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ABSTRACT

We examined the ability of a halophilic bacterium (WFP 1A) isolated from the Waste Isolation
Pilot Plant (WIPP) site to accumulate uranium in order to determine the potential for biocolloid
facilitated actinide transport. The bacterial cell Surface functional groups involved in the
complexation of the actinide were determined by titration. Uranium, added as uran y] nitrate, was
removed from solution at pH 5 by cells but at pH 7 and 9 very little uranium was removed due to
its limited volubility. Although present as soluble species, uranyl citrate at pH 5, 7, and 9, and
uranyl carbonate at pH 9 were not removed by the bacterium because they were not bioavailable
due to their neutral or negative charge. Addition of uranyl EDTA to brine at pH 5, 7, and 9
resulted in the immediate precipitation of U. Transmission electron microscopy (TEM) and
energy dispersive X-ray spectroscopy (EDS) analysis revealed that uranium was not only
associated with the cell surface but also accumulated intracellular y as uranium-enriched
granules. Extended X-ray absorption fine structure (EXAFS) analysis, of the bacterial cells
indicated the bulk sample contained more than one uranium phase. Nevertheless these results
show the potential for the formation of actinide bearing bacterial biocolloids that are strictly
regulated by the speciation and bioavailability of the actinide.

INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) repository located in Southeastern New Mexico
is specifically designed for the long-term isolation of transuranic (TRU) waste from the
accessible environment. The effectiveness of WIPP relies on its ability to limit the migration of
actinides, predominantly Pu, Am, Np, and U, in the subsurface bedded salt environment.
Potential migration mechanisms include transport as soluble species or as colloids, which are
generally defined as particles < 1 pm suspended in a liquid. Actinide-bearing colloids that may
be generated in the repository include mineral fragments, products from corrosion of the steel
waste containers, intrinsic colloids (hydrolysis and condensation of actinide ions), and organic
colloids (products from the biodegradation of cellulosic material, humic and fulvic acids, and
microbial cells). The concentration of naturally occurring microbes in the hypersaline
environments at WIPP is about 104 to 107 cells ml-l and have exceeded 108 cells ml-l in a
simulated cellulose-rich repository environment [1, 2]. Because bacterial cells fall within the
colloidal size range, typically on the order of 0.5 to 1.0 pm in length [2], and can be mobile in
the subsurface, the potential for biocolloid facilitated transport of actinides under WIPP
repository conditions is being investigated.

Bacterial cell walls possess a variety of negatively charged functional groups (COO-,
P04S-, OH-) capable of complexation with cations [3]. Surface charge is dependent upon the
proton condition of the external milieu. The thermodynamic controls on charge buildup and
metal binding at specific microbe-solution interfaces has been studied [4,5]. For example, the
uptake of Cd2+, Pb2+, and CU2+onto the cell wall of B. subtilis was greatest in a proton deficient
environment (pH 6-9) with the carboxyl and phosphate groups implicated as the major sorption
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sites [4]. Alteration of the carbox yl groups of B. subtilisseverely limited cation (Na, K, Mg, Ca,
Mn, Fes+, Ni, Cu, and Aus+) deposition [6]. At pH 4.0, Ag+ was efficiently removed (89%) from
solution and found as discrete colloidal aggregates at the cell surface and in the cytoplasm; Las+
formed needle-like precipitates at the cell surface [7]. In addition to surface sorption of cations
(biosorption), transport of cations across the cell membrane and accumulation within the cell
(bioaccumulation) is another mechanism for the formation of biocolloids [8].

The halophilic bacteria normally found at the WIPP site require 20-25% w/v dissolved
salts for growth and metabolism. ‘These extremophiles thrive in an environment that imparts a
severe osmotic stress on the cell. Many halophiles transport cations, specifically K+, across the
cell membrane and into the cells in order to counter the osmotic stress of their environment [9].
There is little information on biosorption and bioaccumulation of actinides by extreme
halophiles. Here we report the biosorption and bioaccumulation of uranium by a halophilic
bacterium (W@P 1A) isolated from the WIPP site.

EXPERIMENT

Bacterial Culture

The halophilic bacterial culture (WIPP 1A) was isolated from sediment slurry from the
WIPP surficial environment [1]. The bacterium was grown in medium containing the following
(g/l): sodium succinate, 5; KNOS, 1; KHzP04, 0.25; yeast extract (Difco), 0.5, WIPP salt
(primarily halite), 200; and deionized water to 1000 ml. The pH was adjusted to 6.8. The
culture was grown under anaerobic (denitrifying) conditions, using nitrate as the electron
acceptor at 30 & 2°C for 48 hours. ‘This culture is a gram-positive rod that will not grow in
medium containing less than 18970 w/v dissolved salts; it produces the carotenoid ct-
bacterioruberin characteristic of archaebacterial halophiles [10], and does not reduce uranium or
iron under anaerobic conditions nor use them as electron acceptors.

Preparation of Bacterial Cells

The cells were harvested by centrifugation of a 48-h old culture at 5000 x g for 15 min.
[11]. The cell pellet was washed twice with filter sterilized (0.2 pm) 20% w/v NaCl electrolyte
adjusted to pH 5.0. The pellet was resuspended in 40 ml of the electrolyte to an optical density
of 0.8 (measured at 600 rim). A 1.0 ml subsample was preserved in 5?J0 v/v formalin for cell
counts by direct microscopy using DAPI staining and epifluorescence microscopy [ 12]. Cell dry
weights were obtained by washing with ammonium formate to displace dissolved salts and
drying at 90 & 2°C overnight.

Cell Surface Charge Determination

The cell suspension (40 ml) was adjusted to pH 4.0 with O.lN HC1 in a glass titration
vessel and fitted onto the titration head of a Mettler DL-53 autotitrator fitted with a Mettler
DG111 pH electrode. Nitrogen gas was continuous y purged into the headspace of the titration
vessel to exclude air. Cells were titrated from pH 4 to -10 with 0.00IN NaOH (Fisher
Certified). Titrations proceeded in dynamic mode with titrant added (0.02 to 0.2 ml mV-’) upon
establishment of equilibrium conditions (dE/dt) which were defined as S 0.1 mV S-l. Cell-free
electrolyte (after exposure to cells for 1-hour followed by centr;fugation and filtration) was
titrated as a blank and subtracted from data for cell titrations. Separate experiments were run to
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assess the reversibility of surface charging and to specifically examine the origins of any titration
hysteresis.

Titration Data Analvsis

FITEQL 3.0 [13] was used to resolve potentiometric titrations into like] y reaction
stoichiometries and surface acidity constants. In the application of interest, FITEQL takes as
input sequential data, including the amount of base added to achieve a stable pH, and the extent.
of dilution caused by the titrant addition. A constant capacitance model was used to fit surface
charge data [14]. We used FITEQLs default an~lytical errors; relative errors of 0.01 units for pH
and 0.02303 for [~]. The data was manually fit to 2-site models. Initial scoping work showed
that each of the titration curves could be roughly fit using the same two PIG; PKI = 5.’7 and pJ&

= 8.7. Therefore, the approach was to fix the two site pKs and iterate for site densities which
provide a good fit to the data. “

Actinide Biosor~tion

Uranyl ion uptake by WIPP 1A was examined in 4M NaCl at pH 5, 7, and 9. Ceils were
prepared as described for titration except that they were diluted to an optical density of 0.6 (-1 x
108 cells/ml) and pre-equilibrated at pH 5, 7 or 9 for 1 hour. Uranyl nitrate (BDH Chemicals
Ltd., UK), 1:1 uranium: citrate, or 1:10 uranium: carbonate (pH 9 only) was added to obtain a
final concentration of 0.125 mM and the pH was controlled using a Mettler DL-53 autotitrator
over a 1-hour contact time. Solutions were filtered through a 0.2 pm nylon syringe and the
amount of uranium retained on the filter (minus the control) was reported as biomass associated.
Uranium was anal yzed using a Liberty 150 inductive y-coupled plasma atomic emission
spectrometer (Varian Corp.).

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscope
(EDs)

The location of uranium deposition on the cell surface or inside the bacterial cells was
determined by TEM and EDS. After exposure to uranium, the bacterial cells were preserved in
1% v/v EM-grade glutaraldehyde (Polysciences, Inc.) in 4M NaCl, pH 5.0. Whole cell mounts
were prepared to confirm the presence of U with the bacteria. In order to locate the areas of
deposition the cells were embedded in plastic without adding osmium or uranyl acetate and thin
sectioned for TEM. A Philips EM400 TEM, operating at 10OkV,with a Link Analytical Ltd. x-
ray spectrometer was used to examine the thin sections to determine sites of uranium deposition.

Extended X-rav Absorption Fine Structnre (EXAFS)

Resting cells of WIPP 1A were exposed to uranium (O.125 mM) at pH 5, as previous] y
described. The cells were transferred without further treatment to a heat sealed polypropylene
bag and analyzed at the X 18B beamline at the National Synchrotron Light Source using the U
L1ll absorption edge (17.166 keV) with fluorescence detection. Uranyl chloride, uranyl forrnate,
uran yl acetate, and uranyl succinate were obtained from Atomergic Chemical (NY); uran y]
hydroxide, uranyl phosphate, uranyl succinate, and uranyl citrate were prepared from uranyl
nitrate. Standards were ground to a fine powder and diluted (10%) in boron nitride before
transfer to polypropylene bags. Multiple scans (3 to 12 depending on signal to noise ratio) were
collected for each sample and averaged. Fourier transformed EXAFS spectra, a pseudo-radial
distribution function (PRDF) representing the radial coordination shells of the near-neighbor
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atoms surrounding the uranium, were obtained using a multi-step data analysis process which
included background subtraction and normalization to the edge-jump height followed by Fourier
transformation of the k3X-weighted spectra. Distances were not corrected for actual peak

positions and are displaced toward shorter distances due to atom pair phase shifts (AR=O.3-O.5
~) which differ for each neighboring atom.

RESULTS

The volubility of uranyl nitrate decreased with increasing pH (Table 1). Uranyl nitrate
was removed from solution by WIPP- 1A cells, with the greatest amount at pH 5 (32$%) and
decreased with an increase in pH. Uranium complexed with citric acid was soluble at all pHs
tested, however there was little uptake by the cells except at pH 9 (14%) which maybe attributed
to dissociation of the complex at higher pH. Uranyl EDTA was not soluble at any pH and
therefore was not bioavailable. Uranyl carbonate species was stable in solution only at higher pH
(> 7) but was not removed by the cells at pH 9. The lack of removal of uranyl citrate and uranyl
carbonate complex by the bacterium was due its neutral (U02C03) or negative charge
(UOz(cit)~-, uoz(cos)~-, UOZ(COS)S4).

Table 1. Biosorption of uranium by WIPP 1A Isolate

Form of uranium pH Uranium in Solution* Uranium associated with cells
added

(%)

Uranyl nitrate 5

7

9

Uranyl citrate 5

7

9

Uranyl EDTA 5

7

9

Uranyl carbonate 9

0.121

0.039

0.008

0.125

0.125

0.125

<0.001
<0.001
<0.001

0.125

<1

<1

14

----

----

----

<1

*Concentration of uranium added was 0.125 mM.
---- = not determined

The titration curve for WIPP 1A and the FITEQL fit is shown in Figure 1A. The number
of negatively charged sites increased with pH. The titration curve was fit to two pKs: 5.7 and
8.7. The pK’s for simple carboxylic acids fall between 4 and 6, and the pK’s of hydroxo groups
fall between 9 and 11. The deprotonation constant of H2P04- is 7.2; based on this the phosphate
group was ruled out as a major functional group for actinide sorption by the bacteria. Figure lB
shows the speciation for the carboxyl and hydroxyl groups at the WIPP 1A bacterial cell surface
based upon the model calculations.
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Figure 1. (A) Titration of WIPP 1A cells; open circles are data, smooth line is FITEQL fit,
(B) Speciation of cell-surface functional groups as a function of pFI.

Figure 2 shows Transmission Electron Microscopy (TEM) of thin-sections of WIPP 1A
in 4M NaCl (A) without added uranium and (B) complementary Energy Dispersive X-ray
Spectroscopy (EDS) spectra. In cells exposed to uranyl nitrate at pH 5, [Figure 2C) uranium is
shown as electron-dense intracellular granules and also bound to the cell surface (areas of high
contrast). In Fiewre 2D the EDS spectra of the intracellular granules shows them to be rich in
uranium. The oxygen (0), phosphorus (P), sulfur (S), calcium (Ca), and iron (Fe) lines of the
spectrum are naturally present in the cells due to the conditions they were grown under. The
high copper (Cu) lines are from the copper EM grid used to support the specimen.

In addition to surface sorption at pH 5, uranyl ion was transported into the cell. This
phenomenon was clearly elucidated by TEM and EDS. The TEM analysis shows that uranium
was accumulated in the perisplasmic space, as platy U precipitates, between the outer and plasma
membranes; this imparted contrast to the cell wall due to the electrofi dense regions. In addition,
uranium was packaged into discrete granules within the cytoplasm. The EDS analysis confirmed

...

the presence of uranium in the granules, which appeared to be enriched in uranium due to its
predominance in the granules. Control cells not exposed to uranium did not show any evidence
of electron dense regions or intracellular granule formation. Intracellular uranium accumulation
has been reported previously, but uranium existed as a fine-grained, platy precipitate [8]. Studies
are in progress to determine the characteristics and the fate of the intracellular granular uranium.

Figure 3A compares the chi-weighted EXAFS spectra at the uranium Lnl absorption edge
of the uranium exposed cells with the uranium standards. The standards were chosen to
determine the possible forms of uranium association with the cells including mono- (formate) ,
bi- (acetate, succinate, oxalate), and tridentate (citrate) coordination of cell wall bound
carboxylate groups as well as phosphate and hydroxyl bound uranium. Analysis of the k3(X)-
weighted data shows distinct amplitude and phase shifts for each standard which is dependent
upon nearest-neighbor atom association with uranium and therefore is diagnostic for each
uranium-ligand association. Comparison of the amplitudes and phase shifts of the standards with
the cell bound uranium does not lead to a positive identification of uranium speciation for the
cells. However, it is noteworthy that uranium association with chloride in the cells is not
indicated due to the absence of the diagnostic feature at 6.5 ~-1 present for uranyl chloride.
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Figure2. Bioso~tion and bioprecipitation ofuranium asdetermined by TEMand EDS.

Figure 3Bshows the Fourier-transformed (FT)data for the uranium standards. EXAFS
probes the structural environment surrounding Uupto several ~ and any changesin spectral
shape can be attributed to differences in the nearest neighbor atom including coordination
number, average atomic distance, and atom type. The radial distribution of neighboring atoms is
indicated by the location of the peaks. The first shell at 1.4 ~ is due to scattering from the two
axial oxygens closest to uranium, and the second shell at approximately 1.8-1 .9A is a result of
contributions from the axial oxygens of uranium which is usually five- or six-coordinate.
Pronounced differences in the spectra are indicated by comparison of the height and positions of
the second shells of each standard. For example, uranyl hydroxide has a small peak associated
with the second shell which can be attributed to the large structural disorder in axial oxygens in
the amorphous oxide. In contrast, uranyl chloride has a large magnitude peak associated with the
second shell indicating a more structurally symmetrical association of atoms. Beyond the second
shell contributions from other atoms in the compound including chloride, carbon, and oxygen are
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Figure 3. Extended x-ray absorption fine structure (EXAFS) analysis of uranium standards and
WIPP 1A bacterial cells after exposure to uranium: (A) Chi-weighted and (B) Fourier-
transformed data.

found. The presence of these atoms however are usually difficult to detect due to multiple
scattering effects as well as weak spectral contributions from the low atomic number atoms. As
with the chi data, it is difficult to make a comparison of the uranium in the cells and the
standards. The lack of positive identification in the EXAFS is due to the fact that it is a bulk
technique. More than one association of uranium will be averaged depending on its
concentration in the sample. The presence of uranium on the cell wall as well as inside the cell
as shown by TEM confirms this finding.

CONCLUSIONS

. Uranium uptake by the WXPP repository-relevant extremely halophilic bacterium WIPP 1A
was dependent upon uranium speciation. At pH 5, uranyl nitrate was bioavailable for both
surface adsorption and intracellular accumulation while at higher pHs (7 and 9), uranium is on]y
slightly soluble. The soluble species, uranium citrate and carbonate, do not interact with the
bacterial cells. We have found in a separate study that the growth of WIPP 1A produces carbon
dioxide which solubilizes uranium forming uranyl carbonate which is neither biosorbed nor
bioaccumulated [15]. Uranium EDTA was not soluble at any’ pH, and therefore was not
bioavailable.
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● The carboxylate groups at the bacterial cell surface of WIPP 1A are the most likely functional
groups available for interaction with bioavailable actinides. Titration data also suggest that the

phosphate group is not a significant contributor to surface sorption in the bacterial species
studied. At pH 5, positively-charged uran yl ion interacts with the deprotonated carbox yl groups.
At pH 7 and 9, both the carboxyl and hydroxyl groups at the cell surface are deprotonated;
however uranium is not bioavailable due to its predominance as neutral or negatively charged
species (citrate or carbonate) at high pH.

Q In addition to surface sorption, uran yl nitrate was transported inside the cell. The bacterial
cells that accumulated uranium as granules are clear examples of actinide-biocolloids. Their
chemical composition, transport characteristics, and persistence are not known.

c EXAFS analysis of the WIPP 1A bacterial cells after exposure to uranium confirms the
presence of two or more unidentified uranium phases associated with the cells. The nature of the
association of uranium with the cells requires further examination.
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