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HIGHLIGHTS GRAPHICAL ABSTRACT

e Desulfovibrio sp. DS-1 shows versatility
in reducing Fe(IIl), As(V), and sulfate

e Strain DS-1 reduces As(V)-bearing fer-
rihydrite, converting As(V) to As(III)

e Sulfide produced by strain DS-1 en-
hances ferrihydrite reduction during
sulfate reduction

e Sulfate addition exacerbates arsenic
mobilization into the aqueous phase
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produced sulfide reacts with Fe(III) to form FeS, which disrupts Fe(III) minerals, thereby enhancing As release.
These findings highlight the critical role of redox disequilibrium in As mobilization and suggest that SRB-

produced sulfide may permeate to the rice rhizosphere, increasing As mobilization through Fe(III) reduction.

1. Introduction

Arsenic (As) is a metalloid that can enter the environment through
natural processes and human activities, such as mining activities and the
use of As-containing pesticides or herbicides (Li et al., 2011). Arsenic is
notorious for its toxic effects, including being carcinogenic, teratogenic,
and mutagenic (Tseng et al., 1968). In nature, arsenic exists mainly in
two oxidation states: trivalent arsenite (As(III)) and pentavalent arse-
nate (As(V)). The dominant form depends on the redox conditions of the
environment. As(IIl) is generally more toxic than As(V) (Oremland and
Stolz, 2003).

Rice paddies, which are periodically flooded, create anoxic condi-
tions that promote the growth of certain microorganisms such as
anaerobic iron (Fe)- and sulfate-reducers, fermentative bacteria, and
methanogenic archaea (Kirk, 2004). These microorganisms play a key
role in As biotransformation in paddy environments (Chen et al., 2019;
Wang et al., 2019; Zhang et al., 2015). Under anoxic flooding conditions,
there is typically an increase in the concentration of As(IIl) in the soil
porewater (Takahashi et al., 2004; Xu et al., 2017; Xu et al., 2019). The
mobility of As is strongly influenced by its interactions with Fe(III)
(oxyhydr)oxides through adsorption and/or coprecipitation (Aeppli
et al., 2019). The formation, dissolution, and transformation of Fe(III)
(oxyhydr)oxides have a significant impact on the fate and mobility of As
in nature (Muehe et al., 2016; Yu et al., 2016). Arsenic shows a signif-
icant affinity for Fe(IlI) (oxyhydr)oxides in soil. On the one hand, As(V),
the oxidized form of As, readily interacts with these iron minerals (Dixit
and Hering, 2003). On the other hand, As(IIl) is adsorbed to Fe(IIl)
(oxyhydr)oxides less strongly and is therefore more mobile than As(V).
Dissimilatory Fe(IlI) reduction in anoxic environments has received
considerable attention in understanding As behavior (Dai et al., 2020;
Islam et al., 2004). Furthermore, As(V)-reducing bacteria have been
found to affect the mobility of As in complex ways (Kubeneck et al.,
2024). However, more studies are needed to explore the impact of
diverse microbial metabolisms on As behavior in suboxic and anoxic
environments. To develop a comprehensive understanding of the
behavior of As in soils, it is crucial to thoroughly investigate the in-
teractions among As, Fe(Ill) (oxyhydr)oxides, and various soil compo-
nents, such as sulfates and phosphates.

The biogeochemical cycles of iron and sulfur are frequently inter-
connected in nature, and their interactions strongly influence the
mobility of As (Burton et al., 2011a; Kumar et al., 2020; Ma et al., 2022;
ThomasArrigo et al., 2020; Zhao et al., 2017). Sulfur-metabolizing
bacteria play a critical role in these cycles, particularly in the trans-
formation of sulfur and arsenic in the environment (Yin et al., 2022).
These bacteria participate in processes such as sulfur oxidation and
reduction, which have significant implications for the bioavailability
and mobility of As in nature. Microbial sulfate reduction plays a sig-
nificant role in determining the mobility of As in paddy soils (Fang et al.,
2024; Fang et al., 2023; Xu et al., 2019). The reduction of sulfate to
sulfide leads to the immobilization of As(III) through the precipitation of
minerals like arsenic sulfide and iron sulfide (Gao et al., 2021; He et al.,
2019; ThomasArrigo et al., 2020; Wang et al., 2023). Sulfide is a com-
mon species in subsurface environments and can be produced locally by
sulfate-reducing bacteria (SRB) (Demin et al., 2024). SRB are known to
play a crucial role in the cycling of Fe, sulfur, and As in various natural
environments. Initially, it was thought that SRB indirectly reduce Fe(III)
through sulfide production. However, it has been discovered that some
SRB may also directly reduce Fe(IIl) through enzymatic mechanisms
(Lovley, 1993a). Studies have shown that different strains of SRB can
reduce poorly crystalline Fe(IlI) (oxyhydr)oxides in pure cultures

(Lovley, 1993b).

As(V) reduction serves both resistance and energy generation
through different mechanisms. As(V) resistance involves a small As(V)
reductase (e.g., ArsC, Carl) and an As(IIl)-specific efflux pump (e.g.,
ArsB, ACR3) (Shen et al., 2024; Silver and Phung, 2005). Dissimilatory
As(V) reduction, generating energy via oxidative phosphorylation, uses
the respiratory As(V) reductase Arr, a heterodimer with a catalytic
subunit (ArrA) containing a molybdenum center and a [4Fe—4S] clus-
ter, and a smaller subunit (ArrB) with at least three [4Fe—4S] clusters
(Saltikov and Newman, 2003). The involvement of SRB in the reduction
of As(V) is still debated. Previous studies have shown that some SRB can
enzymatically reduce As(V) as part of a detoxification process and
potentially as an energy-conserving respiratory mechanism (Andres and
Bertin, 2016; Li and Krumholz, 2007; Macy et al., 2000). For example,
Desulfomicrobium sp. Ben-RB, a strictly anaerobic SRB species, has been
found to utilize As(V) as an sole electron acceptor for energy production
(Macy et al., 2000). However, other studies suggest that As(V) reduction
by SRB may primarily serve as a detoxification mechanism (Li and
Krumholz, 2007). Yet, the role of As(V) detoxification reduction in soil is
still unknown. Previous study has indicated that the ars operon in SRB
may have a minimal impact on the release of adsorbed As(V) on soil
minerals (Langner and Inskeep, 2000). However, other study has sug-
gested that the arsenic-resistant (ars) operon can lead to increased
mobility of As under anoxic conditions (Li and Krumholz, 2007). It is
important to note that these findings were observed in laboratory
studies, and their significance in the paddy environment is still not well
understood. Further study is needed to understand the mechanisms of
microbial-mediated As biotransformation in anoxic environments,
particularly focusing on the involvement of SRB in flooded paddy soils.

The main objectives of this study are: (1) to investigate the coupled
release and reduction mechanisms of As and Fe by pure sulfate-reducing
bacteria using batch experiments. The aim is to understand how mi-
crobial processes contribute to the mobilization of As and Fe in the
environment; (2) to determine the effect of additional sulfate for the
release of As in an As-contaminated paddy soil. This will help to eluci-
date the role of different factors in influencing the mobility of As in As-
contaminated paddy environments.

2. Material and methods
2.1. Soil collection

A soil sample for enrichment cultures was collected from the surface
layer of a heavy-metal contaminated paddy soil (25°34'43.25"N,
113°01'23.77"E) in Chenzhou city, Hunan province, China. The soil had
an organic matter content of 30.8 g kg ™!, pH 6.7 (in water), and a total
SO3™-S content of 143.9 mg kg™~!. The soil exhibited a total As concen-
tration of 85.8 mg kg, with 42.9 mg kg~! of As being extractable using
ammonium oxalate. Detailed soil properties have been previously
documented by Zhang et al. (2017).

2.2. Bacterial strains, growth media, and culture conditions

Anoxic freshwater medium was utilized to enrich sulfate-reducing
bacteria from paddy soil. The FWM medium composition per liter of
distilled deionized water included: 0.3 g of NH4Cl, 0.4 g of MgCl, 6H20,
0.6 g of KHyPOy4, and 0.1 g of CaCl, 2H,0, 1 mL resazurin. After auto-
claving and cooling under an atmosphere of 80 % N2-20% CO3 (vol/
vol), 30 mL of NaHCOj3 solution (1 mol/L, autoclaved under CO5), vi-
tamins, a nonchelated mixture of trace elements were added. The pH
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was adjusted to 7.0. Enrichment cultures were supplied with sulfate (10
mmol/L) as an electron acceptor, 10 mmol/L lactate was supplied as the
electron donor and carbon source. Fresh paddy soil samples (5.0 g) were
mixed homogeneously with 100 mL of anoxic water, and 5 mL of the
suspension was added to serum bottles containing 50 mL of the medium.
The bottles were then incubated anoxically at 30 °C in the dark. The
presence of SRB species was confirmed through the appearance of a
black precipitate of FeS, indicating the reduction of sulfate. After three
successive transfers in FWM medium containing lactate and sulfate, agar
shake cultures were prepared. Single colonies were then picked up from
a diluted sample and transferred to FWM medium with lactate and
sulfate. Fully grown cultures derived from these colonies were streaked
onto agar plates, resulting in the isolation of several morphologically
identical isolates. Among these isolates, strain DS-1, was selected for
further characterization. Strain DS-1 has been deposited at the Marine
Culture Collection of China (MCCC 1K09141).

For routine cultivation of strain DS-1 in batch experiments, strain DS-
1 was anaerobically cultured at 30 °C in FWM medium containing 10
mmol/L lactate and 10 mmol/L sulfate, respectively. Prior to use, late-
exponential-phase cultures of strain DS-1 were harvested, washed
twice in sterile 0.8 % NaCl solution, and the cell concentration was
determined by measuring the optical density (OD) at 600 nm. All
anaerobic procedures and sample manipulations were performed within
a Coy anaerobic chamber utilizing a gas mixture of Ny, CO,, and Hy
(90:5:5).

2.3. DNA extraction, PCR amplification, and phylogenetic analysis of
strain DS-1

The DNA extraction, genome sequencing, and annotation of strain
DS-1 were carried out as previously detailed. The draft genome of strain
DS-1 is available in GenBank (GCA_004103805.1). To ensure the accu-
racy of gene annotation, sequences were verified by blasting against the
NCBI (https://www.ncbi.nlm.nih.gov/) and Uniprot (https://www.uni
prot.org/) databases. Additionally, partial 16S rRNA genes were
amplified using PCR with primers 27F (5-AGAGTTTGATCCTGGCTCAG-
3, Escherichia coli positions 8-27) and 1492R (5-TACCTTGTTAC-
GACTT-3/, E. coli positions 1507—1492), followed by sequencing. The
resulting 16S rRNA gene sequences were subjected to a BLAST search
(http://www.ncbi.nlm.nih.gov/BLAST/) to determine their sequence
identity. Subsequently, a neighbor-joining phylogenetic tree based on
the 16S rRNA gene sequence was constructed using MEGA 5.0 software.
To validate As(V) reduction and sulfate reduction, the gene clusters
responsible for these processes were manually extracted from the draft
genome of strain DS-1, and sequences of related taxa were obtained from
the GenBank database for comparative analysis. The 16S rRNA gene
sequence of strain DS-1 has been deposited in GenBank under the
accession number PQ013734.

2.4. Anaerobic Fe(Ill) and arsenate reduction experiments
i) Fe(IIl) reduction experiments

To determine the Fe(IIl) reduction activity, strain DS-1 was cultured
in FWM medium supplemented with lactate (10 mmol/L) as the electron
donor and ferrihydrite (5 mmol/L) as the electron acceptor. The ferri-
hydrite was synthesized using FeCl3 and NaOH following the method
described by Schwertmann and Cornell (2000). The Fe(IIl) stock solu-
tion was prepared using FeCls-6H20 (Sigma-Aldrich). Fe(II) concentra-
tions in the cultures were determined by periodically sampling and
analysis using the ferrozine method (Stookey, 1970). A 10 % inoculum
was used throughout the experiments, and tubes were incubated hori-
zontally and shaken every day to ensure the uniform distribution of
bacteria and ferrihydrite.

ii) Arsenate reduction experiments
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For the determination of As biotransformation, a lactate-sulfate
medium containing 100 pmol/L As(V) was used. The As(V) stock solu-
tion was prepared by dissolving Na-HAsO4-7H20 (98 %, Sigma-Aldrich)
in deionized water. Arsenic from sterilized stock solutions was spiked
into the media. Typically, 1 mL of the culture in the late-exponential
growth phase (ODggonm = 1.0) was inoculated into 19 mL of sterile
medium. The concentrations of As(III) and As(V) in the cultures were
determined using high-performance liquid chromatography and induc-
tively coupled plasma mass spectrometry (HPLC-ICP-MS).

2.5. Microbial reduction of As(V)-adsorbed ferrihydrite

The microbially mediated reductive dissolution and transformation
of As(V)-adsorbed ferrihydrite were studied using strain DS-1. A sus-
pension of DS-1 cells (1 mL) (ODgponm ~ 1.0) was inoculated into anoxic
FWM medium (19 mL), which contained 5 mmol/L of As(V)-adsorbed
ferrihydrite as the sole electron acceptor. Ferrihydrite with an initial
Fe(IIl) to As(V) ratio of 100 to 1 (As mol/Fe mol) was investigated,
which is approximately equivalent to 75:1 (w/w). Additionally, lactate
(10 mmol/L) was added to the FWM medium as the electron donor. The
concentrations of As(III), As(V), and Fe(Il) in the microcosms were
analyzed using the methods described elsewhere.

To investigate the role of sulfate for microbial As transformation,
sulfate (10 mmol/L) was added to 19 mL of FWM medium containing As
(V)-adsorbed ferrihydrite, as described above. The bottles were then
sealed tightly and incubated in the dark. At indicated time points, the
culture samples were homogenized by shaking and then analyzed.

2.6. Arsenic release from sterile soil inoculated with washed cells of strain
DS-1

To gain a detailed understanding of the metabolic versatility of strain
DS-1, we investigated the ability of strain DS-1 to release As from the
soil. The soil was sterilized by gamma-ray irradiation at a dose of 50
kGy. A soil slurry was prepared by mixing 20 g of dry soil with 40 mL of
sterilized distilled water in 100 mL serum bottles. To create anoxic
environment, the serum bottles were flushed with a stream of N5 gas and
sealed with butyl rubber stoppers and aluminum caps. Lactate (10
mmol/L) was added to the soil slurry. As a control, a background soil
was prepared without the addition of strain DS-1. The soil slurries were
incubated in the dark at 30 °C without shaking for a duration of 20 d.
After the incubation, As(III), As(V), Fe(II), Mn(II) and sulfate in the soil
porewater were analyzed. Additionally, the adsorbed As in the residual
soil was extracted using 0.6 mol/L ortho-phosphoric acid and 0.1 M
ascorbic acid following the method described by Giral et al. (2010).

3. Analytical methods

Protein concentrations were determined using the bicinchoninic acid
(BCA) spectrophotometric method. Ferrous iron was measured photo-
metrically at 562 nm following the ferrozine method as described by
Stookey (1970. Before sampling, cultures were agitated to disperse iron
precipitates. Anoxic syringes were used to collect samples, which were
then immediately acidified through a 10-fold dilution in 1 mol/L HCl.
The concentrations of sulfide in the samples were determined using a
colorimetric method by methylene blue formation (Cline, 1969). At the
end of the experiment, the replicates exhibiting As removal were
sampled for solid-phase analysis. Details information regarding the
analysis of Fe and As, mineral analysis using transmission electron mi-
croscopy (TEM/EDX), as well as X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) can be found in the Supplementary
Information (SI).
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4. Results

4.1. Enrichment and identification of an anaerobic sulfate-reducing
bacterial strain

To confirm the sulfate-respiring capability of strain DS-1, we char-
acterized its growth when SOz served as the sole electron acceptor
(Fig. 1a and b). Strain DS-1 exhibits the capability to reduce millimolar
quantities of SO4 when cultivated with lactate (Fig. 1a). The initially
added 10 mmol/L SO; were metabolized down to 3 mmol/L within 48 h
and thereafter remained relatively constant. Sulfide (S%7) concentration
increased to 4 mmol/L during the first 48 h of incubation and remained
stable until 96 h (Fig. 1a). However, under these conditions, the process
of sulfate reduction did not align closely with cell growth. The most
rapid sulfate reduction was observed between 0 and 48 h, whereas the
most substantial cell growth took place between 72 and 120 h (Fig. 1b).
Given that significant cell growth occurred after the cessation of sulfate
reduction, it remains uncertain which electron acceptor drove the
cellular growth beyond 48 h (Fig. 1b). Controls without SO exhibited
neither SO reduction nor cell growth (Fig. 1a and b). In addition, strain
DS-1 was unable to grow under oxic or microoxic conditions, indicating
that it is an obligate anaerobe. When strain DS-1 utilizes lactate as an
electron donor, it is capable of utilizing sulfate, thiosulfate, or sulfite as
an electron donor for growth, but it is unable to grow using elemental
sulfur (Sp) as an electron acceptor.

Phylogenetic analyses of the 16S rRNA sequence confirmed that
strain DS-1 belongs to the class Deltaproteobacteria and the genus
Desulfovibrio. Analysis of the 16S rRNA gene of strain DS-1 showed a
high sequence similarity of 99 % to D. oxamicus DSM 1925 (NR043567),
which is an anaerobic strain known for its ability to reduce sulfate
(Fig. S1). This indicates that strain DS-1 is closely related to D. oxamicus
and falls within the same taxonomic group.

Analysis of the genome unveiled a cluster of three genes potentially
encoding a transcriptional regulator from the ArsR family (arsR), an
arsenic metallochaperone protein (arsD), and an arsenite-activated
ATPase (arsA) in strain DS-1. Despite its capability to reduce As(V), no
open reading frame linked to As(V) reductase (arsC/arrAB) was identi-
fied within its draft genome (Table S1). Moreover, the draft genome of
strain DS-1 harbored the gene cluster essential for dissimilatory-type
sulfite reductase, highlighting the presence of crucial genes associated
with sulfate reduction (Table S1). Nonetheless, while iron reduction
activity was detected in cultures, strain DS-1 sets itself apart from
several dissimilatory iron-reducing bacteria like Geobacter and Shewa-
nella spp. by lacking c-type cytochromes crucial for Fe(IlI) reduction in
those organisms (Weber et al., 2006).

4.2. Microbial anaerobic reduction of ferrihydrite
In order to assess the mechanism of Fe(III) mineral reduction in

strain DS-1, the growth rates were measured during its growth on fer-
rihydrite. Strain DS-1 could effectively utilize lactate as electron donor
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Fig. 1. (a) Respiratory sulfate reduction and (b) growth of Desulfovibrio sp. DS-
1 on lactate as the electron donor and carbon source. The data are means + SE
(n=3).
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and ferrihydrite as electron acceptor for Fe(IlI) reduction, while ferri-
hydrite reduction was negligible in the lactate-free controls (Fig. 2a).
The maximum amounts of Fe(II) and cell protein were obtained on the
30th day (Fig. 2b), during which approximately 40 % of Fe(IIl) was
reduced. The results indicate that strain DS-1 is capable of deriving
energy for its growth by coupling the oxidation of lactate with the
dissimilatory reduction of ferrihydrite.

4.3. Microbial anaerobic arsenate reduction

When strain DS-1 was cultivated in a lactate-sulfate medium sup-
plemented with 100 pmol/L of As(V), As(IIl) concentrations increased
over 72 h, reaching 15.33 pmol/L in the culture (Fig. 3a). In contrast, As
(I1I) remained undetectable in the abiotic control (Fig. 3b). We further
investigated the potential of strain DS-1 to grow and reduce As(V) as the
sole electron acceptor. Neither growth nor As(V) reduction was
observed under these conditions (data not shown), suggesting that strain
DS-1 reduces As(V) via a detoxification pathway rather than respiration.
Under anoxic sulfate-reducing conditions, biogenic >~ may form As—S
minerals with soluble thioarsenate (As(V)-S) as intermediate, thus
removing As from the solution (Fisher et al., 2008). The abiotic reduc-
tion of As(V) by biogenic S%~ can be excluded, as this reaction is
kinetically unfavorable under circumneutral pH conditions (Rochette
et al., 2000).

4.4. The effect of microbial Fe(Ill) reduction and sulfate reduction on
arsenic mobility

The impact of strain DS-1-mediated Fe(IIl) reduction on the
geochemical behavior of As in synthetic As(V)-bearing ferrihydrite was
examined (Fig. 4). In treatments inoculated with strain DS-1, microbial
Fe(III) reduction led to substantial increases in aqueous As concentra-
tions within the first 16 d. At the same time, the concentration of dis-
solved Fe(Il) increased and reached 2.15 mmol/L by 28 d (Fig. 4a).
Furthermore, the concentrations of dissolved As(III) and As(V), as well
as their increase rates, were higher in the strain DS-1-inoculated treat-
ments compared to the non-inoculated control (Fig. 4b and c). This
suggests that the presence of strain DS-1 resulted in increased concen-
trations of As(III) and As(V) in the cultures. At day 16, As(IIl) accounted
for 79.2 % of the total dissolved As in the strain DS-1-inoculated treat-
ments (Fig. 4c). However, the concentrations of As(IIl) decreased after
this point, indicating that adsorption of As onto ferrihydrite formed
through secondary mineralization may have occurred.

To assess the impact of SO%’ on the fate of As(V) during microbial
reduction of Fe(III) in As(V)-bearing ferrihydrite, a series of experiments
were conducted in the presence of SO%’ (Fig. 4). The concentration of As
species over time with the addition of S0%™ is illustrated in Fig. 4b and c.
In the anaerobic sulfate-reducing conditions, dissolved Fe(II) concen-
trations increased to 3.69 mmol/L, 12 d after the first addition of SOF~
and lactate. As(III) concentrations increased to 19.58 pmol/L by day 12
and decreased to 10.43 pmol/L by day 28. As(V) concentrations in the
cultures inoculated with strain DS-1 exhibited minimal variation
throughout the experiment, regardless of the addition of SO3~. In
contrast, the inactivated strain DS-1 cells did not enhance As release, the
aqueous As concentrations in the cell-free abiotic control treatments
remained relatively constant at 1.07-1.85 pmol/L regardless of the
addition of SOF~ (Fig. 4c).

4.5. Characterization of the biogenic Fe mineralogy precipitates

(i) XPS. In this study, we observed As(V) dissolution in the presence
of strain DS-1 in the cultures with or without sulfate. We also
observed the reductive precipitation of As(III), which was
confirmed by analyzing the XPS spectra of the resulting pre-
cipitates. Specifically, Fig. 5 depicts the XPS spectra of Fe 2p, S
2p, and As 3d peaks for both the synthetic As(V)-bearing
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ferrihydrite and the secondary minerals formed in the strain DS-1
treatments. The Fe 2p peak was deconvoluted into Fe(III) and Fe
(II) component peaks, while the As 3d peak was deconvoluted
into As(V) and As(III) component peaks. By analyzing the area of
each component peak, the changes in the oxidation state of Fe
and As atoms can be identified. In the Fe 2p spectrum of As(V)-
bearing ferrihydrite, four peaks were observed at binding en-
ergies of 711.5, 712.2, 713.3, and 714.8 eV. Following decon-
volution, curves at binding energies of 707.6, 708.0, 710.1, and
710.6 eV were assigned to Fe(II). These results indicated that all
the Fe on the surface of As(V)-bearing ferrihydrite existed in the
form of Fe(III).

The injection of strain DS-1 alone (without sulfate) had efficiently
promoted the reduction of Fe(IlI) to Fe(Il) within the As(V)-bearing
ferrihydrite, with 36.8 % of Fe(Ill) (724.6 eV) and 63.2 % of Fe(II)
(711.0 eV) (Fig. 5a and b). This binding mechanism of Fe(II) and Fe(III)
was mainly attributed to the form of Fe-O-C (532.9 eV), Fe-OH (531.8
eV) and Fe—O (530.7 eV) in the As(V)-bearing ferrihydrite that was
obtained at the end of the experiment (Fig. 5c). Importantly, anaerobic
growth of strain DS-1 showed reductive transformation of As(V) (19.2 %
left) to the poorly adsorbed As(III) (80.8 % detected) on the surface of
the residual mineral, which was corresponding to the effective increase
in As(III) in the microbial solution experiment (Fig. 4c and 5d).

During microbial sulfidization of As(V)-bearing ferrihydrite, SO3~
was microbially reduced to S~ by SRB. S?~ is a strong reductant of Fe
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Fig. 5. XPSspectrain O 1s, S 2p, Fe 2p and As 3d of the As(V)-bearing ferrihydrite and the secondary minerals in Desulfovibrio sp. DS-1 inoculation treatments in the

absence(a-d) or presence(e-h) of sulfate.

(I1I) (oxyhydr)oxides and can reduce Fe(IlI) to Fe(II), thereby forming
S, The extra addition of SO%’ had accelerated the reduction of Fe(III) on
the mineral surface to Fe(Il) by driving the electron transfer from $% to
Fe(IIl), with the binding energy of 725.3 and 713.6-711.0 eV assigned to
Fe(III) (28.9 %) and the two Fe(II) species (71.1 % in total), respectively
(Fig. 5e and f). Additionally, we detected three S species [S(IV), S(0) and
S(-II)] on the mineral, with the area accounting for 24.9 %, 69.9 % and
5.2 %, respectively (Fig. 5g). This might result in the generation of FeS,
which gradually turned the microbial solution color to black (data not
shown). In the microbial solution system, either FeS or S~ played a role
in the reduction of As(V), resulting in the re-distribution of As including
81.4 % As(III) and 18.6 % As(V) (Fig. 5h). The XPS spectra analysis
revealed that during the microbial sulfidization of As(V)-bearing ferri-
hydrite, some of the As(V) present on the solid surface was partially
reduced to As(III).

(ii) XRD spectra.

XRD analysis was employed to investigate the formation of second-
ary minerals that formed during the reductive dissolution of As(V)-
ferrihydrite (Fhasy)) by strain DS-1. In the abiotic treatments, the XRD
patterns remain unchanged change after 28 d of incubation. Therefore,
no transformation of ferrihydrite to secondary minerals was monitored
in the corresponding abiotic control treatments (data not shown). In the
biotic strain DS-1 + Fhag(y) treatments, secondary minerals comprising
vivianite was detected on the 27th day (Fig. 6). This transformation was
attributed to the interaction of Fe>" and PO}~ in the medium, consistent
with prior findings (Islam et al., 2005).

In the strain DS-1 + Fhagyy + SOZ~ treatments, we did not detect any
other secondary minerals, such as vivianite or arsenic sulfides, which are
known to form under similar conditions. This absence could potentially
be attributed to the low crystallinity of biogenic mackinawite (with the
principal component FeS) (Fig. 6).

(iii) TEM/SAED.

To further investigate the potential formation of mackinawite during
the microbial reduction, the mineral particles obtained were dispersed
onto a formvar—carbon-reinforced nickel grid (300 mesh). Subse-
quently, the morphology and composition of those particles were
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Fig. 6. X-ray diffraction spectra for biogenic Fe minerals produced by Desul-
fovibrio sp. DS-1 in the absence and presence of sulfate. Reference plots for
ferrihydrite and vivianite are from JADE 3.1 (Materials Data Inc., Liver-
more, CA).

analyzed using transmission electron microscope equipped with an en-
ergy dispersive spectrometer (TEM-EDS). Further, the mineral species
and crystallinity of particles were analyzed using the selected area
electron diffraction (SAED). The characterization results revealed the
presence of distinct nano-scale granular aggregates at the end of the
incubation (Fig. 7a and b). SAED analysis identified a specific group of
crystal indices, including (111), (113) and (203), indicative of the
crystal structure characteristics of FeS (Fig. 7c). Subsequent EDS anal-
ysis corroborated the presence of prominent peaks corresponding to Fe
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Fig. 7. (a-c) Representative TEM images showing FeS precipitates present in the bulk medium. (d) EDS analysis of areas labeled by arrows in the micrograph above.

and S (Fig. 7d). These results evidenced that strain DS-1 could efficiently
facilitate the reduction of Fe(III) (oxyhydr)oxides and SO?(, thereby
influencing the fate of As(V) by mediating the direct electron transfer to
As(V) and/or the indirect electron transfer, with the latter potentially
influenced by the intensity of intermediate S*~ and FeS.

4.6. Strain DS-1 promoted arsenic release in paddy soil

To obtain a comprehension understanding of the metabolic versa-
tility of strain DS-1, we examined its physiological characteristics,
focusing on its ability to release As from the soil. We incubated a
gamma-irradiated sterile soil slurry with lactate and strain DS-1. In the
control without strain DS-1, As(III) was the dominant As species, ac-
counting for 77.2 % and 81.3 % of the total As in the soil porewater and
the phosphoric acid extractable fraction, respectively (Fig. 8a and c).
However, in the strain DS-1 inoculated treatment, the concentrations of
Fe(II), As(III) and total As in the pore water increased by 1.7- fold, 2.7-
fold, and 2.3- fold, respectively, compared to the control. Moreover, the
concentrations of sulfate in the pore water decreased by 98.2 % in the
strain DS-1 inoculated treatment compared to the control, indicating
that the sulfate in the porewater was reduced by strain DS-1. The con-
centrations of phosphoric acid extractable As(V) decreased by 58.8 %,
suggesting that strain DS-1 was able to reduce As(V) adsorbed by the soil
minerals.

5. Discussion

The accumulation of As in rice is a global food safety concern since
rice is a staple food (Meharg and Zhao, 2012). Microbial processes in
anoxic paddy environments play a role in the cycling of As and other
metal(loid)s (Yu et al., 2016). One important process involves the mi-
crobial reduction of Fe(IIl) (oxyhydr)oxides, leading to the formation of
secondary Fe(IlI)- and Fe(Il)-bearing minerals like goethite, lep-
idocrocite, and magnetite (Hansel et al., 2003; Tufano and Fendorf,
2008). These abundant Fe(Il) (oxyhydr)oxides in flooded paddy soils
have significant implications for geochemical processes (Xu et al.,
2017). Reduction of these Fe(IIl) (oxyhydr)oxides occurs through biotic
and abiotic pathways involving chemical reductants such as sulfide,
ascorbic acid, oxalate, and hydroquinones (Afonso and Stumm, 1992;
Burton et al., 2011b; Ferris, 2005). Sulfide served as a chemical reduc-
tant for Fe(Ill) (oxyhydr)oxides, facilitating their dissolution, and also
acts as a ligand that interact with released Fe(II) to form FeS minerals
(Bao et al., 2018). The presence of sulfide alongside Fe(III) (oxyhydr)
oxides in soils greatly impacts the biogeochemical transformation of As.

Desulfovibrio species is able to utilize a wide range of electron ac-
ceptors, including Fe(IIl), nitrate, fumarate, and sulfate (Demin et al.,
2024). In addition, several Desulfovibrio species have been found to be
capable of As(V) reduction under anoxic conditions (Li and Krumholz,
2007). In this study, a dissimilatory sulfate- and Fe(Ill)-reducing bac-
terium strain DS-1, which belongs to the Desulfovibrio genus, was
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isolated. Strain DS-1 was capable of reducing As(V) to As(III) under
anoxic sulfate-reducing conditions. Importantly, it was observed that
strain DS-1 could not grow using As(V) as the sole electron acceptor,
indicating that it reduces As(V) as a detoxification mechanism rather
than for respiration. In the absence of sulfate, strain DS-1 was able to
directly reduce ferrihydrite, leading to the formation of vivianite and a
decrease in aqueous As concentration. However, anaerobic sulfate
reduction had multiple effects on the fate of As. Our study revealed that
the increased in SO?{ concentration facilitated the transformation from
ferrihydrite to mackinawite. This transformation occurred as the pro-
duced S?~ could co-precipitate with dissolved Fe?", leading to the for-
mation of mackinawite (Gao et al., 2021). Moreover, the addition of
sulfate lead to the release of a portion of As(V) into the solution, which
was subsequently reduced to As(III). During these processes, desorption
and re-precipitation of As occur simultaneously. Due to its strong affinity
for poorly crystalline Fe(III) (oxyhydr)oxides, arsenic preferentially re-
adsorbed onto residual ferrihydrite.

Previous studies have been conducted to explore the relationship
between bacterial sulfate reduction and the mobilization of As, pri-
marily through laboratory studies (Kocar et al., 2010; Saalfield and
Bostick, 2009; Zhu et al., 2008). However, the natural redox system in
As-containing paddy soils is complex and dynamic, involving the cycling
of Fe, S, and As. When strain DS-1 cells were inoculated to the soil slurry,
the concentrations of Fe(II), As(Ill), and total As in the pore water
increased compared to the control treatment. This suggests that strain
DS-1 was able to mobilize As in the flooded paddy environment. Addi-
tionally, strain DS-1 was found to be capable of reducing As(V) to As(III)
in the soil, as indicated by the decrease in phosphoric acid extractable As
(V) concentrations. This suggests that strain DS-1 can reduce As(V) to As
(II1) in both liquid and solid phases. Despite the absence of the As(V)
reductase arsC or arr gene in strain DS-1, it is conceivable that it may
possess a novel As(V) reductase gene involved in the reduction of As(V).

In this study, the isolation of strain DS-1 holds significance as it
provides valuable insights into the mechanisms behind As mobilization
in paddy soils under anoxic sulfate-reducing conditions. The ability of
strain DS-1 to mediate the reductive dissolution of Fe(III) (oxyhydr)
oxides is believed to play a role in the mobilization of As in paddy soils.
This research conducted on strain DS-1 has not only highlighted the
importance of microbial sulfate and Fe(III) reduction but also shed light
on its crucial role in mobilizing As from soil.

6. Conclusions

The paddy environment is a new frontier in understanding the
phylogenetic diversity and influence of As-metabolizing microorgan-
isms, even though their abundance is well-documented in other places.
This study presents the first instance of an anaerobic sulfate-reducing
bacterium isolated from a paddy soil that reduces Fe(IIl) and sulfate
and shows the potential for microbiological As redox cycling within such
an environment. The discovery of strain DS-1 significantly fills a current
knowledge gap on sulfate-reducing prokaryotes in paddy environments.
Given that As is often found in association with iron minerals in paddy
soils, the ability of strain DS-1-like bacteria to mobilize As could have a
significant impact on the biogeochemical transformation of As.
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