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was the main soluble species, and strain ANA-3 dominated As mobilization. The impact
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of ANA-3 was weakened by MR-1, probably due to the survival competition between these
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two bacteria. The results of micro X-ray fluorescence and X-ray photoelectron spectroscopy
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analyses further reveal the pathway for ANA-3 to enhance As mobility. Strain ANA-3 almost
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reduced 100% surface-bound Fe(III), and consequently led to As(V) release. The dissolved
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As(V) was then reduced to As(III) by ANA-3. The results of this study help to understand the

the presence of Shewanella sp. ANA-3 and MR-1. The incubation results show that As(III)

fate of arsenic in the subsurface and highlight the importance of the safe disposal of high
As-containing industrial waste.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Arsenic (As) contamination threatens human health
(Smith et al., 2002; Cui et al., 2013; Thomas and Bradham, 2016; Liu et al., 2020). The ever-increasing mining and
industrial activities have become an important source of As
pollution (Tian et al., 2015; Ye et al., 2017; Qiu et al., 2019).
Industrial wastewater containing high concentrations of
As is usually treated with iron-based materials, resulting
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in high As-containing solid waste residues (Li et al., 2017;
Sekula et al., 2018; Xu et al., 2020). The As-containing residue
may induce the secondary As pollution if not properly treated
and disposed.
The mobilization of As was mainly driven by microorganisms (Tian et al., 2015; Ye et al., 2017). Many indigenous microbes carry As resistance genes to deal with As threat, including Shewanella spp. (Páezespino et al., 2009; Garbinski et al.,
2019). In the highly As-contaminated environment, Shewanella
spp. with high As-resistant ability are widespread (Bunin
et al., 2020; Suhadolnik et al., 2017Suhadolnik et al., 2017).
Specifically, strain ANA-3 is the first Shewanella sp. that found
with genes encoding respiratory arsenate reductase (Arr)
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(Saltikov and Newman, 2003; Islam et al., 2004; Glasser et al.,
2018). On the other hand, strain MR-1 is a typical Shewanella
sp. without arr gene but able to enhance As release by reductive dissolution of As-bearing Fe(III) oxides (Jiang et al., 2013;
Tian et al., 2015).
The effect of individual ANA-3 or MR-1 on As mobility has
been extensively studied (Fendorf et al., 2010; Cutting et al.,
2012; Kudo et al., 2013; Tian et al., 2015; Zhang et al., 2016). Nevertheless, the co-existence of Shewanella spp. is common in the
As contaminated environment. However, limited knowledge
is available on the fate of As in the co-existing of ANA-3 and
MR-1. It remains unknown, which bacterium, ANA-3 or MR-1,
dominates As mobility in the subsurface.
The purpose of this study was to explore the As biotransformation in the industrial waste residue in the coexistence
of Shewanella sp. ANA-3 and MR-1. Multiple complementary
techniques including synchrontron-based micro-beam X-ray
fluorescence (μ-XRF) analysis and X-ray photoelectron spectroscopy (XPS) were employed to analyze the changes in As
and Fe speciation. The results help in understanding the fate
of As in the presence of Shewanella spp. and evaluating the potential risks of industrial waste residue.

1.

Materials and methods

1.1.

Waste residue sampling and bacteria strains

The waste residue was collected in a smelting company, and it
was produced while iron salts were used to adsorb As during
the wastewater treatment. To determine different metal contents of waste residue, the solid residue was freeze-dried and
then digested with a microwave digestion (MARS, CEM Corporation, USA) (Cui et al., 2015).
Shewanella sp. ANA-3 and Shewanella oneidensis MR-1 were
employed in this study. Luria-Bertani (LB) broth was used
for bacterial activation and mineral salts medium (MSM)
(Wang et al., 2018) was used in the incubation experiments.
The components of the LB media and MSM media are detailed
in the supporting material (SM). The incubation experiments
were conducted in an anaerobic glovebox (100% N2 ).

1.2.
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through a sterile 0.22-μm membrane in a glovebox. About 0.5
mL filtered sample was immediately frozen by liquid nitrogen
and stored at -80°C for As speciation analysis. The remaining
filtered sample was used to determine the concentrations of
total As, Fe(II) and total Fe. At the end of the incubation, the
solids were collected by centrifugation at 12,000× g for 10 min
and washed with autoclaved deionized water for three times.
Finally, the solids were freeze-dried for μ-XRF and XPS analysis.

1.3.

Characterization

Soluble speciation. The dissolved arsenate [As(V)] and arsenite [As(III)] concentrations were detected by high-performance
liquid chromatography coupled with atomic fluorescence
spectrometry (HPLC-AFS, Jitian, China), and the detection limits were 1.7 μg/L for As(V) and 0.7 μg/L for As(III) (Ye et al.,
2017). The dissolved ferrous ion (Fe(II)) concentration was
quantified by the colorimetric 1,10-phenanthroline method
(Clesceri et al., 1989). Total Fe and other metals concentrations
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer, USA).
μ-XRF analysis. The μ-XRF mapping was collected at beamline 15U at Shanghai Synchrotron Radiation Facility (SSRF),
China. The solid samples after incubation were deposited onto
a strip of Kapton tape for analysis. The μ-XRF mapping of the
distribution of Fe and As were collected at 14 keV. The step size
was 3 μm and the dwell time per pixel was adjusted to 1.0 sec.
The data processing was similar to that used in our previous
study (Ye et al., 2017).
XPS analysis. XPS data were collected to an AXIS SUPRA
by Kratos Analytical with an Al Ka X-ray radiation at 1486.8
eV. The ESCApe software package was used for the data processing and peak fitting. C 1s peak at 284.8 eV was used for
calibration (Yan et al., 2020).

1.4.

Statistical analysis

The software IBM SPSS Statistics, version 20.0, was used to perform the statistical analysis. Correlation analysis between dissolved As and Fe concentrations was performed. Significance
was accepted when p < 0.05.

Incubation experiments

ANA-3 and MR-1 strains (5% (V/V)) were activated separately
in the LB broth aerobically at 30°C, incubator shaking at 150
r/min to the logarithmic phase (Tian et al., 2015). Then, the
strains were harvested by centrifugation at 6000× g for 5 min
(Thermo scientific, USA), and then washed twice by the fresh
MSM in the anaerobic glovebox. Finally, ANA-3 and MR-1 were
inoculated (2% (V/V)) separately into the 100 mL MSM containing 2.0 g sterile waste residue. The samples were named as
ANA-3 and MR-1 for their corresponding system, and as Mix
for simultaneously inoculation with ANA-3 and MR-1 strains
(respectively 1% (V/V)). The control system was carried out following the same procedure as the incubation systems without
the bacterial inoculation. All experiments were conducted in
triplicate (n = 3).
To analyze dissolved As and Fe species, a 2 mL of sample was taken periodically with a sterile syringe and filtered

2.

Results and discussion

2.1.

Mobility and transformation of As

The metal contents in the waste residue were determined by
microwave digestion and the results are shown in Appendix
A Table S1. Total Fe and As contents were 346.59 ± 8.96 and
1.66 ± 0.02 mg/g, respectively. The concentration of As in this
waste residue was over 33 times than the Chinese national
standard of 40 mg/kg (GB 15618-2018), suggesting the high potential As pollution.
During the 220-hr anaerobic incubation, the total soluble As concentration slightly increased from 0.04 ± 0.02 to
0.16 ± 0.01 mg/L in the Control (n = 3, Fig. 1). At the end of
incubation, only 0.12 ± 0.007 mg/L As(V) (0.36% of the total
dissolved and solid-bound As) and 0.04 ± 0.007 mg/L As(III)
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Fig. 1 – Changes of total dissolved As as a function of
incubation time in the Control, ANA-3, MR-1, and Mix
(co-existing strain ANA-3 and MR-1) systems. Error bars
indicate the standard deviations of three replicates.

(0.12% of the total dissolved and solid-bound As) were released
from the Control (n = 3, Fig. 2a). The total soluble As concentration was up to about 0.40 ± 0.006 mg/L in the ANA-3 system,
around triple more than that in the Control (n = 3, Fig. 1), indicating that ANA-3 enhanced As release. Compared with the
dissolved As(V) in Control, As(III) was the main soluble species
in the ANA-3 system (Fig. 2b), suggesting that ANA-3 reduced

soluble As(V) to As(III), consistent with its strong As(V) reduction capacity (Tufano et al., 2008).
To examine the effect of Shewanella oneidensis MR-1 on As
transformation, strain MR-1 was incubated with the sterile
raw waste residue. Negligible difference was detected in the
total As concentration between the MR-1 and Control systems,
as evidenced by 0.19 ± 0.004 mg/L As in the MR-1 system and
0.15 ± 0.01 mg/L As in the Control (n = 3, Fig. 1). As(III) concentration (about 0.04 mg/L) in the MR-1 system was close to that
in the Control (about 0.04 mg/L) before 164 hr (Fig. 2c). After
164 hr, As(III) concentration slightly increased to 0.08 ± 0.005
mg/L whereas As(V) concentration decreased to 0.04 ± 0.01
mg/L, which may be attributed to the re-uptake of As(V) and
relase of As(III) (n = 3, Fig. 2c). This adsorption-desorption process may be mediated by the metabolite during the death of
MR-1, since the time after 164 h corresponded to the period
of cell decay. Nevertheless, the slight change of soluble As
species in the MR-1 system made minor contribution on As
release, as evidenced by the relatively steady soluble As concentration (Fig. 1).
To explore the effect of co-existing Shewanella sp. ANA3 and MR-1 strains on the transformation of As, we cocultured ANA-3 and MR-1 strains as Mix system. The total As concentration was nearly 0.33 ± 0.01 mg/L (n = 3,
Fig. 1), and As(III) concentration increased from 0.02 ± 0.001
to 0.30 ± 0.004 mg/L whereas As(V) concentration remained
0.04 ± 0.01 mg/L in the Mix system (n = 3, Fig. 2d). The trend
was similar to that in the ANA-3 system, indicating that strain
ANA-3 dominated the As(V) reduction and As release in the
co-existing environment. The dominance of ANA-3 may be

Fig. 2 – Changes of dissolved As(V) and As(III) as a function of incubation time in the (a) Control, (b) ANA-3, (c) MR-1, and (d)
Mix systems. Error bars indicate the standard deviations of three replicates.

journal of environmental sciences 118 (2022) 14–20

17

Fig. 3 – Changes of dissolved (a) Fe(II) and (c) total Fe as a function of incubation time in the Control, ANA-3, MR-1, and Mix
systems. Error bars indicate the standard deviations of three replicates. The Pearson’s correlation was analyzed between
total dissolved As and Fe(II) (b), total dissolved As and Fe (d).

due to its higher As-resistance of ANA-3 than MR-1. Strain
ANA-3 contains complete arsenic resistance genes, such as
arsD, arsA, arsB, arsC, arrAB (Saltikov et al., 2003; Silver and
Phung, 2005; Tufano et al., 2008; Malasarn et al., 2008), while
strain MR-1 has only two arsenic resistance genes, arsC and
arsR (Heidelberg et al., 2002; Saltikov et al., 2003; Achour et al.,
2007). Interestingly, the concentrations of total As and As(III)
in the Mix were both lower than that in the single ANA-3 system (Fig. 1 and 2), suggesting that MR-1 weakened the effect
of ANA-3 on the As biotransformation. This inhibiting effect
may be due to the survival competition between the two bacteria for essential substance for cell growth (e.g. organic carbon, vitamin, and trace elements) in the coexistence environment (Weisener et al., 2011; Samantha et al., 2013).

2.2.

Fe(III) reductive dissolution

To understand the effect of transformation of Fe species on the
As biotransformation, the dissolved total Fe and Fe(II) concentrations were detected and the results are shown in Fig. 3. In
the Control system, the concentrations of dissolved Fe(II) and
total Fe reached about 0.05 ± 0.01 mg/L and 0.20 ± 0.01 mg/L,
respectively (n = 3, Fig. 3a and c). Compared with the Control,

more Fe was released in the ANA-3 system and the total Fe
concentrations reached up to 2.95 ± 0.20 mg/L with the main
species as Fe(II) (78% at 168 hr) (n = 3, Fig. 3a and c). Fe release
was likely due to the disaggregation of minerals in the residue
mediated by ANA-3 colonization and physical penetration
into the mineral surface (Tufano and Fendorf, 2008). The dissolution of Fe(II) was due to the electron transfer from ANA-3 to
Fe(III) oxides (Saltikov et al., 2003). Surprisingly, strain MR-1, as
a Fe(III) reducer, neither reduced Fe(III) nor promoted Fe dissolution, as evidenced by the relatively constant concentration
of dissolved Fe(II) (0.07 ± 0.02 mg/L) and total Fe (0.24 ± 0.03
mg/L) (n = 3, Fig. 3a and c). The incapability of Fe(III) reduction
by MR-1 may be due to its low resistance to the high As (1.66
mg/g) in the waste residue. The low resistance is attributed
to the lack of arsenic resistance genes including arsD, arsA,
arsB in MR-1 (Heidelberg et al., 2002). In contrast, the higher
As resistance of ANA-3 helped it more adaptable to the toxic
residue (Saltikov et al., 2003), therefore, the Fe(II) concentration in the ANA-3 system was over twice higher than that in
the MR-1 system.
The Fe(III) reduction by ANA-3 was inhibited by MR-1. In detail, the maximum concentrations of Fe(II) and total dissolved
Fe reached up to 0.75 ± 0.14 mg/L and 1.03 ± 0.30 mg/L in
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Fig. 4 – Synchrotron μ-XRF (micro X-ray fluorescence spectra) show the distribution of Fe (a, c, e, g) and As (b, d, f, h) in the
Control, ANA-3, MR-1, and Mix systems. Pearson’s correlation between the intensities of As and Fe (i, j, k, m) were also
analyzed.

the Mix and ANA-3 systems, respectively (n = 3, Fig. 3a and
c). The Fe(II) concentrations (0.74 ± 0.14 mg/L) decreased substantially about three times compared with that (1.98 ± 0.06
mg/L) in the ANA-3 system (t-test, p = 0.025), suggesting that
Fe(III) reduction was inhibited in the Mix system. Consistent
with the weakened As(V) reduction in the Mix, the inhibition
of Fe(III) reduction may also result from the survival competition between the two strains (Fig. 2b and d).

The significant correlation between the dissolved As and
Fe was due to the strong affinity of As to Fe in the solid. The
micro-distribution of As and Fe was explored by μ-XRF and
the results were shown in Fig. 4. The results show that the
intensities of As and Fe signals were positively correlated in
the four systems (p < 0.001), confirming that As was associated
with Fe in the waste residue.

2.4.
2.3.

Significant correlation between As and Fe

Correlation analysis was conducted to explore the relationship between As release and Fe dissolutio. The results show
that no correlation (p = 0.60) was observed between As and
Fe(II) in the Control and MR-1 system (Fig. 3b). In contrast, the
As release was significantly correlated with Fe concentration
in the ANA-3 (p = 0.01) and Mix system (p = 0.04). This significant correlation indicates that As mobilization by ANA-3 was
due to the reductive dissolution of iron minerals, consistent
with the occurrence of groundwater As in geological diagenetic areas (Fendorf et al., 2010). Previous studies about ANA-3
usually focused on the effect of As(V) reduction, and our study
suggests that the effect of Fe(III) reductive dissolution by ANA3 deserves more attention.

Surface-bound Fe(III) reduction and As release

X-ray photoelectron spectroscopy (XPS) was used to explore
the transformation of As and Fe speciation in the solids, and
the results are shown in Fig. 5 and Table S2. Compared with
63% Fe(II) in the Control sample, the ratio of Fe(II) increased
slightly to 76% in the MR-1 system (Appendix A Table S2), suggesting the minor reduction of surface-bound Fe(III) by MR1. In contrast, about 100% Fe(II) was observed in the ANA-3
and Mix system, suggesting that ANA-3 almost reduced 100%
surface-bound Fe(III) to Fe(II) (Fig. 5b).
Four peaks at 42.2, 42.9, 43.8 and 44.5 eV were observed
in the As 3d XPS spectra, corresponding to the component of
As(III) (42.2 and 43.8 eV) and As(V) (42.9 and 44.5 eV), respectively (Fig. 5a). The ratios of surface-bound As(V) in the ANA-3
system (59%) and Mix system (54%) were slightly higher than
that in the Control (36%) (Appendix A Table S2). In contrast

journal of environmental sciences 118 (2022) 14–20

19

Fig. 5 – (a-d) As 3d, (e-h) Fe 2p XPS (X-ray photoelectron spectroscopy) spectra for the solid samples in the Control, ANA-3,
MR-1, and Mix systems. The components of peak fitting in As spectra were corresponded to As(III) (42.2 eV and 43.8 eV) and
As(V) (42.9 eV and 44.5 eV). The components of peak fitting in Fe spectra were corresponded to Fe(III) (713.7 eV and 726.8
eV) and Fe(II) (710.2 eV and 723.3 eV).

to the minor increase of As(III) in solid phase, released As(V)
was almost totally reduced to As(III) by ANA-3. This difference
suggests that ANA-3 may prefer to reduce soluble As(V) rather
than adsorbed As(V). It is understandable because ArrA reductase locates in the cytoplasm of ANA-3, and can only reduce the As(V) entering in the cells, not the solid-bound As(V)
outside the cells (Saltikov et al., 2003; Saltikov and Newman,
2003).
According to the results, the pathway for ANA-3 to enhance As release is depicted. First, ANA-3 reduced the Fe(III)
on the surface of iron-bearing minerals, leading to Fe(II) release. Meanwhile, the adsorbed As(V) was also released due
to its affinity for iron phase. Finally, ANA-3 reduced dissolved
As(V) to As(III), resulting in As release.

3.

Conclusions

Shewanella spp. are widely distributed in As contaminated environment, and the effect of individual strain with on As(V)
or Fe(III) reducing ability on As mobility has been extensively
studied. In fact, Shewanella spp. with As(V) or Fe(III) reducing
ability bacteria always coexist in natural environments, but
limited knowledge was available about their distinct effect on
the biotransformation As.
This study explored the fate of arsenic in waste residue in
the presence of Shewanella sp. ANA-3 with the additional respiratory arsenate reductase (ArrAB) and MR-1 with only Fe(III)
reduction ability, and the results suggest that strain ANA3 dominated the mobilization of arsenic and As(III) was the
main soluble species. The presence of MR-1 weakened the impact of strain ANA-3 on the mobility of As due to the survival
competition between the two strains.

The pathway of As release mediated by ANA-3 was proposed. First, ANA-3 reduced the surface Fe(III) to Fe(II), resulting in the As(V) release, and finally soluble As(V) was reduced
to As(III) by ANA-3. The formation of mobile As(III) further enhanced As release from the solid phase to the water. The results of this study highlights the important role of As(V) reducing bacteria in the mobility of As. Especially in high-As polluted environment, instead of Fe(III) reducers, As(V) reducing
bacteria may be the main factor enhancing As release.
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