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A B S T R A C T

Organic matter (OM) was proved to have a high affinity for arsenic (As) in the presence of ferric iron (Fe(III)),
the formed ternary complex OM-Fe(III)-As(V) were frequently studied before; however, the mobilization and
transformation of As from OM-Fe(III)-As(V) in the presence of As(V)-reducing bacteria remains unclear. Two
different strains (Desulfitobacterium sp. DJ-3, Exiguobacterium sp. DJ-4) were incubated with OM-Fe(III)-As(V) to
assess the biotransformation of As and Fe. Results showed that Desulfitobacterium sp. DJ-3 could substantially
stimulate the reduction and release of OM-Fe complexed As(V) and resulted in notable As(III) release (30mg/L).
The linear combination fitting result of k3-weighted As K-edge EXAFS spectra showed that 56% of OM-Fe-As(V)
was transformed to OM-Fe-As(III) after 144 h. Besides, strain DJ-3 could also reduce OM complexed Fe(III),
which lead to the decomposition of ternary complex and the release of 11.8 mg/g Fe(II), this microbial Fe(III)
reduction process has resulted in 11% more As liberation from OM-Fe(III)-As(V) than without bacteria. In
contrast, Exiguobacterium sp. DJ-4 could only reduce free As(V) but cannot stimulate As release from the com-
plex. Our study provides the first evidence for microbial As reduction and release from ternary complex OM-Fe
(III)-As(V), which could be of great importance in As geochemical circulation.

1. Introduction

Arsenic (As) is a common highly toxic metalloid, As contamination

has become a worldwide environmental problem over the past few
decades (Mandal and Suzuki, 2002; Nickson et al., 1998). In soil and
water environments, As is predominantly present as two inorganic
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species, arsenate (As(V)) and arsenite (As(III)). The former is thermo-
dynamically stable under oxic conditions and easily associates with the
soil solid phase, whereas the latter prevails under anoxic environments
and is more mobile and toxic than arsenate (Fendorf et al., 2010; Ehlert
et al., 2014; Ohtsuka et al., 2013). The redox transformation and mo-
bilization of As has been proven to be primarily mediated by micro-
organisms, among which As(V)-reducing bacteria have played a crucial
role (Hamamura et al., 2014; Niggemyer et al., 2001).

Several studies have explored the role of As(V)-reducing bacteria on
As migration and transformation from soil minerals, especially iron
(oxy)-hydroxides, including goethite, hematite, ferrihydrite and lepi-
docrocite (Weber et al., 2010; Kocar et al., 2006; Lukasz et al., 2014;
Dia et al., 2015). For example, Guo et al (Guo et al., 2015) reported
significant proportion increase of As(III) on goethite after incubating
with Bacillus sp. M17-15 (from 8 to 21% during 4 to 16 days of in-
cubation), indicated that microbial As(V) reduction occurred directly
on the surface of goethite, whereafter, As(III) was partly released into
solution and partly retained on goethite. Moreover, Ohtsuka et al
(Ohtsuka et al., 2013) found that after the reduction and release of
arsenic from ferrihydrite by a dissimilatory arsenate-reducing bac-
terium Geobacter sp. OR‑1, aqueous As(III) concentration decreased
again afterward, probably due to re-association with the solid phase.
Although mineral-adsorbed As has attracted great attention, another
major component of the soil solid phase, organic matter (OM), has long
been neglected by researchers.

OM was proved to be a ubiquitous sorbent for As according to
previous studies (Sharma et al., 2010; Ritter et al., 2006; Liu and Cai,
2010; Rothwell et al., 2009; Ko et al., 2007; Kim et al., 2015;
ThomasArrigo et al., 2014). Gonzalez et al. reported that in a miner-
otrophic peatland containing remarkable concentrations of As, most of
the As (73% in shallow layers and 57% in deeper layers) was associated
with the organic matter fraction (Gonzalez et al., 2006). OM could bind
both As(V) and As(III) and form OM-As complexes through ligand ex-
change because it contains multitudinous functional groups such as
sulfhydryl and amine (Hoffmann et al., 2012; Buschmann et al., 2006).
Additional studies found that the formation of ternary complex between
As(V) and Fe(III) complex of organic matters is a more important and
common mechanism for As-OM interactions (ThomasArrigo et al.,
2014; Fakour et al., 2016; Sundman et al., 2014; Mikutta and
Kretzschmar, 2011; Silva et al., 2009). Sharma et al. (Sharma et al.,
2010) reported that much more As(V) was associated with OM-Fe than
without Fe, and Thomas Arrigo et al. (ThomasArrigo et al., 2014) ob-
served a strong correlation between As and Fe in the flocs using mi-
crofocused X-ray fluorescence spectrometry. Furthermore, Mikutta
et al. (Mikutta and Kretzschmar, 2011) and Sundman et al. (Sundman
et al., 2014) have investigated the interactions and binding mechanism
in the ternary complex OM-Fe-As. Under low-flow conditions, ternary
complexes tend to settle, and through downward migration and/or
sequestration by sediments during deposition may eventually be sub-
jected to reducing conditions and interact with reducing bacteria
(Meharg et al., 2006; Mladenov et al., 2015). Despite numerous pub-
lications demonstrating the essential role of OM-Fe-As in the fate of soil
As, studies analyzing the effect of Fe(III) and As(V)-reducing bacteria on
the mobilization and transformation of arsenic from ternary complex
OM-Fe(III)-As(V) are still rare.

Apart from the high affinity of OM for As, the mobilization and
transformation of solid phase arsenic may also be controlled by the type
of As(V)-reducing bacteria. For example, bacteria only carry arsC gene
may reduce aqueous As(V) to As(III) but cannot facilitate the release of
adsorbed As(V) (Tian et al., 2015). While bacteria with arrA gene is able
to mediate directly the reduction of mineral-adsorbed As(V) (Chang
et al., 2008; Silver and Phung, 2005). Besides, bacteria with both As(V)
and Fe(III) reducing capacity could also mediate the reductive dis-
solution of As-bearing Fe(III) oxides, the newly forming secondary
mineral could recapture the freed As(III) and hence constrain As release
(Ona-Nguema et al., 2009; Islam et al., 2005; Muehe et al., 2016).

Moreover, whether the bacteria have the ability to utilize electron-
shuttling molecules or rely on electron transfer via direct contact for
As/Fe reduction, as well as the microbial As/Fe reduction rates for
adsorbed or complexed As(V) will all influence As migration and
transformation. The effect of different As(V)-reducing bacteria on the
mobilization and speciation of OM-associated As, however, remains
unknown.

Taking these different aspects into consideration, we incubated two
different strains of dissimilatory As(V)-reducing bacteria
(Desulfitobacterium sp. DJ-3 and Exiguobacterium sp. DJ-4) with syn-
thesized ternary complex OM-Fe(III)-As(V) under anoxic conditions and
studied the speciation changes of As and Fe through a combination of
synchrotron X-ray techniques and wet-chemical analyses. Our study
aims to elucidate the mobilization and transformation of arsenic from
ternary complex OM-Fe(III)-As(V) in the presence of different As(V)-
reducing bacteria, which could be crucial for exploring the geochemical
cycle of As.

2. Materials and methods

2.1. Standards and reagents

All chemicals used were of guaranteed or analytical grade. Water
used in the experiments was doubly deionized water ((DIW,
≥18.2MΩ cm, Milli-Q, Millipore). All glassware was treated with 10%
(v/v) HNO3 for at least 24 h, thoroughly washed using DI water and
then rinsed three times with Milli-Q water before use. Humic acid (OM,
Sigma–Aldrich) was purchased from Sigma-Aldrich (St. Louis, MO,
USA), details about the composition of humic acid was given in Table
S1. As(V) stock solution was prepared by dissolving Na2HAsO4 ·7H2O
(98%, Sigma–Aldrich) in DIW. Fe(III) stock solution was prepared using
FeCl3 ·6H2O (Sigma-Aldrich).

2.2. Sample syntheses and characterization

OM-Fe-As(V) complex was prepared according to the methods of Liu
et al. (Liu and Cai, 2013) and Sundman et al. (Sundman et al., 2014)
with slight modifications. Briefly, 1.5 g of OM was dissolved in 25mL of
DIW, and pH value was maintained at 10 using a 10M NaOH stock
solution. The solution was then shaken at 200 rpm for 4 h in an Orbital
Shaker and centrifuged at 4000 gfor 20min. The supernatant was stored
in 50-mL polypropylene vials (sealed with Al foil) as OM stock solution.
To prepare the OM-Fe(III) complex, 1 mL of 2.69M Fe(III) stock solu-
tion was dropwise added to 25mL of stock OM solution, resulting in a
target Fe loading of 100mg/g organic matter. The pH value was
maintained at 8–9 during this process (Liu et al., 2011). The suspen-
sions were subsequently shaken at 200 rpm for 24 h and then cen-
trifuged at 4000 gfor 20min. The supernatant was used as OM-Fe(III)
stock solution. Afterward, 1.5 mL of a 0.8 M As(V) stock solution was
added to the OM-Fe(III) solution with the pH being maintained at 7.8.
The suspensions were then reacted on a rotary shaker (200 rpm) for
48 h. After being centrifuged at 4000 gfor 20min, the supernatant was
diluted to 30mL in 50-mL polypropylene vials and stored at 4 °C for
further research and analysis.

To determine As and Fe content in the ternary complex, 0.5mL of
OM-Fe(III)-As(V) stock solution was soaked in 5mL HNO3 and 3mL
H2O2 overnight, and then digested with a microwave digestion furnace
(Mars 6, CEM, USA). The temperature was increased to 190 °C and
maintained for 30min, and the resulting suspension was diluted to
50mL. The concentrations of As and Fe were measured using in-
ductively coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer, Optima 7300 V, USA), As and Fe content in the ternary
complex stock solution was shown in Table S2.
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2.3. Bacterial strains and cultural conditions

Two bacteria strains from different genera, Desulfitobacterium sp.
DJ-3 and Exiguobacterium sp. DJ-4, were employed in this study. Both
strains are anaerobic As(V)-reducing bacteria, among which strain DJ-3
was proved to carry both arsC and arrA genes (Figure S1) and could
resist and reduce As(V) through the mechanism of detoxification and
respiration, while strain DJ-4 contains the arrA gene and could reduce
As(V) through dissimilatory reduction (the putative arsC gene may be
present in strain DJ-4, but could not be amplified by previously de-
signed degenerate primers) (Cai et al., 2016).

All manipulations and preparations were performed in the anae-
robic glovebox (85% N2, 5% H2, and 10% CO2) to create an anoxic
environment. The bacteria were incubated in the minimal salt medium
at 37 °C. The minimal salts medium contained the following (per liter):
KH2PO4 (0.14 g), NH4Cl (0.25 g), KCl (0.5 g), CaCl2 (0.113 g), NaCl
(1.0 g), and MgCl2·6H2O (0.62 g). 0.05% yeast extract was added as
nutrient supplement. The medium was dispensed into 100ml serum
bottles under a high purity nitrogen atmosphere and autoclaved under
121℃ for 20min. Lactate (Na-lactate, 5 mM, serve as electron donor),
arsenate (Na2HAsO4 ·7H2O, 5mM) and L-Cysteine (1mM) was added
separately into the medium after filtering through 0.22 μm millex
(Millipore). After grown to late-log phase, the bacteria cultures were
centrifuged at 10,000 gfor 10min to harvest the cells (3K15, Sigma,
USA). The cells were then washed three times with 0.8% sterile NaCl
and resuspended into the minimal salt medium. For batch experiments,
3 mL of OM-Fe(III)-As(V) was added to the anoxic minimal salt medium
in serum bottles and inoculated with strain DJ-3 and DJ-4 to a starting
cell number of 3×105 cells/mL and 2.4×105 cells/mL, respectively
(total medium volume: 13mL). The composition of reagents and con-
tents of total Fe and As in the cultural system after adding OM-Fe(III)-As
(V) were listed in Table S3. After flushing with nitrogen gas for 20min,
the bottles were capped with butyl rubber stoppers, secured with alu-
minum-crimped caps and wrapped in Al foil. Batches without bacteria
cells (control groups, CK) were carried out in parallel to discount the
effect of culture medium. All experiments were conducted in triplicates
in the anoxic glovebox. The bottles were then incubated in an incuba-
tion shaker (150 rpm) in the dark and sacrificed at different incubation
time. pH of the medium was monitored using a portable pH meter
(HQ11d, HACH, USA) (Table S4). Samples were stored at 4 °C prior to
further analysis.

2.4. Aqueous sample analysis

Size exclusion chromatography (Shodex OHpakSB-803 HQ, 30 cm
×8.0mm ×6 μm, Showa Denko America Inc.) coupled with in-
ductively coupled plasma mass spectrometry (SEC-ICP-MS) was de-
monstrated to be able to qualitatively detect OM-bound As (OM-Fe-As
(III)) and unbound As (Martin et al., 2017). In this study, samples were
filtered through 0.22-μm membranes; OM-Fe-As(III) was then detected
using the SEC-ICP-MS analytical technique according to Martin et al.
(2017) and Liu et al. (2011) with slight modifications. Sodium acetate
(10mM, adjusted to pH 7.0 with HNO3) with 1% methanol was used as
the mobile phase with a flow rate of 1mL/min. Total concentrations of
Fe, As and other metals were analyzed using inductively coupled
plasma mass spectrometry (ICP-MS, 7500a, Agilent, USA) or in-
ductively coupled plasma optical emission spectrometry (ICP-OES,
Optima 7300 V, PerkinElmer, USA). The concentrations of free As
species [As(III) and As(V)] were analyzed by the combined utilization
of high-performance liquid chromatography and inductively coupled
plasma mass spectrometry (HPLC-ICP-MS, 7500a, Agilent, USA). For
quantification of free Fe(II), samples were first filtered through 0.22 μm
polyethersulfone membrane filters, subsequently acidified with HCl
(pH < 2) to allow OM to precipitate, and then filtered through<0.2
μm filters again. The filterable Fe(II) after the second filtration was
supposed to be free Fe(II) and was quantified using the colorimetric

1,10-phenanthroline method (Tian et al., 2015).

2.5. Synchrotron measurements

To determine speciation changes of As and Fe in complex OM-Fe
(III)-As(V) after incubating with As(V)-reducing bacteria, (un)reacted
ternary complex were analyzed by X-ray absorption spectroscopy (XAS)
on beamline 1W2B at the Beijing Synchrotron Radiation Facility
(BSRF), China. The electron beam energy was 2.5 GeV, with a max-
imum beam current of 250mA. X-ray absorption near the edge struc-
ture (XANES) spectra and extended X-ray absorption fine structure
(EXAFS) spectra of the samples were collected at room temperature in
fluorescence mode for As (11,867 eV) and in transmission mode for Fe
(7112 eV). For As analyses, reacted ternary complex was taken from
each batch at different incubation times and stored at 4 ℃, for Fe
analyses, the complex material was taken and dried on glass slides in
glovebox. All samples were prepared, stored, and transported anoxi-
cally.

Spectral data processing was performed in Athena (Ravel and
Newville, 2005). All XAS spectra of Fe and As were normalized, back-
ground-subtracted and least-squares fitted by a linear combination of
appropriate reference materials spectra (Muehe et al., 2016). Reference
materials for As analysis included arsenate (Na2HAsO4·7H2O), arsenite
(NaAsO2), OM-Fe(III) reacted with As(V), OM-Fe(III) reacted with As
(III), ferrihydrite adsorbed As(V) and ferrihydrite adsorbed As(III)
(spectroscopic separation between free As(V), As(III) and OM-Fe com-
plexed As(V) and As(III) was shown in Figure S3). Reference materials
for Fe analysis included FeSO4, siderite, goethite, vivianite, OM-Fe(III)
and OM-Fe(III) reacted with As(V).

3. Results and discussion

3.1. Characterization of initial ternary complex OM-Fe(III)-As(V)

The content of As and Fe in ternary complex OM-Fe(III)-As(V) stock
solution was shown in Table S2. In the OM-Fe-As(V) stock solution, As
and Fe concentration was respectively 520.0 ± 35.1 and
2909.8 ± 124.8 mg/L. Through calculation, OM (1 g) ultimately
complexed 47 ± 2.5mg of Fe and 10.4 ± 0.7mg of As, respectively.
The ratio of complexed Fe to As was approximately 4.6.

3.2. As release and speciation

Ternary complex OM-Fe-As(V) was incubated with
Desulfitobacterium sp. DJ-3, Exiguobacterium sp. DJ-4 and without bac-
teria cells (control groups). The free As speciation and concentration
showed contrasting behaviors between the incubation with the two
bacteria (Fig. 1, Table S5 and S7).

In control groups, 5.13mg/L free arsenic was detected in the liquid
phase at 0 h, the arsenic concentration reached stability after 48 h and
the final concentration was approximately 16mg/L (corresponding to
1.39mg As/g). As release in control groups was probably due to the
phosphate-induced partial de-complexation of arsenate (Kudo et al.,
2013). Phosphate was proved to possess a strong sorption affinity to
both organic matters and Fe minerals, it may compete for high-affinity
binding sites with Fe and As on the organic matter (Borch et al., 2007).
Moreover, the repulsive negative charge imposed on the surface of
organic matter by phosphate may inhibit As interact with organic
matter and result in increased free As concentration (Galvez et al.,
1999).

Compared to control samples with no cells, strain DJ-4 did not result
in the liberation of appreciable As into solution. Although it reduced
80.1% of free As(V) to As(III), only 1.91mg/L (0.17mg/g, 1.6%) more
total As were detected than in the control groups during 192 h of in-
cubation. Unlike strain DJ-4, strain DJ-3 liberated much more total
soluble As than the control groups (p < 0.01). It began to reduce and
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release As at 48 h. After 192 h of incubation, the concentration of re-
leased As reached up to 29.66mg/L, corresponding to 2.57mg/g total
As from organic matter, which is equivalent to a release of 1.18mg/g
against the control. Furthermore, approximately 90% of the free As was
As(III) in the end, indicating that strain DJ-3 was capable of reducing
and releasing arsenic from ternary complex OM-Fe(III)-As(V).

3.3. Detection of OM-Fe complexed As(III)

To explore the mechanisms of As reduction and release by strain DJ-
3, samples were investigated using SEC-ICP-MS to see whether OM-Fe
(III) complexed As(V) was reduced to OM-Fe(III) complexed As(III) by
the strains. Separate injection of OM-Fe-As(III) stock solution and free
arsenic (As(V) and As(III)) showed that OM-Fe-As(III), unbound As(V)
and unbound As(III) eluted from the column at approximately 410 s,
510 s and 770 s, respectively (Figure S2). The retention time of (un)
bound arsenic was slightly shorter than that of Martin et al., mainly due
to the higher flow rate (1mL/min) of mobile phase in our study (Martin
et al., 2017). With this higher flow rate, the retention time of OM-Fe-As
(III), unbound As(V) and unbound As(III) was synchronously shortened
by ∼3min compared with that of Martin et al.

The SEC-ICP-MS chromatograms of the samples after 192 h of in-
cubation with strain DJ-3, DJ-4 and without bacteria were shown in
Fig. 2. In the experimental groups incubating with strain DJ-4 and
without bacteria, there was no detectable OM-Fe-As(III) in the culti-
vation solution, indicating that strain DJ-4 could not impel the reduc-
tion of OM-bound As(V). After incubating with strain DJ-3, however,
there was an apparent peak of OM-Fe(III)-As(III) generated on the
chromatogram, suggesting that strain DJ-3 could reduce As(V) directly
on the organic matter complex. Because the SEC-ICP-MS analytical
technique could only qualitatively detect OM-Fe(III)-As(III), the spe-
ciation changes of As in complex OM-Fe(III)-As(V) after incubating with
As(V)-reducing bacteria were subsequently analyzed by X-ray absorp-
tion spectroscopy (XAS).

3.4. Distribution and transformation of OM-Fe complexed As(V)

The As K-edge XAS analyses were conducted to explore the spe-
ciation change of As in ternary complex OM-Fe-As(V). Normalized As K-
edge XANES spectra of the complex samples incubated without bacteria
exhibited a maximum in their first derivatives at ∼11,876 eV for each
time point, which is consistent with As(V) reference compounds (Figure

S4), implying that As(V) in the OM-Fe-As complex were not reduced
during sample preparation and the cultivation process. For the complex
samples cultivated with strain DJ-4, the main absorption edge was also
at 11,876 eV in all XANES spectra (48 h-DJ-4, 96 h-DJ-4 and 144 h-DJ-
4), indicating that no significant As(V) reduction occurred on OM-Fe-As
(V) complex during the incubation. Most notably, after cultivating with
strain DJ-3, spectra of the ternary complex reached the maximum at

Fig. 1. Concentration and speciation of free As(V) and As(III), as a function of incubation time in the ternary complex OM-Fe-As mediated with strain DJ-3, DJ-4 and
without bacteria cells.

Fig. 2. SEC-ICP-MS chromatograms of OM-Fe-As(III), unbound As(V) and un-
bound As(III) after incubating (A) without bacteria (B) with strain DJ-3 (C) with
strain DJ-4.
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∼11,872 eV (Fig. 3B) after 96 h, which is the same as As(III) reference
compounds (Figure S4).

Changes in the As speciation were evaluated by LCF of k3-weighted
As K-edge EXAFS spectra (Fig. 3A), and the results are summarized in
Fig. 4A and Table S6. The obtained LCF results show that in the batches
with strain DJ-4, no OM-Fe complexed As(III) and only 1% more free As
were generated after 144 h of incubation against the control. These
results are consistent with the above mentioned results that no OM-Fe-
As(III) was detected after cultivation with strain DJ-4 using the SEC-
ICP-MS technique. In other words, although strain DJ-4 was able to
effectively reduce dissolved As(V), it could not accelerate the sig-
nificant reduction and release of complexed As from OM-Fe-As(V). The
extra released 1% As may be attributed to the effect of extracellular
polymeric substances (EPS), which contain phosphate and carboxylate
groups that could compete with arsenate for binding sites (Zhang et al.,
2016). This result is consistent with the study of Huang et al. (2011),
which suggested that the inoculation of bacterium cells could promote a
small quantity of As(V) release.

In the batches with strain DJ-3, 26% of the total As was liberated
after 144 h of incubation (Fig. 4A and Table S6). The bacteria began to

reduce OM complexed As(V) before 48 h. During 48–96 h, OM-Fe-As(V)
was rapidly reduced and OM-Fe-As(III) accounted for 54% of the total
As after 96 h of incubation, this indicated that arsenate could be re-
duced directly in the complex OM-Fe-As(V) by strain DJ-3. From 96 h to
144 h, the microbial reduction rates of OM complexed As(V) decreased
significantly, however, the percent fraction of OM-Fe-As(III) still in-
creased from 54% to 56%, suggesting that OM-Fe-As(III) was con-
tinuously generated and As(III) did not release from OM-Fe-As(III) in
the meantime. To our knowledge, several studies have sought to ex-
plore the formation of ternary complexes between arsenic (As) oxya-
nions and ferric iron (Fe) complexes of humic substances (Sundman
et al., 2014; Fakour and Lin, 2014; Guardado et al., 2005; Hoffmann
et al., 2013), however, this is the first EXAFS evidence regarding As(V)-
reducing bacteria simulating the transformation of OM-Fe complexed
As(V).

From the LCF results of As K-edge EXAFS spectra (Fig. 4A), we also
found that in the presence of strain DJ-3, 48% of the OM-Fe-As(V) was
transformed during 48–144 h (from 66% to 18%), while only 39% OM-
Fe-As(III) was generated (from 17% to 56%). In the meantime, the
fraction of free As increased by 9%, since As(III) did not liberated from

Fig. 3. As (A) and Fe (B) K-edge EXAFS spectra
of reference compounds and linear combina-
tion fits (LCF) of (un)reacted ternary complex
OM-Fe-As(V) samples. Experimental data and
LCFs are shown as solid and dotted lines, re-
spectively. The fits were performed over a k-
range of 2–12 Å−1 (kw=3) for As and 2–10 Å-1

(kw= 3) for Fe with no fit constraints.

Fig. 4. Linear combination fit (LCF) results of (A) As K-edge EXAFS spectra and (B) Fe K-edge EXAFS spectra. The initial fit fractions (initial fit sums: 105 ± 10%)
were recalculated to 100%. The vertical bars display the percent fraction of each reference compound fitted in the LCF analysis.
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the OM-Fe-As(III), the freed As was therefore released directly from the
ternary complex OM-Fe-As(V). To discover the reason behind OM-Fe-As
(V) decomposition, dissolved Fe(II) and total Fe were monitored during
the incubation with two bacteria strains (next section).

3.5. Microbial release and reduction of Fe(III)

The concentrations of free Fe(II) and Fe(III) are shown in Table S8.
In the batches with strain DJ-4, 34.6 mg/L (corresponding to 3mg/g) of
Fe (5% of the total Fe) was liberated after 192 h of incubation, among
which 9.1mg/L (0.8 mg/g) of Fe(III) was reduced to Fe(II), which is
essentially the same as the control group (0.7 mg/g). The reduced Fe
was possibly mediated by the small amount of L-cysteine in the culture
medium. Compared with DJ-4, strain DJ-3 reduced and liberated a
much higher concentration of Fe. After 192 h, 227.3 ± 16.5 mg/L
(corresponding to 19.7mg/g) of Fe(III) was reduced to Fe(II) and
therefore resulted in Fe release and OM-Fe-As(V) decomposition. In
order to verify the conjecture that Fe(III) reduction was mediated by
strain DJ-3, the bacteria strains were cultivated with dissolved Fe(III)
and complex OM-Fe(III), the concentrations of total Fe and Fe(II) at
different incubation times were shown in Figures S5 and S6. Strain DJ-3
was proven to not only to be able to reduce 78.82mg/L (70.4%) dis-
solved Fe(III), it can also reduce and release 215.7 ± 8.2mg/L (33.9%,
18.7 mg/g) OM complexed Fe after 192 h of incubation. Whereas strain
DJ-4 could only mediate the reduction of free Fe(III), but failed to result
in the liberation of OM complexed Fe(III) into solution.

Concentrations of free Fe(II) and As at different incubation times
were shown in Fig. 5. To explore the connection between Fe reduction
and As release from ternary complex OM-Fe(III)-As(V), correlation
analysis was carried out to analyze the correlation between con-
centrations of dissolved Fe(II) and As using IBM SPSS Statistics 19.0.
Results showed that free As(III) concentrations were significantly po-
sitive linearly correlated with Fe(II) concentrations (r= 0.913,
p < 0.01), indicating that Fe(III) and As(V) was reduced simulta-
neously during the incubation, and the reductive dissolution of ternary
complex OM-Fe(III)-As(V) contributed significantly to As release. In
contrast, a negative correlation was found between Fe(II) concentra-
tions and free As(V) concentrations (r = -0.584, p < 0.05), implying
that the joint occurrence of Fe(III) and As(V) reduction resulted in
higher Fe(II) concentrations but lower As(V) concentrations.

3.6. Fe speciation in the solid phase

Normalized Fe K-edge XANES spectra of the complex samples in-
cubated without bacteria exhibited a maximum in their first derivatives
at ∼7128 eV for each time point, implying the predominance of Fe(III)

(Figure S7). For the complex samples cultivated with strain DJ-4, the
main absorption edge was also at ∼7128 eV in all XANES spectra, in-
dicating that almost no Fe(III) was reduced on the ternary complex
during the incubation. This result provides further evidence that strain
DJ-4 could not accelerate the reduction of OM complexed Fe(III).
Interestingly, after cultivating with strain DJ-3, the ∼7124 eV maxima
became generally more pronounced indicating an increased fraction of
Fe(II). Fe speciation changes in solid phase were evaluated by linear
combination fitting (LCF) of k3-weighted Fe K-edge extended X-ray
absorption fine structure (EXAFS) spectra, the results are shown in
Fig. 4B and Table S9, and the spectra and their fits are shown in Fig. 3B.
The LCF result shows that in the control and DJ-4 groups, the percent
fraction of OM-Fe(III)-As barely changed after 144 h of incubation.
Whereas during the incubation with strain DJ-3, 8% of siderite was
detected in the solid phase. The formation of secondary mineral such as
vivianite, siderite and magnetite have been found during Fe(III)-(oxy-
hydr)oxides reduction in previous studies (Islam et al., 2005; Muehe
et al., 2016, 2013; Piepenbrock et al., 2011). Vivianite not formed in
our study most likely due to the low concentration and activity of
HPO4

2− in the medium (Dill and Techmer, 2009). After the incubation
with strain DJ-3, 26% of the total Fe was released into the aqueous
phase as Fe(II), while only 8% of siderite was formed, probably due to
its high solubility.

Previous studies reported two contrasting consequences regarding
the fate of soil associated As after microbial Fe(III) reduction. Some
studies reported that the dissimilatory arsenate and iron reducer was
capable of reducing Fe(III)-oxyhydroxide and releasing sorbed As(V)
into liquid phase, As(V) was subsequently reduced in the soluble phase
(Osborne et al., 2015; Islam et al., 2004). These studies think that mi-
crobial reduction played an important role in governing the mobiliza-
tion of As in As-bearing minerals (Guo et al., 2015; Kudo et al., 2013).
On the contrary, other researchers found that the released arsenic was
sequestered by some secondary Fe(II) (hydr)oxide, such as vivianite or
vivianite-symplesite identified by Muehe et al. (Muehe et al., 2016),
ferrous arsenate [Fe3(AsO4)2] identified by Jiang et al. (2013), mag-
netite observed by Coker et al. (2006), and so on. In the present study
concerning ternary complex OM-Fe-As, although 8% of siderite was
formed in the solid phase, no significant sequestration on As was ob-
served, probably because of its limited content and high solubility, as
well as the inhibition of the sufficient organic carbon source in the
culture medium.

4. Conclusions

Our study focused on the migration and transformation of As in
ternary complex OM-Fe(III)-As(V) in the presence of As(V)-reducing

Fig. 5. Concentration of dissolved total As (line) and Fe(II) (bar) at different incubation times after cultivation with (A) no bacteria cells, (B) strain DJ-3, and (C)
strain DJ-4.
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bacteria. Two different As(V) reducing bacteria (Desulfitobacterium sp.
DJ-3 and Exiguobacterium sp. DJ-4) were investigated in our study. The
results show that both the strains could reduce dissolved As(V) and Fe
(III), while only strain DJ-3 possess the ability to stimulate the release
and reduction of OM-Fe complexed As(V) and cause the increase of
aqueous As(III) concentration. In the presence of strain DJ-3, As(V) was
reduced directly on the ternary complex, 56% of OM-Fe-As(V) was
transformed to OM-Fe-As(III) after 144 h of incubation. OM complexed
Fe(III) was reduced in the meantime, which caused the decomposition
of OM-Fe-As and the release of 227mg/L Fe(II) (34% of the total Fe).
These microbial Fe and As reduction of the ternary complex OM-Fe(III)-
As(V) caused 11% more As liberation than without the bacteria.
Besides, some secondary mineral was formed during the incubation,
about 8% of siderite was detected in the solid phase, suggesting that
siderite is a prevailing secondary mineral when there are plenty of
carbonate in the system. Our study demonstrated that As(V)-reducing
bacteria and Fe(III)-reducing bacteria could facilitate the reduction and
liberation of OM-Fe complexed As(V) and release As(III) into the water
environment. These As-mobilizing processes are of undisputable im-
portance and may have been underappreciated previously. Moreover,
the diverging function of the two strains suggest that the speciation and
transformation of As in organic-rich soils and sediments cannot easily
be assessed without considering the composition of the soil microbial
community.
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