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The combined pollution of radionuclides and heavy metals has been given rise to widespread concern
during uranium mining. The inﬂuence of As(V) on U(VI) immobilization by Mucor circinelloides
(M. circinelloides) was investigated using batch experiments. The activity of antioxidative enzymes and
concentrations of thiol compounds and organic acid in M. circinelloides increased to respond to different
U(VI) and As(V) stress. The morphological structure of M. circinelloides changed obviously under U(VI)
and As(V) stress by SEM and TEM analysis. The results of XANES and EXAFS analysis showed that U(VI)
was mainly reduced to nano-uraninite (nano-UO2, 30.1%) in U400, while only 9.7% of nano-UO2 was
observed in the presence of As(V) in U400-As400 due to the formation of uranyl arsenate precipitate
€ gerite, 48.6%). These observations will provide the fundamental data for fungal remediation of
(Tro
uranium and heavy metals in uranium-contaminated soils.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
With the rapid development and application of nuclear energy,
demands for uranium (U) resources will greatly increase in the next
few decades. A large number of radionuclides and heavy metals are
produced during uranium mining and tailings disposal, which
cause the combined pollution of radionuclides and heavy metals in
the surrounding environment (Dresel et al., 2011; Sitte et al., 2010).
The U content in the contaminated water is 1e3 orders of magnitude higher than that in ordinary water (Richard et al., 2012). The
content of arsenic (As) in U ore is 1.2e10% (~6 g/kg), which is one of
the main heavy metal pollution elements in U tailings (Chen et al.,
2006; Troyer et al., 2014a). U and As are multi-valence elements,
and chemical properties of them are very active. U(VI) and As(V) as
mainly oxidized states are highly toxic, easily soluble in natural
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waters and soils (non-reducing environments), presenting high
risks to the environment because of radioactive poisoning or
chemical poisoning. In additions, the migration and diffusion of
soluble U(VI) and As(V) result in serious environmental pollution
around the mining area and downstream areas (Liber et al., 2011;
Rodríguez-Lado et al., 2013; Schnug and Lottermoser, 2013).
Therefore, it is necessary to study the mutual effect of U(VI) and
As(V) in the pollution.
Owing to the prevalence in nature, fungi have been used as high
efﬁcient adsorbents for the removal of radionuclides and heavy
metals in environmental remediation (Das, 2012; Gadd, 2010;
Harms et al., 2011). For example, approximately 99.9% and 97.1% of
U(VI) was removed by Trichoderma harzianum and algae, respectively (Akhtar et al., 2007). Ding et al. (2014a,b) found that Geotrichum sp. dwc-1 (5 g/L) had a good scavenging effect on thorium
(Kd as high as 0.93 mL/mg). Hansen et al. (2006) found that the
maximum adsorption capacities of As(V) on Lessonia nigrescens was
45.2 mg/g at pH ¼ 2.5. However, to the authors’ knowledge, few
studies regarding the simultaneous adsorption of U(VI) and As(V)
on fungi are available nowadays.
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Radionuclides and heavy metals have strong oxidative properties. Therefore, radionuclides and heavy metals ions can produce
large amounts of reactive oxygen species when they enter the cell
rrez, 2009; Zhu et al., 2016), which destroys
(Baldrian, 2003; Gutie
different kinds of biomolecules, and even can lead to cell death. To
avoid the negative effects of reactive oxygen species, fungi have
evolved an antioxidative defense mechanism consisting of nonenzymatic/enzymatic components such as oxalic, citric acid
 et al., 2016; Martin et al., 2012),
(Arwidsson et al., 2010; Boriova
superoxide dismutases (SOD) and catalase (CAT) (Xu et al., 2011;
Schneider et al., 2017), as well as thiol compounds (e.g., non-protein
thiols (NP-SH) and protein thiols (PB-SH)) (Xu et al., 2014, 2017).
Among these chelating compounds, oxalic acid and citric acid as
two major secretions produced by fungi can ﬁx, stabilize and
€kela
€ et al., 2010; Va
zquez-Campos et al.,
detoxify heavy metals (Ma
2015; Wei et al., 2012; Xu et al., 2015). In addition, oxalic and citric
acids produced from fungi as the leaching agent can increase efﬁciency of U extraction (Desouky et al., 2016; Wang et al., 2013).
Apart from chelation and co-precipitation, the fungal reduction of
U(VI) to uraninite (UO2) is usually considered to be a tactic for U(VI)
bioremediation (Wall and Krumholz, 2006; Wu et al., 2006, 2007).
However, these studies focused on fungal single sorption radionuclides or heavy metals.
Mucor circinelloides Tiegh., 1875 (M. circinelloides, as a typical
fungus) was used in this study due to its ubiquity in radionuclides'
contaminated soils. The objectives of this study were to (1) investigate the change of antioxidative capacity (SOD, CAT), thiol compounds (NP-SH and PB-SH), and organic acid (oxalic, citric acid) of
M. circinelloides under different U(VI) and As(V) stress by the batch
technique; (2) determine the interaction mechanism of U(VI) and
As(V) in M. circinelloides by X-ray absorption spectrometry (XAFS),
including X-ray absorption near edge structure (XANES) and
extended X-ray absorption ﬁne structure (EXAFS) spectra.
2. Materials and methods
2.1. Materials
The U(VI) and As(V) stock solution (0.1 M) was prepared from
uranium nitrate (UO2(NO3)2$6H2O, 99.99% purity, Sigma-Aldrich)
and sodium arsenate (Na2HAsO4$7H2O, 99.99% purity, SigmaAldrich) after dissolution and dilution with Milli-Q water, respectively. The standard of biogenic UO2 used in this study was synthesized according to Ulrich et al. (2008). The XAFS data of
UO2HAsO4$4H2O standard was derived from Troyer et al. (2014a,b).
Oxalic and citric acid (HPLC grade) standard was purchased from
Sigma-Aldrich Co. All other reagents (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) were used directly without further puriﬁcation in this study.
2.2. Cultivation of resistant fungus
Resistant fungus used in this study was earlier isolated from
radionuclide-contaminated soils, and resistant fungus was cultured
in Czapek-Dox medium (20 g sucrose, 2 g NaNO3, 0.7 g KH2PO4,
0.3 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4$7H2O, all dissolved in 1000 mL
distilled water) and identiﬁed as M. circinelloides using the molecular biology methods (Song et al., 2016a). The metal tolerance of
fungal communities was increased after exposure to metals,
resulting from the decrease of metal sensitive fungal population
and subsequent competition and high adaptation potential of surviving fungi (Gadd, 2010; Zhang et al., 2005). Cultivation of the
fungus was carried out in 250 mL Erlenmeyer ﬂasks with 100 mL
growth medium on a rotary shaker (SHZ-82A, Ronghua Instrument
Technology Co., Jin Tan City, China) at 200 rpm and 28  C. After 3
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days' cultivation, mycelia were harvested by centrifugation, washed
three times in deionized water and stored at 4  C for batch experiments. Besides, the dry weight of fungal biomass was determined
after drying at 70  C for 3 days.
2.3. Characterization
The morphologies of U(VI) and/or As(V) loaded M. circinelloides
were characterized by JSM-6320F Scanning Electron Microscope
(SEM, JEOL, Tokyo, Japan) and HT-7700 Transmission Electron Microscope with an energy dispersive X-ray analysis (EDX) (TEM,
Hitachi High-Technologies Co. Ltd., Tokyo, Japan). M. circinelloides
was inoculated on Czapek-Dox liquid medium in 250 mL Erlenmeyer ﬂasks at pH 5.5 containing 200 mM U(VI), 400 mM U(VI),
400 mM U(VI) and 200 mM As(V) (noted as U200, U400 and U400As200, respectively), the absence of U(VI) and As(V) was treated as
control, and fungal mycelia were collected after 3 days. Then, the
U(VI) and/or As(V)-loaded M. circinelloides were ﬁxed in 5%
glutaraldehyde at 4  C for 4 h, washed with 0.1 M phosphate buffer
and then dehydrated sequentially in 10, 30, 70, 90 and 100%
ethanol, ﬁnally critical-point-dried, gold-coated with stubs for SEM
analysis. Whereas, the samples for TEM were prepared by ﬁxing
sample into 5% glutaraldehyde for 3 h, then post-ﬁxing in 1.0%
osmium tetraoxide for 2 h and then by dehydrating it in a graded
ethanol series (50%e100%). Finally, mycelia were sectioned, and
stained for TEM analysis. U LIII-edge XANES and EXAFS spectra were
collected at Shanghai Synchrotron Radiation Facility (BL14W,
Shanghai, China). Electron storage ring energy and the maximum
storage beam current were 3.5 GeV and 210 mA, respectively. A
multi-element pixel high purity Ge solid-state detector was used to
collect the ﬂuorescence signal. The samples for XANES and EXAFS
spectra were followed: the Czapek-Dox liquid medium containing
different U(VI) and As(V) concentrations and mycelia were added
into 250 mL ﬂask bottles at 28  C for 3 days, and then fungal mycelia
and precipitations were collected by centrifuging and washing with
sterile deionized water. The detailed experimental conditions were
summarized in Table 1. The standard UO2 and UO2HAsO4$4H2O
were used as references for XAFS evaluation. The linear combination ﬁtting (LCF) was analyzed using SixPACK software (Stylo et al.,
2013; Troyer et al., 2014a), and the data of EXAFS were analyzed
using IFFEFIT 7.0 software (Sheng et al., 2016; Sun et al., 2014). The
coordination number (CN), interatomic distance (R), and
DebyeeWaller factor (s2) were allowed to ﬂoat as adjustable
parameters.
2.4. Batch immobilization experiments
The batch immobilization of U(VI) and As(V) by mycelia were
carried out under ambient conditions in triplicate. Brieﬂy, 0.6 g
fungal cells were slowly added to the 100 mL different

Table 1
Experimental conditions of fungi mycelia with different U(VI) and As(V)
concentrations.
Samples

U(VI) (mM)

U40
U400
As40
As400
U40-As40
U40-As200
U40-As400
U400-As40
U400-As200
U400-As400

40
400

40
40
40
400
400
400

As(V) (mM)

Culture time (h)

40
400
40
200
400
40
200
400

72
72
72
72
72
72
72
72
72
72

XAFS collected
✓

✓
✓
✓
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concentrations of U(VI) and As(V) in 250 mL Erlenmeyer ﬂasks to
determine the accumulation capacity of mycelia. The controlled
experiments were also conducted the same experimental condition
without U(VI) or As(V) solution. The suspensions were pH adjusted
to 5.5, and then were reacted for 72 h under stirring conditions.
After removal equilibrium, mycelia were collected by centrifugation
at 6000 rpm for 15 min. The content of U(VI) and/or As(V) was
analyzed with an inductively coupled plasma-atomic emission
spectroscopy (ICP-AES 300, Thermo Fisher Scientiﬁc, USA). The
detection limits were 0.5  106 M for U and 0.2  106 M for As.
The immobilization percentage and amounts of U(VI) and As(V)
were described as Eqns. (1) and (2), respectively:
Immobilization % ¼ (C0-Ce)  100% /C0

(1)

Q¼(C0-Ce)  V/m

(2)

Where C0 and Ce (mg/L) were initial and equilibrium concentrations, respectively. m and V were the mass of mycelia and volume of
suspension, respectively.
2.5. Estimation of fungal components
The estimation of fungal components under different culture
time (0e144 h) after U(VI) and As(V) exposure were performed at
T ¼ 301 K and pH ¼ 5.5. Brieﬂy, 2.0 g fresh mycelia were frozen
using liquid nitrogen and ground into powder, and then 10 mL of
extraction solution (50 mM sodium phosphate, 1% PVP, and 0.1 mM
EDTA) was added. After that, SOD activity was monitored by
measuring its ability to inhibit photochemical reduction of nitro
blue tetrazolium at 560 nm (Rico et al., 2013), and CAT activity was
assayed by measurement of the decrease of absorbance at 240 nm
(Zhang et al., 2016).
The NP-SH concentration was analyzed by UV2550 UVeVis
spectrophotometer (Shimadzu, Kyoto, Japan) at 412 nm, whereas
the concentration of PB-SH was obtained by the difference of total
thiols and NP-SH. For total thiols, 0.1 mL of above extracts were
mixed with 0.3 mL of 0.2 M Tris, and 0.02 mL of 0.01 M DTNB, and
then the mixtures were brought to 2.0 mL with absolute methanol
for 15 min. For NP-SH, 1 mL of fungal extracts were mixed with
0.8 mL deionized water and 0.2 mL of 50% trichloroacetic acid. Afterwards, the solution was mixed with 4 mL of 0.4 M Tris and 0.1 mL
of 0.01 M DTNB, and then was centrifuged it at 6000 rpm for 10 min
~es-Soares et al., 2007).
(Guimara
The concentrations of oxalic and citric acid were determined by
Agilent 1260 high-performance liquid chromatography (HPLC)
(Agilent Technologies Inc., California, USA) consisting of a G1314B
1260 VWD VL detector at 210 nm (Li et al., 2011). The mobile phase
was phosphoric acid (0.2% v/v). 2 mL of fungal supernatant was
collected at different time, and then was centrifuged at 6000 rpm
for 10 min. Oxalic and citric acid was identiﬁed by comparing the
retention time of each standard (Montiel-Rozas et al., 2016). Under
these conditions (e.g., a signal-to-noise ratio of 3), the detection
limits of this method were 2.0  107 M for oxalic acid and
1.0  107 M for citric acid. All tests were conducted in triplicate.

tests, respectively. Statistical signiﬁcances between groups were
evaluated by ANOVA with a Student-Newman-Keuls post-test (if
data fulﬁlled homoscedasticity) or Tamhane's T2 post-test (if data
did not fulﬁll homoscedasticity). A p-value < 0.05 between two
independent groups was considered to the statistically signiﬁcant
difference. In addition, the error bars (<5%) were provided in this
study.
3. Results and discussion
3.1. Morphological analysis
The morphologies of M. circinelloides before and after U(VI)/
As(V) immobilization were illustrated by SEM and TEM patterns.
Compared with raw fungal mycelia (Fig. 1a), the samples of U200
and U400-As200 displayed obviously more plump and less sporangium (Fig. 1b and c), while the cell wall of U400 seemed to be broken
and lesser sporangium, the most serious damage of M. circinelloides
(indication with red arrow) (Fig. 1d) (El-Sayed, 2015; Song et al.,
2016b). The less damage of M. circinelloides after addition of
400 mM U(VI) and 200 mM As(V) solution could be attributed to the
co-precipitation of As(V) and U(VI). General, the co-precipitates
were deposited of extracellular M. circinelloides, resulting in the
decrease of bioavailability. In order to further investigate the
changes of subcellular structure, the morphologies of
M. circinelloides under 400 mM U(VI) stress were conducted by TEM
patterns, and the absence of U(VI) was treated as control. As shown
in Fig. 1e and f, M. circinelloides after addition of U(VI) showed a
distorted cellular structure and a slightly compacted cell. The black
precipitates with a high electron density (indication with red arrow
in Fig. 1f) around the cell walls of M. circinelloides after U(VI)
exposure. The EDX spectra derived from electron-dense bodies
indicated that they were consisted of carbon, oxygen, phosphorus,
uranium and copper. The copper band was from the grid used to
support sections. Srivastava and Thakur (2006) demonstrated that
the intracellular electron-dense area of Aspergillus niger was
attributed to the penetration of chromate into the cell by TEM
observations. Liu and Kottke (2004) also found that excess Cu(II)
induced ultrastructural changes of Allium sativum L. such as strong
vacuolization, condensed nuclear chromatin, decreased endoplasmic reticulum and ribosome and serious plasmolysis.
3.2. Analysis of biomass weight
Fig. 2a shows the effect of U(VI)/As(V) concentration on biomass
weights of fungal mycelia under different culture time. The biomass
weight of fungal mycelia increased rapidly within 60 h, whereas the
biomass weight of U200, U400 and U400-As200 samples slightly
decreased after culture time more than 80 h. The biomass weights
of fungal mycelia in decreasing order were: U0, U200, U400-As200 and
U400 with signiﬁcant differences of U400-As200, and U400 versus U0
(p < 0.05). The biomass weight of U400-As200 was more lower than
that of U400, suggesting that the complex of U(VI) with As(V)
resulted in the decrease of damage for M. circinelloides (Brooks
et al., 2003).

2.6. Statistical analysis

3.3. Analysis of antioxidase activity

Statistical analysis was performed with the computer programs
of SPSS in version 19.0 (Statistical Package for Social Science, Inc., IL,
USA). The data obtained from at least three independent experiments were presented as means ± S.D. The fulﬁlment of the oneway analysis of variance (ANOVA) requirements, speciﬁcally the
normal distribution of the residuals and the homogeneity of variance, was tested by means of the ShapiroeWilk's and the Levene's

The SOD and CAT activity of M. circinelloides under different
culture time was shown in Fig. 3a and b, respectively. As shown in
Fig. 3a, the SOD activity increased gradually with increasing culture
time within 72 h, and then slight increase was observed after 72 h.
However, the CAT activity increased progressively with increasing
culture time. The activity of SOD and CAT in U400 were greater than
that of U0, U200 and U400-As200, and signiﬁcant differences were
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Fig. 1. Characterization of M. circinelloides with U(VI)/As(V) immobilization, (a)e(d): SEM images of U0, U200, U400-As200 and U400, (e) and (f): TEM images of U0 and U400,
respectively.

observed in U200, U400-As200, and U400 versus U0 (p < 0.05), which
was consistent with results of biomass weight. Xu et al. (2011)
found that SOD and CAT activities in Agaricus bisporus were
signiﬁcantly increased after long-term exposure to heavy metals
such as Cd(II), Pb(II) and Cu(II). Yin et al. (2016) also demonstrated
that SOD could partially limit the formation of Ag nanoparticles by
F. oxysporum, demonstrating the critical role of superoxide in the
reduction of silver. Besides, Cu-induced oxidative stress increased
the activity of SOD and CAT in arbuscular mycorrhizal, resulting in
the decrease of oxidative damage to lipids (Azevedo et al., 2007).

3.4. Analysis of thiol compounds
Fig. 4a and b shows the effect of U(VI)/As(V) concentration on
levels of NP-SH and PB-SH under different culture time, respectively. The concentrations of NP-SH and PB-SH for U200, U400-As200
and U400 were distinctly higher than that of U0 with signiﬁcant
differences (p < 0.05). Within exposure of 72 h, the concentrations
of NP-SH and PB-SH increased rapidly with increasing culture time,
whereas NP-SH and PB-SH contents decreased slowly after 72 h
exposure. The main mechanisms of metal detoxiﬁcation appear to
involve the chelation of metal ions in the cytosol with thiolcontaining compounds. Thiol-containing compounds are divided
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Fig. 2. a: effect of U(VI) and/or As(V) concentration on biomass weights of fungal mycelia under different culture time, T ¼ 301 K and pH ¼ 5.5. The normality and homoscedasticity
of the data were veriﬁed using the Shapiro-Wilk and Levene's tests, and the homoscedastic data were analyzed by ANOVA with Student Newman-Keuls, *: p < 0.05, **: p < 0.01
versus the control. b: Bioaccumulation of U(VI) and As(V) on fungi mycelia under different U(VI)/As(V) concentrations, T ¼ 301 K and pH ¼ 5.5. Data represent the means ± SD of
three independent experiments. *: p < 0.05, **: p < 0.01 versus U40, #: p < 0.05, ##: p < 0.01 versus As40, by ANOVA, Student Newman-Keuls.

Fig. 3. Effect of U(VI)/As(V) concentration on the concentrations of SOD (a) and CAT (b) under different culture time. T ¼ 301 K and pH ¼ 5.5. The normality and homoscedasticity of
the data were veriﬁed using the Shapiro-Wilk and Levene's tests, and the heteroscedastic data with Tamhane's T2, *: p < 0.05, **: p < 0.01 versus the control.

Fig. 4. Effect of U(VI)/As(V) concentration on the concentrations of NP-SH (a) and PB-SH (b) under different culture time, T ¼ 301 K and pH ¼ 5.5. The normality and homoscedasticity of the data were veriﬁed using the Shapiro-Wilk and Levene's tests, and the homoscedastic data were analyzed by ANOVA with Student Newman-Keuls, *: p < 0.05, **:
p < 0.01 versus the control.

into non-protein thiols (NP-SH) and protein thiols (PB-SH) according to the molecular weight and combination. PB-SH is thiol on
the protein, whereas NP-SH is free thiol compounds in cell such as
glutathione, phytochelatins, or metallothioneins. The increase of
intracellular thiol compounds was a protection mechanism of
M. circinelloides to deal with the hazards of U(VI)/As(V) (Song et al.,

2016b). The detoxiﬁcation of U(VI) by M. circinelloides may be
partially mediated by thiol coordination to decrease metabolic
processes damage (Zhan et al., 2015). Certainly, indications of
harmful effects of U(VI)/As(V) exposure was related to the microscopy (seemingly damaged fungi), SOD and CAT activity (possibly
indicating stress) and the highest reduction in biomass. Li et al.
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(2015) also demonstrated that the thiol compounds of
P. chrysosporium presented an extracellular defense for Pb(II) due to
the coordination of Pb(II) with -SH groups of thiol compounds,
resulting in the decrease of damage during metabolic processes (Li
et al., 2015). Therefore, the concentrations of NP-SH and PB-SH
signiﬁcantly increased with increasing U(VI) concentration to
enhance extracellular defense for U(VI) (Zhan et al., 2015). However, the decreased concentrations of NP-SH and PB-SH after
addition of As(V) could be ascribed to the formation of uranylarsenic co-precipitates, resulting in the decrease of the free available U(VI) concentration. NP-SH and PB-SH could take part in
reduction of U(VI) to U(IV) due to its strong reducibility (Song et al.,
2016b). Generally, the higher constitutive levels of heavy metals
leads to the higher production capacity of thiol compounds,
resulting in the more rapid response when exposed to heavy metals
~es-Soares et al., 2007).
(Guimara
3.5. Analysis of organic acids
Fig. 5a and b showed the effect of U(VI)/As(V) concentration on
the oxalic and citric acid, respectively. The concentrations of oxalic
and citric acids slightly increased within 24 h exposure, and then a
signiﬁcant increase of oxalic and citric acids was observed after 24 h
exposure. The concentrations of citric and oxalic acids in U400 were
signiﬁcantly higher than that of U0, U200 and U400-As200 with signiﬁcant differences of U400-As200, and U400 versus U0 (p < 0.05),
suggesting that organic acids played a great role in bioaccumulation
of U(VI) and As(V). These organic acids could be used as electron
donor and/or acceptor to facilitate the reduction of U(VI) to U(IV)
(e.g., nano-UO2(s)) in the absence of As(V). The addition of As(V)
decreased generation of organic acid, suggesting the formation of
uranyl arsenate precipitates. Wall and Krumholz (2006) determined Cd(II)-oxalate complex in Phanerochaete chrysosporium. Gra˛ z
et al. also demonstrated an increase of oxalic acid in Abortiporus
biennis and Bjerkandera fumosa under heavy metals stress (Gra˛ z
et al., 2009; Gra˛ z and Jarosz-Wilkołazka, 2011). Therefore, these
organic acids produced from fungi signiﬁcantly inﬂuenced the
mobilization of U(VI) and As(V) due to the formation of metal
complexes (Arwidsson et al., 2010). Ding et al. (2014a,b) also
showed that the extraction of Pb, Cd, Zn and Cu from the acid mine
soil in the presence of organic acids (acetic, oxalic, malic, fumaric,
tartaric and citric acids) at pH 7 was much higher than that
extraction amount from the alkaline mine soil. Compared to oxalic
acid, citric acid at high concentration was capable of extracting
these heavy metals due to the strong ability with heavy metals. Xu
et al. demonstrated that the addition of oxalic acid alleviated the
toxicity of Cd and increased its bioavailability (Xu et al., 2015).
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3.6. Enhanced U(VI) immobilization by As(V)
Fig. 2b shows the bioaccumulation of U(VI)/As(V) on
M. circinelloides under the different U(VI)/As(V) conditions. For the
single-solute system, the bioaccumulation of U(VI)/As(V) signiﬁcantly decreased with increasing U(VI)/As(V) concentration. For
example, approximate 100% of U(VI) and 90% of As(V) were accumulated on the surface of fungi mycelia at low concentrations
(40 mM), whereas ~ 80% of U(VI) and 70% of As(V) were accumulated at high initial concentrations (400 mM). For the U-As system,
bioaccumulation of As(V) decreased from 99% (U40-As40) to 86%
(U40-As400) as the increase of As(V) dosage, whereas approximate
100% of U(VI) was still accumulated on the surface of fungi mycelia
at low U(VI) concentrations (40 mM). At high initial U(VI) concentration (400 mM), the bioaccumulation of U(VI) increased with
increasing As(V) concentration, whereas the decrease of As(V)
bioaccumulation was observed. It was noted that the decreased
extent of As(V) at U-As system (90% and 95% for U40-As400 and
U400-As400, respectively) was signiﬁcantly lower than that of single
As system (70% for As400), which indicated that U(VI) also enhanced
As(V) bioaccumulation on surface of fungi mycelia. In addition, the
bioaccumulation of U(VI) in the presence of As(V) was not inﬂuenced by their speciation. As shown in Fig. S1 of SI, the main U(VI)
2
and As(V) speciation at pH < 5.5 was UO2þ
2 and H2AsO4 species,
respectively. The pH values during the growth medium of the
mycelia were less than 5.5 (Fig. S2). Therefore, the main species of
U(VI) and As(V) during the growth medium of the mycelia were
2
UO2þ
2 and H2AsO4 species, respectively.
3.7. XANES and EXAFS analysis
U LIII-edge XANES spectra of standard (UO2 and UO2HAsO4$4H2O) and U-containing samples (U400, U400-As40, U400-As200
and U400-As400) were presented in Fig. 6a. The absorption edge
energies at 17175 eV and 17178 eV corresponded to nano-UO2 and
UO2HAsO4$4H2O standards, respectively (Blake et al., 2015; Ding
et al., 2015; O'Loughlin et al., 2010; Sun et al., 2016; Troyer et al.,
2014b). It was observed that adsorption-edge energies of U400
were very close to nano-UO2 reference, indicating that the accumulated U(VI) was reduced to U(IV) by thiol compounds produced
from the fungi at high U(VI) concentrations. However, the
adsorption edges of U400-As40, U400-As200 and U400-As400 were
shifted to the high energy with increasing As(V) concentrations,
revealing that speciation of uranium in fungal mycelia was transformed with the increase of As(V) dosage. The adsorption energy of
U400-As400 was consistent with UO2HAsO4$4H2O standards, indicating
the
formation
of
uranyl-arsenate
precipitate

Fig. 5. Effect of U(VI)/As(V) concentration on the concentrations of oxalic acid (a) and citric acid (b) under different culture time, T ¼ 301 K and pH ¼ 5.5. The normality and
homoscedasticity of the data were veriﬁed using the Shapiro-Wilk and Levene's tests, and the heteroscedastic data with Tamhane's T2, *: p < 0.05, **: p < 0.01 versus the control.
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Fig. 6. Uranium LIII-edge XANES (a) and EXAFS (b) spectra of U(VI) bioaccumulation in M. circinelloides at different groups, Solid and dash lines represent experimental spectra and
spectral ﬁts, respectively.

(UO2HAsO4$4H2O) under the high U(VI) and As(V) concentration.
Table 2 summarized the contents of nano-UO2, U(VI) accumulated
to biomass, and UO2HAsO4$4H2O in U400, U400-As40, U400-As200 and
U400-As400 samples calculated from LCF method. For U400,
approximate 30% nano-UO2 and 70% U(VI) were accumulated on
surface of fungi mycelia, whereas only 9.7% of nano-UO2 was
observed for U400-As400 (Table 2), suggesting that the addition of
As(V) inhibited the reduction of U(VI) to U(IV) by M. circinelloides.
However, the amount of UO2HAsO4$4H2O was increased with
increasing As(V) dosage. For instance, 10.1 and 48.6% of UO2HAsO4$4H2O were generated for U400-As40 and U400-As400, respectively (Table 2).
Fig. 6b shows the U LIII-edge EXAFS data of U400, U400-As40, U400As200 and U400-As400, and the ﬁtted structural parameters (CN, R,
and s2) were listed in Table 3. As shown in Fig. 6b, the different RSFs
suggested the U in mycelia of M. circinelloides with different coordination structures. The ﬁrst peak in the EXAFS spectra can be ﬁtted
by 2 axial oxygen atoms (U-Oax) at an atomic distance of ~1.8 Å.
Then, the second peak represented equatorial oxygen atoms (UOeq) at a distance of 2.32~2.36 Å. The different amount of Oeq (from
2 to 7) revealed the different interaction mechanism (BernierLatmani et al., 2010; Burns, 2005). For U400, the third peaks can
be ﬁtted by U-C shell at ~2.88 Å, which indicated U(VI) was also
coordinated to carbon-containing functional groups (Sun et al.,

Table 2
Contents of various uranium species for U400, U400-As40, U400-As200 and U400-As400
calculated from linear-combination ﬁtting.
Samples

Nano-UO2 (%)

Adsorbed U(VI) (%)

€gerite (%)
Tro

R factor

U400
U400-As40
U400-As200
U400-As400

30.1
24.2
16
9.7

69.9
65.7
55.1
41.7

0
10.1
28.9
48.6

0.0012056
0.0003448
0.0001448
0.0005168

a

The normalized sum of the difference between the model and the ﬁt.

a

Table 3
Uranium LIII-edge EXAFS spectra for U(VI) accumulation by M. circinelloides at
different As(V) conditions.
Samples

Shell

R(Å)

U400

UeOax
UeOeq
U-C
UeU
UeOax
UeOeq
U-As
UeU
UeOax
UeOeq
U-As
UeU
UeOax
UeOeq
U-As
UeU

1.88
2.32
2.88
3.94
1.90
2.34
3.68
3.89
1.82
2.35
3.69
3.92
1.79
2.36
3.68
4.01

U400-As40

U400-As200

U400-As400

a
b
c

a

CN

b

2.04
7.05
1.10
9.67
2.04
5.87
1.90
5.12
2.02
5.10
2.70
4.70
2.01
6.12
3.60
2.65

s2 (Å2) c
0.025
0.009
0.025
0.009
0.025
0.009
0.008
0.008
0.006
0.007
0.005
0.006
0.006
0.041
0.005
0.016

R is the bond distance.
CN is coordination numbers of neighbors.
s2 is the Debye-Waller.

2016). The batch experiments showed that the concentration of
organic acids produced by fungus was responsible for binding U(VI)
and As(V). Lovley and Gorby (1992) demonstrated that a moderately acidophilic fungus (i.e., Coniochaeta fodinicola) effectively
removed uranium from aqueous solution. For U400-As400, a strong
peak can be ﬁtted by U-As shell at ~3.68 Å, which was similar to the
U-As shell of UO2HAsO4$4H2O (Troyer et al., 2014a,b). Analogously,
it was demonstrated that U(VI) and As(V) can generate UAs precipitates (UO2HAsO4$4H2O) on metal oxides (Tang et al., 2009;
Troyer et al., 2014a,b). The four peak at ~3.94 Å can be ﬁtted by UU
distance of U(IV)O2(s), indicating that adsorbed U(VI) was partly
reduced to U(IV) in higher U(VI) dosage (Bernier-Latmani et al.,
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2010; Sun et al., 2016). The speciation of uranium in fungi mycelia
by EXAFS analysis was consistent with XANES results. Bioreduction of U(VI) to U(IV) by microorganisms play a key role in
controlling the immobilization and fate of U in surface sediments
(Bernier-Latmani et al., 2010). Therefore, the biosynthesis of thiol
compounds (NP-SH and PB-SH), the activation of antioxidant enzymes (SOD and CAT) and secretion of organic acids induced in
M. circinelloides played a considerable role in responses to U(VI) and
As(V) detoxiﬁcation.
4. Conclusions
M. circinelloides isolated from radionuclides' contaminated soils
displayed particular resistance to U(VI) and As(V) at low and
middle-concentrations, moreover the enhanced immobilization of
U(VI) on fungi mycelia was observed after addition of As(V). M.
circinelloides dealing with U(VI) and As(V) stress was mainly
attributed to the biosynthesis of thiol compounds (NP-SH and PBSH), the activation of antioxidant enzymes (SOD and CAT), and
secretion of organic acids (oxalic and citric acid). The results from
XANES and EXAFS analysis indicated that U(VI) was mainly reduced
to nano-uraninite (nano-UO2), while As(V) hindered U(VI) reduction due to the formation of uranyl arsenate precipitate. These results are crucial for further understanding the transportation and
fate of radionuclides and heavy metals on fungi in environmental
cleanup.
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