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ABSTRACT

The microbial reduction of U(VI) by Bacillus sp. dwc-2, isolated from soil in Southwest China,
was explored using transmission electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS) and X-ray absorption near edge spectroscopy (XANES). Our studies indicated that
approximately 16.0% of U(VI) at an initial concentration of 100 mg/L uranium nitrate could
be reduced by Bacillus sp. dwc-2 at pH 8.2 under anaerobic conditions at room temperature.
Additionally, natural organic matter (NOM) played an important role in enhancing the
bioreduction of U(VI) by Bacillus sp. dwc-2. XPS results demonstrated that the uranium
presented mixed valence states (U(VI) and U(IV)) after bioreduction, which was subse-
quently confirmed by XANES. Furthermore, the TEM and high resolution transmission
electron microscopy (HRTEM) analysis suggested that the reduced uranium was
bioaccumulated mainly within the cell and as a crystalline structure on the cell wall.
These observations implied that the reduction of uranium may have a significant effect on
its fate in the soil environment in which these bacterial strains occur.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

subsurface environment is controlled by its interactions with
the environmental medium via adsorption, precipitation,

Environmental contamination with uranium that originates
from anthropogenic activities (e.g., mining, the manufacture
of nuclear weapons, nuclear energy production and the
storage of radioactive wastes) is a critical public health
concern (Anirudhan and Jalajamony, 2013; Rui et al., 2013;
Wang et al., 2015). The geochemical behavior of this radionu-
clide in the environment has been an important topic for
nuclear waste disposal programs, especially when its migra-
tion behavior is considered (Kushwaha et al., 2012; Senko
et al,, 2007; Zhang et al., 2013). The mobility of uranium in the

redox reactions etc., often resulting from microbial activities
(Sheng and Fein, 2014; Wall and Krumholz, 2006; Wu et al.,
2005). Additionally, uranium predominantly occurs in the
hexavalent state (UO3*), which is quite soluble and mobile,
and can therefore easily migrate with the groundwater and
cause serious harm to the environment and human health
(Fletcher et al., 2010; Lloyd et al., 2010; Veeramani et al., 2011).
However, when U(VI) is reduced to U(IV), the solubility
decreases (and thus the mobility decreases), resulting in
immobilization. Therefore, it is of great importance to
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1.5. TEM-EDX analyses

TEM-EDX (FEI, Tecnai G2 F20 S-TWIN) analysis was used to
establish the cellular localization of uranium and the elemen-
tal characterization of the metallic precipitates. Samples of
control and uranium-loaded cells were prepared for electron
microscopic analysis by fixation for 4 hr at 4°C in 2.5%
glutaraldehyde in sodium phosphate buffer (0.1 mol/L,
pH 7.2) and then washed three times with the same sodium
phosphate buffer. For TEM-EDX analysis, the cell pellets were
fixed for 60 min at 4°C in OsO, in phosphate buffer before
being dehydrated via a graded ethanol series. All solutions
used in these procedures were flushed with N, to avoid the
oxidation of the reduced U(IV), and fixation, dehydration and
embedding were performed inside the anaerobic chamber.
The dehydrated samples were embedded in epoxy resin and
sectioned into ultra-thin specimens. Thin sections were
placed on copper grids for morphological studies after
staining with lead citrate.

1.6. X-ray absorption spectroscopy

The samples for U(VI) bioreduction were analyzed by X-ray
absorption near-edge structure (XANES) spectroscopy. After the
bioreduction treatments, the samples were centrifuged at
5000 r/min for 20 min to concentrate the solid phase. The
supernatant was decanted and the hydrated bacterial cells
were lyophilized. Finally, the dry samples were mounted in
holes machined in Al sample holders, sealed with Kapton tape,
and subjected to XANES measurements at the Beijing Synchro-
tron Radiation Facility (BSRF). For analysis, U Ly-edge fluores-
cence measurements were performed at the beamline 1W1B
using a Lytle-type ion chamber detector. A silicon (111) double-
crystal monochromator was used to tune the incident X-ray
beam to the desired energy. Additionally, X-ray absorption
near-edge structure spectroscopy of the standard samples U(IV)
(U™0,) and U(VI) (UVI0,(NOs),-6H,0) was also performed.

2. Results and discussion
2.1. U(VI) bioreduction kinetics

The effect of humic acids on the microbial reduction of U(VI)
by Bacillus sp. dwc-2 at different pH values was investigated

—n— Control —e— Bacillus

—4— BacillustTEHA —v— Bacillus+AlIA

(Fig. 1). The reaction was relatively quick and nearly reached
equilibrium in a 36-hr reaction period in 30 mmol/L NaHCO;
buffer at pH 8.2 (Fig. 1a). Approximately 15.8% of the U(VI) was
removed by Bacillus sp. dwc-2 after 36 hr in the absence of
humic acid and sodium lactate when the initial concentration
of the uranium was approximately 105.0 mg/L. However,
increased U(VI) removal was observed in the presence of
sodium lactate as an electron donor. Microbial removal was
most effective in the presence of sodium lactate and least
effective in the presence of EHA. Approximately 26.5%, 25.1%
and 16.5% of the U(VI) was removed by Bacillus sp. dwc-2 after
36 hr in the presence of sodium lactate, AHA and EHA,
respectively.

Meanwhile, when the pH value was adjusted to a pH near
neutrality (pH 7.4, Fig. 1b), the removal of U(VI) by Bacillus sp.
dwc-2 was similar to that at pH 8.2. Approximately 16.8%,
17.4%, 14.1% and 25.4 mg/L of the U(VI) was removed by
Bacillus sp. dwc-2 in the presence of EHA, AHA and sodium
lactate, respectively. However, no microbial removal of U(VI)
occurred over a 48-hr period in the presence of or absence of
electron donor such as EHA and sodium lactate if the pH was
acidic (e.g., pH 3.8, Fig. 1c). No U(VI) removal was obtained by
heat-killed Bacillus sp. dwc-2 cells in the presence of added
electron donors (i.e., humic acids, sodium lactate) or in the
absence of electron donors (data not shown), which lends
credence to the hypothesis that pH 3.8 was too acidic for the
Bacillus sp. dwc-2 cells to survive over the experimental
period. The experiment with killed cells also demonstrated
that the microbial reduction of U(VI) by Bacillus sp. dwc-2 was
an enzymatic uranium reduction. We noted with great
interest that no significant reduction of U(VI) occurred until
~5 hr of incubation (Fig. 1a, b), possibly because time was
required for the microbes to degrade the residual NOj3 in
solution and/or for the growth of these microorganisms
(Abdelouas et al., 1998; Madden et al., 2007).

2.2. XPS analyses

To further investigate the mechanism involved in the
bioreduction U(VI) by Bacillus sp. dwc-2, control and
uranium-treated samples in 30 mmol/L NaHCO; buffer at
pH 8.2 were analyzed by XPS. The XPS survey spectrum
(Fig. 2a) consisted of carbon, oxygen, nitrogen, phosphorus
and uranium. The elemental composition of these samples
obtained from XPS analysis is listed in Table 1. The N 1s, P 2p

Bacillus+Sodium lactate
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Fig. 1 - Effect of HAs on the microbial reduction of U(VI) by Bacillus sp. dwc-2 in 30 mmol/L NaHCO; buffer at pH 8.2 (a), pH 7.4
(b) and pH 3.8 (c). Reaction conditions: Ciy = 100.0 mg/L, Mpicrobes = 100 mg, m/V = 5.0 g/L and temperature 25°C.
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and U 4f peaks were very weak due to the low content of these
species. Fig. 2e shows the U 4f spectra after U(VI) bioreduction
by Bacillus sp. dwc-2 in 30 mmol/L NaHCO; buffer at pH 8.2.
The U 4f spectra could be decomposed into four peaks at
379.92 and 390.95 eV, corresponding to the spin-orbit (L S)
split of the U 4f7/2 and U 4{7/2 states of tetravalent uranium
while 381.73 and 392.60 eV were assigned to the spin-orbit
(L S) split U 4f7/2 and U 4f7/2 states of hexavalent uranium,
respectively (Francis et al., 1994; Kushwaha et al., 2012). The
binding energy decreased as the oxidation state decreased
from VI to IV. The XPS results suggested that the product of
the uranium reaction was most likely a mixture of U(VI) and
U(IV). Moreover, the content of U(IV) and U(VI) after U(VI)
bioreduction by Bacillus sp. dwc-2 was 13.7% and 86.3%,
respectively, as indicated by the peak area of the U 4f XPS
spectrum.

The C 1s spectra (Fig. 2b) could be decomposed into four
components and assigned as follows (Ahimou et al., 2007;
Kushwaha et al., 2012): graphitic carbon (peak 1, C (C,H), at
284.53 eV), carbon in a single C O bond such as that in ether,

Table 1-Elemental composition using photoelectron
spectroscopy.

Element Control Uranium-loaded sample
C 50.7% 53.0%
o 40.6% 37.8%
N 7.9% 5.1%
P 0.8% 0.4%
8] 3.7%

: the content of uranium in control is below the minimum
detection limits.

alcohol and phenol (peak 2, C (O,N), at 285.82 eV), carbon in a
carbonyl group (peak 3,0 C O, C__O, at 287.6 eV), and carbon
that had one double bond and one single bond with oxygen
(peak 4, O__C OH, O__C OR, at 288.79 eV). However, for the
uranium-treated sample, the relative intensities of peaks 2, 3
and 4 greatly changed and the position of these three peaks
was slightly shifted.
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Fig. 2 - X-ray photoelectron binding energy (B.E.) curves of control cells and U-loaded cells by Bacillus sp. dwc-2 at pH 8.2: total
survey scans (a), C 1s spectra (b), O 1s spectra (c), p 2p spectra (d) and U 4f spectra (e).
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