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Aerobic uranium immobilization by Rhodanobacter
A2-61 through formation of intracellular
uranium–phosphate complexes

Tânia Sousa,a Ana-Paula Chung,a Alcides Pereira,ab Ana Paula Piedadec and
Paula V. Morais*ad

Severe environmental problems arise from old uranium mines, which continue to discharge uranium (U) via

acid mine drainage water, resulting in soil, subsoil and groundwater contamination. Bioremediation of U

contaminated environments has been attempted, but most of the conceptual models propose U removal

by cell suspensions of anaerobic bacteria. In this study, strain Rhodanobacter A2-61, isolated from Urgeiriça

Mine, Portugal, was shown to resist up to 2 mM of U(VI). The conditions used (low nutrient content and

pH 5) potentiated the interaction of the toxic uranyl ion with the tested strain. The strain was able to

remove approximately 120 mM of U(VI) when grown aerobically in the presence of 500 mM U. Under these

conditions, this strain was also able to lower the phosphate concentration in the medium and increased its

capacity to take up inorganic phosphate, accumulating up to 0.52 mmol phosphate per optical density unit

of the medium at 600 nm, after 24 hours, corresponding approximately to the late log phase of the

bacterial culture. Microscopically dense intracellular structures with nanometer size were visible. The extent

of U inside the cells was quantified by LS counting. EDS analysis of heated cells showed the presence of

complexes composed of phosphate and uranium, suggesting the simultaneous precipitation of U and

phosphate within the cells. XRD analysis of the cells containing the U–phosphate complexes suggested

the presence of a meta-autunite-like mineral structure. SEM identified, in pyrolyzed cells, crystalline

nanoparticles with shape in the tetragonal system characteristic of the meta-autunite-like mineral structures.

U removal has been reported previously but mainly by cell suspensions and through release of phosphate.

The innovative Rhodanobacter A2-61 can actively grow aerobically, in the presence of U, and can efficiently

remove U(VI) from the environment, accumulating it in a structural form consistent with that of the mineral

meta-autunite inside the cell, corresponding to effective metal immobilization. This work supports previous

findings that U bioremediation could be achieved via the biomineralization of U(VI) in phosphate minerals.

Introduction

Former uranium mines are a source of environmental contamina-
tion, since the leaching of acid water resulting from mining activity
can transfer heavy metals and radioisotopes to the surrounding
environmental compartments.1,2 U in the environment occurs
mainly as 3 different isotopes (238U, 235U and 234U), all of them
being radioactive; however, it is its chemical toxicity that is of

greatest ecological risk.2 U at contaminated sites has two major
oxidation states stable in aqueous media: U(VI), the most
common oxidation state of the uranyl ions, (UO2)2+, which is
highly soluble and mobile; and U(IV), which is extremely
insoluble and usually precipitates as uraninite, UO2. U(VI) is
therefore considered to be more toxic since it is highly mobile
in the environmental systems.2,3

Existing physical/chemical methods that treat U-contaminated
groundwater, such as anion exchange, lime softening, conventional
and activated alumina coagulation, and pump-and-treat,
are expensive.4 An alternative to these technologies is the use
of indigenous subsurface bacteria for immobilizing U in
contaminated groundwater and soil, in a process defined as
bioremediation.1,5,6 Bioremediation of metals, including U, is
distinctly different from the biodegradation of toxic organic
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substances since they cannot be chemically or biologically
degraded into innocuous compounds and their remediation
depends on a method of containment that decreases bio-
availability and/or biological access.6–8 Microorganisms can
use different mechanisms to immobilize U: (1) biosorption, by
establishing nonspecific interactions between the U and the
extracellular surfaces of microorganisms;9–11 (2) bioaccumulation
of U within the cells;9,12,13 (3) oxidation–reduction processes
which transform soluble U forms, U(VI), into more stable
forms, U(IV);7,14–16 and (4) biomineralization by U precipitation
as minerals.13,17–19 Among the previous mechanisms, under
aerobic conditions, biomineralization is the process that can be
more feasible since it implies the immobilization of U(VI) soluble
species with enzymatically-generated ligands like phosphate and
sulfides. Under these conditions, biomineralization leads to pre-
cipitation of U(VI) as uranyl-phosphate minerals like HUO2PO4,
autunite [Ca(UO2)2(PO4)2], chernikovite [H2(UO2)2(PO4)2] and
uramphite [NH4(UO2)(PO4)�3H2O].1,17,19–21

Cultures of Desulfovibrio desulfuricans, Desulfovibrio vulgaris,
Geobacter metallireducens, Shewanella putrefaciens MR1, and
Deinococcus radiodurans, among others, have been demonstrated
to reduce U(VI) to U(IV).12 Cultures of Pseudomonas aeruginosa,22

Bacillus subtilis,10 and Chryseomonas MGF4823 can immobilize U by
cellular uptake. Cultures of Citrobacter sp., Bacillus sphaericus,24 and
Acinetobacter johnsonii25 have been demonstrated to remove U from
water using a phosphate release mechanism. Natural immobiliza-
tion of U as U(VI) phosphates has been demonstrated to occur
extensively at the Koongarra deposit in Australia.26

In order to evaluate the potential of the implementation of
a remediation strategy through bio-immobilization of U in
contaminated groundwater that runoff from a shaft in the former
underground uranium mine of Urgeiriça (Central Portugal27,28),
a microbial community diversity study was conducted.
Rhodanobacter A2-61 was isolated and shown to resist U(VI).
The objective of the present work was to study the U transforma-
tions by Rhodanobacter A2-61 under aerobic conditions. The
understanding of the mechanisms involved is necessary for the
future use of this strain as a bioremediation tool. Results showed
that the variation of inorganic phosphate during bacterial
growth with U was related to aerobic U immobilization inside
the cells. Different spectroscopic techniques were used to under-
stand the U removal process and to show U biomineralization by
this Rhodanobacter strain A2-61.

Materials and methods
Microorganism and growth conditions

The bacterial strain Rhodanobacter A2-61 was isolated from
U-contaminated wastewater collected in the mining area of
Urgeiriça in R2A medium at pH 6.0, consisting of 0.5 g l�1

yeast extract, 0.5 g l�1 proteose peptone, 0.5 g l�1 casein
hydrolysate, 0.5 g l�1 glucose, 0.5 g l�1 starch, 0.3 g l�1

di-potassium phosphate, 0.024 g l�1 magnesium sulfate, 0.3 g l�1

sodium pyruvate, and 15 g l�1 agar (Oxoid). To study the ability
of the strain to remove U from the medium, several media were
tested in order to select the medium supporting the higher

strain growth with the lower chemical unspecific U removal. After
testing several media: (1) Minimal Medium (MM) consisting of
40 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.0793 g l�1

CaCl2�2H2O, 0.008 g l�1 NaCl, 0.103 g l�1 KNO3, 0.698 g l�1

NaNO3, 0.1 g l�1 MgSO4�7H2O, 0.1 g l�1 nitriloacetic acid (NTA),
amended with 0.05% (v/v) NH4Cl, 0.5% (v/v) glucose and pH
adjusted to 5 after autoclaving, which was then divided into
MMA (enriched with 0.05% yeast extract) and MMB (enriched
with 0.1% yeast extract); (2) LB 1/10 consisting of 1.0 g l�1

tryptone, 0.5 g l�1 yeast extract and 0.5 g l�1 NaCl, pH adjusted
to 5; (3) the modified Nutrient Broth (NB, Merck) (diluted 1/10)
consisting of 0.5 g l�1 peptone and 0.3 g l�1 meat extract,
amended with 0.01% (v/v) glucose after autoclaving, and pH
adjusted to 5 with HCl 1.0 M was used. For analytical assays, this
strain was grown in duplicate, under aerobic conditions, in
50 ml of the modified NB medium supplemented with 0.5 mM
U(VI) as uranyl acetate dehydrate ((CH3COO)2UO2�2H2O) (Merck),
for 48 h at 26 1C. Non-inoculated medium with U and inoculated
medium without U were used as controls. At appropriate inter-
vals, samples were harvested to determine the O.D. at 600 nm,
U(VI) concentration and phosphate. The viability of the cells was
assessed through plating in R2A medium incubated for 48 h at
the temperature of 26 1C.

Biochemical characterization and resistance to other metal
ions

The enzymatic characterization of the strain was performed by
APIZYM profiling (BioMerieux, API ZYM Test System, S.A.,
La Balme-les-Grottes, France) according to the manufacturer’s
instructions.

The strain was also tested for its ability to grow in the
presence of different concentrations of the following metals:
(CH3COO)2UO2�2H2O (U(VI)); Na2HAsO4�7H2O (As(V)); NaAsO2

(As(III)); Na2Cr2O7�2H2O (Cr(VI)); Na2CrO4 (Cr(VI)); KSb(OH)6

(Sb(VI)); Na2SeO3 (Se(IV)), all from Sigma-Aldrich, and ZnSO4

(Zn(II)); CoCl2�6H2O (Co(II)); CuSO4�5H2O (Cu(II)) from Merck.
Growth was evaluated in R2A at 26 1C after 2, 5, 7 and 10 days.

The ability of Rhodanobacter A2-61 to reduce nitrate and to
denitrify was tested in NB medium supplemented with 0.1%
KNO3 and 0.17% agar. The presence of nitrite (pink coloration)
was evaluated after 48 h and 5 days incubation in 100 ml of
growth medium, after the addition of 1 ml of solution A (0.6 g
of N,N-dimethyl-1-naphthylamine (Sigma) in 100 ml of 5N
acetic acid (Merck)) and 1 ml of solution B (0.8 g of sulfanilic
acid (Sigma) in 100 ml of 5N acetic acid).29

Uranium quantification

In all assays, to follow U(VI) removal from the medium, aliquot
samples (2 ml) were removed periodically during the assays and
centrifuged at 16 000 � g for 20 min (Sorvall Legend Micro 17
centrifuge, Thermo Scientific). U(VI) removal was evaluated in
the supernatants and in the pellets obtained after centrifuga-
tion. The U(VI) in the pellets was obtained by washing the pellet
twice with 1 M NaHCO3 buffer, pH 8.3 (Merck), ensuring that
all complexed U(VI) would be solubilized.30 In non-inoculated
samples, the amount of U(VI) quantified in the pellet was
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considered to result from inorganic precipitation due to aerobic
shaking of the medium. In inoculated samples, the pellets
included the inorganically precipitated U(VI) and also the cells.
Therefore, the U(VI) quantified was considered the result of the
inorganic precipitation plus the U(VI) adsorbed to the cells. U(VI)
was measured by the colorimetric procedure of Arsenazo III
(0.1%, w/v) (1,8-dihydroxynaphthalene3,6-disulphonic acid-2,7-
bisSTA(azo2)-phenylarsonic acid, Sigma-Aldrich) and quantified
spectrophotometrically (Jenway 6405 UV/Vis Spectrophotometer)
at 652 nm.31

The U(VI) internalized (taken up) by the cells was not
quantifiable with the strategies described above. Therefore, U
inside the cells was measured by liquid scintillation counting
(LS counting).32 Shortly, 2 ml aliquots from the different assays
were centrifuged. The pellets were first removed from complexed
U(VI) as described above, and then digested in MOPS buffer
(20 mM MOPS, pH 7.4; 0.1% Triton X-100) at 37 1C for 45 min.
From the digested pellets, and also from the supernatants, 100 ml
were added to 5 ml of an aqueous scintillation cocktail
(Universol) in a 5 ml polyethylene plastic vial.

The counting of the decay of the U isotopes was performed
using an ultralow level spectrometer, Quantulus 1200, from Perkin-
Elmer, using an alpha–beta discriminator and controlling the
quench effect through the external standard method. The back-
ground was evaluated by counting, under the same conditions
and time, a blank vial filled with the same scintillation cocktail.
The average count for the blank was 0.723 cpm (counts per
minute). A spike of a natural U standard, supplied by Ciemat
(Spain), was used to calibrate the window of the multichannel
analyzer as well as the alpha–beta discriminator. Under these
experimental conditions the measured total count is directly
proportional to the activity of the U isotopes (U-238 and U-23433).

Phosphate quantification

The soluble Pi was determined in the supernatants obtained as
described above. The intracellular inorganic phosphate was
determined in the cells washed twice with NaCl 0.85% (VWR),
resuspended in a solution (5 : 1) of MilliQ H2O : concentrated
HCl (Merck) and heated at 120 1C for 45 min. Soluble and
intracellular phosphate were measured based on the reaction of
Pi with ammonium molybdate and ascorbic acid.34 Quantifica-
tion was performed by mixing 300 ml of the samples with 700 ml of
a solution (1 : 6) of ascorbic acid (Sigma-Aldrich) 10% : reagent B
(0.42 g (NH4)6Mo7O24�4H2O in 2.86 ml of concentrated H2SO4

and MilliQ H2O up to 100 ml), incubated at 45 1C for 20 min and
quantified spectrophotometrically at 820 nm.

Differential gradient cell separation

Cells (1 g) of strain A2-61 grown in the presence of 0.5 mM U(VI)
were washed twice in 1 M NaHCO3 buffer, pH 8.3, ensuring that
all U(VI) adsorbed to the cells would be removed. Washed cells
were separated in a sucrose gradient, generated using sucrose
(Panreac) solutions at concentrations of 100%, 85%, 70%, 45%
and 30% (w/v) centrifuged at 3200 � g, for 30 min (Eppendorf
Centrifuge 5810R). The cells in the sucrose fraction of 45% were
selected for further studies since, when observed under an

Optical Microscope (OM), they were intact and showed dense
structures.

Solid-state methods of biomass examination

Cells grown in the presence of U(VI), collected from the sucrose
gradient centrifugation (45% sucrose), and cells grown in the
absence of U, were pyrolysed in a controlled muffle furnace at
700 1C for 2 hours. The solids obtained were examined
by Scanning Electron Microscopy (SEM) using an Electron
Microprobe JEOL-JXA860, and analyzed using the software
SAMX MAXVIEW. The identity of crystalline metal deposits
was confirmed using X-ray powder Diffraction (XRD) and
Energy Dispersive X-ray Spectroscopy (EDS). EDS analysis was
accomplished using an Oxford Instruments Inca X-Sight, with
an accelerating voltage of 15 kV and a beam current of 20 nÅ,
and the SAMX IDFIX software. XRD patterns were examined in
a Philips Analytical X-ray diffractometer, over a range of 2–60
(2Y), using a Cu-Ka radiation at 40 kV/20 mA, and the crystal-
line phases were identified using the PDF-2 database of the
International Center for Diffraction Data. The interpretation of
the results was performed through comparison with a standard
spectrum obtained from pure concentrates.

Statistical analysis

The significance of the differences observed between experiments
inoculated and non-inoculated with Rhodanobacter A2-61 was
evaluated with analysis of variance (ANOVA) considering: (1)
the amount of U(VI) in the supernatant and (2) the amount of
U(VI) complexed (obtained pelleted after centrifugation). The
statistical analysis was performed using GraphPadPrism v5.0
for windows, GraphPad software, San Diego, California, USA,
www.graphpad.com. All differences were considered to be
statistically significant for P o 0.05.

Results
Biochemical characterization and resistance to other metal
ions

APIZYM characterization of the strain revealed strong enzymatic
activity for both alkaline and acidic phosphatases. The strain also
showed activity for esterase lipase C8, leucinearylamidase, valinearyl-
amidase, a-chymotrypsin, naphthol-AS-BI-phosphohydrolase, a-and
b-glucosidase and N-acetyl-b-glucosaminidase.

The strain was able to grow in the presence of 1 mM of Cu(II)
and Se(IV), 2 mM of U(VI), 10 mM of Zn(II) and Sb(V), and
200 mM of As(V), after 10 days of growth in R2A at 26 1C. The
strain was not able to reduce nitrate or to denitrify.

Uranium resistance and U(VI) removal

Strain Rhodanobacter A2-61 growth curve in modified NB (1/10)
with U(VI) showed that the presence of U(VI) did not reduce the
maximum O.D600nm achieved after 24 h growth (0.25 O.D.)
although the strain growth started earlier in the presence
of U(VI) (Fig. 1). In U amended medium, the solubilization of
the U acetate salt could make available the acetate as an
additional carbon source to the strain growth. The maximum
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cell concentration achieved was limited by a low nutrient
content of the medium and not by the presence of U. Strain
A2-61 maintained its cellular viability after 48 hours of incuba-
tion, as determined by plating in R2A medium at 26 1C.

Spontaneous U(VI) precipitation occurred immediately after
addition of 0.5 mM U(VI) to the medium, leaving soluble in the
medium 0.3 mM U(VI). This concentration of soluble U(VI) was
regarded as the baseline concentration (100% initial concen-
tration) for all assays performed with this medium (Fig. 1).
Furthermore, the soluble U(VI) in cell free controls, incubated
aerobically, decreased 40% after 3 h incubation, but remained
stable after that decrease. From these, 10% were detected
as precipitated U(VI) complexes. In the experiments where
Rhodanobacter A2-61 was inoculated, the total amount of U(VI)
in the medium decreased 69%, which was found to be a value
significantly higher (P o 0.05) than the U(VI) decreased in the
non-inoculated medium. Therefore, the U(VI) removal by
the cells corresponded to an additional removal of 29% of the
bioavailable U which corresponds to 120 mM U(VI). There was no
significant difference between the amount of U(VI) found pre-
cipitated, in the presence or in the absence of cells (P > 0.05).

The maximum U(VI) removal from the medium was achieved
after 24 h incubation. Further incubation time (up to 48 h) did
not result in increased U(VI) removal.

The amount of total U detected by LS counting, considered
100%, equaled the sum of the counts obtained from the
medium and the counts obtained from the digested pellets
(Fig. 2). The amount of total U, during incubation, in the
control assay (without cells) did not change in the medium
nor precipitated. Comparatively, the total U precipitated in the
inoculated assay varied from 0.153 to 0.335 counts per 100 ml of
digested sample, corresponding to a duplication of the total
amount of U immobilized by the cells in 24 hours.

Variation of the phosphate concentrations in growth assays

Soluble phosphate was detected in the medium only in the absence
of U. The soluble phosphate concentration in the medium
varied from 123 to 50 mM during strain growth in the absence
of U(VI) (Fig. 3). In the presence of U, immediately after
inoculation, the amount of intracellular phosphate in strain
A2-61 was very low (0.08 mmol per O.D.) but after 6 h of growth,
the concentration increased up to 0.42 mmol per O.D. and

Fig. 1 (A) Growth curves of Rhodanobacter A2-61 grown in modified NB (1/10) in the absence ( ) and in the presence ( ) of 0.5 mM U. (B) U(VI) variation
in percentage, in A2-61 inoculated (U(VI) soluble in the medium ( ) and U(VI) inorganic precipitated and adsorbed to the cells (T)) and in non-inoculated medium
(U(VI) soluble in the medium ( ) and U(VI) in inorganic precipitates (’)). (*) symbols above bars indicate treatments with significant differences (P o 0.05) between
soluble U(VI) from inoculated and non-inoculated samples.
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remained constant during growth. In the absence of U, intra-
cellular phosphate in strain A2-61 was almost undetectable
(0.09 mmol per O.D.) and remained as such during all incuba-
tion periods (Fig. 3).

Scanning electron microscopy and energy dispersive X-ray
spectroscopy analysis

Microscopic observations (magnification �1000) of cells
from strain A2-61 grown in medium with U(VI) (Fig. 4) showed
dense precipitates inside the cells, suggesting the intracellular
accumulation of U. A SEM image of the pyrolysed cells (heat
treatment at 700 1C) detected the presence of crystalline nano-
particles with shape in the tetragonal system characteristic of
the meta-autunite-like mineral structures (Fig. 5). EDS analysis
of this cell material identified the presence of the chemical
elements U, O and P, suggesting the presence of U-phosphate
compounds (Fig. 5). The analysis of the background was
negative for these elements.

X-ray powder diffraction analysis

XRD was used to identify and characterize the chemical nature
of U accumulated by Rhodanobacter A2-61 under aerobic
conditions (Fig. 6). XRD patterns obtained from cells of strain
A2-61 grown in the presence of U showed distinct reproducible

patterns typical for characterized bio-minerals. The XRD
pattern revealed distinct peaks at 2Y which were 10.46, 16.99,
19.98, 20.80, 21.16, 25.20, 27.42 and 29.72 corresponding to
d-spacing values of 8.45 Å, 5.21 Å, 4.44 Å, 4.27 Å, 4.20 Å, 3.53 Å,
3.25 Å and 3.00 Å, respectively. A comparison of these d-spacing
values with data files of known compounds indicates the
presence of U-phosphate compounds: uranyl phosphate
[UO2(PO4)2], uranyl phosphate hydrate [(UO2)3(PO4)2�H2O] or
meta-autunite [Ca(UO2)2(PO4)2�4(H2O)]. Data obtained from
XRD analysis of inoculated medium without U confirmed the
amorphous nature of this sample.

Discussion

The strain A2-61 is a species from the genus Rhodanobacter.
Species from this genus were already found in an uranium- and
nitrate-contaminated soil and demonstrated to be useful as
denitrification tools35 however strain A2-61 was not able to
reduce nitrate. During this study, the conditions used limited

Fig. 3 Phosphate variation in the growth medium and intracellular structure during Rhodanobacter A2-61 growth, in the presence and in the absence of 0.5 mM U.
Soluble inorganic phosphate in A2-61 inoculated medium in the absence of U (’). Soluble inorganic phosphate in non-inoculated ( ) and in A2-61 inoculated
medium (T) in the presence of U. Intracellular inorganic phosphate in A2-61 cells incubated with ( ) and without ( ) U.

Fig. 4 Light microscopy observation of Rhodanobacter A2-61 after growth with
0.5 mM U for 24 h (1000� total magnification). Arrow indicates the presence of
dense precipitates within the bacterial cells.

Fig. 2 Percentage of total U detected by liquid scintillation counting in non-
inoculated and in Rhodanobacter A2-61 inoculated samples, in the presence of
0.5 mM U. U in the medium ( ) and U in 100 ml of digested pellets obtained
from 2 ml samples ( ).
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the strain growth as a result of the low nutrient content and low
pH (pH 5) of the medium. These conditions were chosen to
ensure the presence of the uranyl ion (UO2

2+), thus potentiating
the interaction of the most soluble toxic form of U with the
tested strain.2 Also, a very diluted medium was used, since
richer nutrient conditions are known to have higher non-
specific abiotic interactions with UO2

2+. These abiotic inter-
actions are related to the presence of high quantities of organic
ligands and/or phosphates and/or sulfates that limit U exposure
to the tested strain.36 In addition, the maximum growth of
strain A2-61 in the presence or in the absence of U was similar,
reaching the same O.D. after 24 h, indicating that Rhodanobacter
A2-61 is resistant up to 500 mM U(VI) under aerobic conditions. In
the presence of U, the strain showed a very rapid increase in cell
number which may be a consequence of the presence of acetate.
This additional, immediately usable, carbon source follows the

solubilization of the uranium acetate, added to the medium as
a uranium source. The increase in cell number during the
remaining incubation period, after this immediate increase,
was lower than in the absence of U.

In all assays inoculated with Rhodanobacter A2-61, soluble
U(VI) in the medium decreased over time reaching a total
removal of B70%. An immediate initial decrease of U(VI) was
also observed in non-inoculated assays most likely due to the
reaction of U with the medium compounds, as it was reported
before.21,36 In the presence of strain A2-61, besides the immediate
initial decrease, an additional removal of 25–29% of soluble
U(VI) was attained after 24 hours of incubation, comparatively
to the non-inoculated controls. The amount of total U
detected inside the cells by LS counting showed that this
additional removal was most likely due to the presence of the
cells. The U concentration inside the cells is more than

Fig. 5 SEM and EDS analyses of Rhodanobacter A2-61 cells grown with 0.5 mM U for 24 h, after heat treatment at 700 1C. SEM detected (A) crystalline nanoparticles
(160� magnification) (B) with shape in the tetragonal system characteristic of the meta-autunite-like mineral structures (15 000� magnification); (C) EDS analysis of
cells (arrow) showing the presence of U, O and P.

Fig. 6 XRD analysis of Rhodanobacter A2-61 cells after heat treatment at 700 1C: (A) grown in the absence or (B) in the presence of 0.5 mM U for 24 h, following
sucrose gradient separation (fraction of 45%). The peaks obtained are included in the fingerprint of uranium–phosphate compounds.
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duplicated, corresponding to approximately 30% of the bioavail-
able U taken up by the cells.

Bacteria are reported to be effective biosorbents for U. Rapid
removal of U(VI) from solution has been described to occur in
the presence of different bacterial species,10,37,38 but the
mechanism of U removal that has been postulated for those
bacteria is the adsorption to the cell wall. In our case, the
removal of U(VI) by growing cells of strain A2-61 could not be
related to the 10% of U(VI) measured in the U-precipitate
complexes since a similar amount was detected in non-inoculated
assays. Furthermore, U complexes could be quantified (LS counting)
and observed (SEM, EDS) inside strain A2-61 cells. Therefore, these
findings exclude the non-specific absorption as the bioremediation
process used by strain A2-61.

In the assays, in the presence of U, intracellular phosphate
concentrations of Rhodanobacter strain A2-61 were initially very
low, near the detection limit, tending to increase with time.
Under these conditions, phosphate was not detected in the
medium. In the absence of U, the opposite occurred: the strain
almost did not accumulate phosphate and phosphate was
detected in the medium. It has been demonstrated that some
bacteria are capable of generating sufficient phosphate, liberat-
ing it into solution, which is then coupled to biologically
induced precipitation of heavy metals or radionuclides.17–19

Several studies reported the role of phosphatase enzymes in the
release of phosphates that precipitate U.18,20 Evidence of active
phosphatase enzymes in Rhodanobacter A2-61 was obtained
during strain characterization. Therefore, it is probable that
phosphatase activity in strain A2-61 could be involved in
phosphate release to be used in U removal. In the case of strain
A2-61, O.M. observation, SEM and EDS analysis showed the
presence of precipitated U-phosphate complexes inside the
cells, suggesting a different precipitation strategy: instead of
the release of phosphate into solution, phosphate was accumu-
lated inside the cells and complexed with U. Additionally, XRD
analysis of the cells supports the idea of intracellular U(VI)
immobilization through the formation of U-phosphate complexes
such as uranyl phosphate [UO2(PO4)2], uranyl phosphate hydrate
[(UO2)3(PO4)2�H2O] or meta-autunite [Ca(UO2)2(PO4)2�4(H2O)].
SEM identified crystalline nanoparticles with shape in the
tetragonal system characteristic of the meta-autunite-like
mineral structure. Under anoxic conditions, U(IV) is stable in
the form of the mineral uraninite (UO2(s)), but upon exposure
to oxidizing conditions, uraninite is prone to oxidation.39 The
susceptibility of uraninite to oxidation makes it potentially
unstable in subsurface environments.40 Therefore, the capacity
of strain A2-61 to perform the U complexation under aerobic
conditions to meta-autunite-like mineral structure represents
an advantage in the processes of bioremediation, since meta-
autunite-like mineral has been proved to be stable for long
periods of time, over a wide range of pH.19

In conclusion, U bioremediation, especially under aerobic
environments where U bioreduction strategies are limited and
restricted due to an excess of oxygen,1,7 may now be attempted
based on Rhodanobacter strain A2-61, an environmental strain
resistant to different metals besides U. The strain proved to,

under aerobic conditions, efficiently remove U from the environ-
ment, accumulating it inside the cells, in a structural form
consistent with that of the mineral meta-autunite. This work
supports previous findings that U bioremediation could be
achieved via the biomineralization of U(VI) in phosphate minerals.
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