have contributed to the redox activities
of the pilA biofilms.

Implications for U bioremediation. U is often found in com-
plex mixtures with toxic inorganic and organic cocontaminants
(49), which can compromise the viability of planktonic cells.
However, the reduced susceptibility of bacterial biofilms to toxic-
ity by inorganic and organic pollutants makes them particularly
suitable for U bioremediation applications. The ability of Geobac-
ter biofilms to reductively precipitate U, even when it is provided
at high concentrations, effectively immobilizes the contaminant
as a biofilm-associated U(IV) mineral and prevents its mobility.
Interestingly, providing sufficient biofilm surface coverage rather
than increasing the biofilm biomass and thickness was critical for
maximum U immobilization. This is advantageous for the appli-
cation of biofilm-based approaches for the in situ bioremediation
of U, as there is no need to stimulate the growth of very thick
biofilms to create effective biopermeable barriers. On the other
hand, the dependence of U reduction on the presence of specific
redox components of the biofilm matrix, particularly the conduc-
tive pili, suggests that targeted approaches aimed at stimulating
their synthesis in situ could significantly improve the performance
of bioremediation schemes and long-term immobilization of the
contaminant. Critical to these applications is a deep understand-
ing of the genetic basis of biofilm formation and dispersal, which
could provide genetic targets to monitor biofilm development and
performance in situ (50). Hence, future work should be aimed at
understanding the environmental parameters that regulate bio-
film development and the regulatory circuits that control the bio-
film structure and biofilm redox activities. Also important are
insights into the ecology of Geobacter biofilms in U-impacted
sites. This information could be used to elucidate the contribu-
tions of other microorganisms to the U immobilization and re-
duction capacity of Geobacter cells in multispecies biofilms to tai-
lor bioremediation schemes in ways that maximize the synergistic
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interactions of the biofilm members and the long-term stabiliza-
tion of U minerals within the biofilm.
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