
Dissimilatory and Cytoplasmic Antimonate Reductions in a
Hydrogen-Based Membrane Biofilm Reactor
Jingzhou Zhou, Chengyang Wu, Si Pang, Lin Yang, Mengying Yao, Xiaodi Li, Siqing Xia,*
and Bruce E. Rittmann

Cite This: Environ. Sci. Technol. 2022, 56, 14808−14816 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A hydrogen-based membrane biofilm reactor (H2-MBfR) was operated
to investigate the bioreduction of antimonate [Sb(V)] in terms of Sb(V) removal, the
fate of Sb, and the pathways of reduction metabolism. The MBfR achieved up to 80%
Sb(V) removal and an Sb(V) removal flux of 0.55 g/m2·day. Sb(V) was reduced to
Sb(III), which mainly formed Sb2O3 precipitates in the biofilm matrix, although some
Sb(III) was retained intracellularly. High Sb(V) loading caused stress that deteriorated
performance that was not recovered when the high Sb(V) loading was removed. The
biofilm community consisted of DSbRB (dissimilatory Sb-reduction bacteria), SbRB
(Sb-resistant bacteria), and DIRB (dissimilatory iron-reducing bacteria). Dissimilatory
antimonate reduction, mediated by the respiratory arsenate reductase ArrAB, was the
main reduction route, but respiratory reduction coexisted with cytoplasmic Sb(V)-reduction mediated by arsenate reductase ArsC.
Increasing Sb(V) loading caused stress that led to increases in the expression of arsC gene and intracellular accumulation of Sb(III).
By illuminating the roles of the dissimilatory and cytoplasmic Sb(V) reduction mechanism in the biofilms of the H2-MBfR, this study
reveals that the Sb(V) loading should be controlled to avoid stress that deteriorates Sb(V) reduction.
KEYWORDS: membrane biofilm reactor, antimonate, bioreduction, respiration, toxicity resistance

■ INTRODUCTION
Antimony (Sb) is widely used in the semiconductor, battery,
textile, and catalyst industries.1 Antimony has become the
ninth most-mined metal in the world, and China accounts for
more than 52%.2 Because of antimony’s large industrial
production and use, it has become a widespread pollutant in
aquatic environments.3 The European Council, the United
States Environmental Protection Agency, the Chinese Environ-
mental Protection Agency, and the Japanese Environmental
Protection Agency all classify Sb as a priority pollutant.

At neutral pH, Sb(V) in the form of Sb(OH)6− dominates in
oxic conditions, while Sb(III) as Sb(OH)3 is more prevalent in
anoxic environments.4 Sb(III) is more toxic than Sb(V), but
has lower mobility because Sb(OH)3 precipitates as
Sb2O3(s).

5,6 Sb(III) also precipitates readily with sulfide or
can be strongly adsorbed by Fe(III) hydroxides at neutral pH.7

In antimony mining and smelting, Sb appears in the surface
water as Sb(V) at 0.33−11.4 ppm, while Sb(III) is not
detected.8

The Sb(OH)6−/Sb(OH)3 redox couple has a high potential
(760 mV),9 and previous studies report that respiratory Sb(V)
bioreduction can occur during short-term cultivation.7,10,11

Hence, biologically reducing Sb(V) to Sb(III) is a feasible
method for removing Sb from the aqueous phase. Using H2 as
the electron donor for Sb(V) reduction is promising, because
H2 is nontoxic, is relatively inexpensive, leaves no residual
organic substrate, and has been applied for microbiological

reductions of various oxidized contaminants.12,13 The
stoichiometry and energetics of Sb(V) reduction using H2
are as follows:
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+
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Sb(OH) H H Sb(OH) 3H O

73.33 kJ/mol e
6 2 3 2

0 (1)

in which ΔG0′ is the standard free energy adjusted to pH = 7.14

ΔG0′ has a large negative value, which means that the H2-
based reduction of Sb(V) is energetically favorable.

One challenge for using H2 as an electron donor is its low
water solubility.15 The challenge is overcome by using the H2-
based membrane biofilm reactor (MBfR), in which H2 diffuses
through the walls of nonporous hollow fiber membranes and is
delivered directly to a biofilm attached on the outside surface
of the membrane.16,17 The bacteria oxidize the H2 and use the
electrons to drive microbial respiration of many oxidized
contaminants, including antimony.18 Considering the thermo-
dynamic feasibility of H2 oxidation and the high H2-delivery
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efficiency, the H2-MBfR is a promising approach for Sb
bioremediation.

The current understanding of antimony biochemistry is
roughly equivalent to that of arsenic some 20 years ago.19

Prokaryotes have two arsenate-reduction pathways, dissim-
ilatory and cytoplasmic reductions.20−22 Dissimilatory antim-
onate respiration is mediated by a periplasmic arsenate
reductase (ArrA),23,24 while the ars operon and arsenate
reductase (ArsC) linked to cytoplasmic (non-respiratory)
reduction have been observed to increase with Sb(III)
exposure.20,25 ArsC reduces arsenate in the cell’s cytoplasm
using glutathione (GSH) as the electron donor, and the cells
immobilize As(III) or Sb(III) into a vacuole, as glutathione
binds As(GS)3 and Sb(GS)3.

26 ArsC may also mediate Sb(V)
reduction. Although Sb(V) reduction appears promising for
bioremediation, the reduction mechanism is unresolved.27 It is
particularly important to know whether the arsenate-reduction
enzymes are responsible for Sb(V) reduction.

We investigated Sb(V) reduction and removal in a H2-based
MBfR. The fate of Sb was analyzed using scanning electron
microscopy (SEM), transmission electron microscope (TEM),
energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS). The pathway of antimo-
nate reduction was analyzed using Illumina sequencing of the
16S rRNA gene, arrA gene, and arsC gene, along with real-time
quantitative Polymerase Chain Reaction/Reverse Transcrip-
tion-Quantitative Polymerase Chain Reaction (qPCR/RT-
qPCR). An antimony-metabolism mechanism is proposed
based on our results.

■ MATERIALS AND METHODS
Reactor Configuration. The MBfR configuration (Figure

S1 in the Supporting Information) was similar to our previous
work.28 Briefly, the MBfR included two glass columns: a main
column containing a 32-fiber bundle and the biofilm-sampling
column with 10 fibers. The hollow fibers were nonporous
polypropylene (Teijin, Japan), which ensured bubble-free H2
delivery to a biofilm that accumulated on the exterior surface.
The absolute pressure of H2 gas was controlled at 1.5 atm
during the whole operating period to ensure the sufficient
supply of H2 (0.366 g H2 m−2 d−1 according to eq S1 in Table
S129). The temperature was maintained at 25 ± 1 °C. More
details are listed in Table S1.

Acclimation, Start Up, and Operation. The inoculum
was collected from an anaerobic digestor at the Bailonggang
Wastewater Treatment Plant (Shanghai, China). It was
acclimated with basal salts medium 1 (BSM1, containing
phosphate buffer, trace elements, and bicarbonate as inorganic
carbon source, detailed in the Supporting Information), 50
mg/L NO3

−-N (supplied daily after deoxygenation with
99.99% N2 gas), and pure H2 gas supplied from a gas-tight
aluminum foil bag.

To start up the MBfR, 50 mL of sludge that has been
acclimated for 7 days was injected into the MBfR, which was
then operated in the batch mode for 24 h by recirculating
deoxygenated basal salts medium 2 (BSM2, containing
bicarbonate as the inorganic carbon source, phosphate buffer,
trace elements, detailed in the Supporting Information)
containing an initial concentration of 10 mg/L NO3

−−N.
In Stages 0 to 4 (labeled S0−S4), the MBfR was operated in

the continuous-flow mode, with the influent flow rate
maintained at 0.29 mL/min. The recirculation rate was 100

mL/min to ensure that the liquid contents of the MBfR were
completely mixed.30

In S0, the MBfR reactor was fed 10 mg/L NO3
−−N until the

nitrate and nitrite concentrations in the effluent reached the
steady state. Subsequently, the MBfR was fed with 5, 10, 30,
and 10 mg/L of Sb (provided as KSb(OH)6, AR, Ourchem,
China) as the sole electron acceptor without nitrate supply for
Stages S1, S2, S3, and S4, respectively. The influent’s dissolved
oxygen was deoxygenated to below 1 mg/L in BSM2 (details
in the Supporting Information). The concentrations in S1 and
S2 simulated actual wastewater containing Sb(V), S3 was
investigated for the performance with high-loading stress, and
S4 was set up to observe the recovery from S3. In each stage,
the reactor was considered at the steady state when the effluent
concentration of all the substrates and the products had ≤5%
variation for at least 3 HRTs.15

Chemical Analyses. Ten microliters of effluent samples
were filtered through a 0.22 μm membrane filter (25 mm PES,
Titan, China) immediately after collection with a syringe every
day. The concentrations of Sb(V) were assayed by an anion
ion chromatograph (Dionex Aquion, USA) with an AS19
column and AG19 precolumn, an eluent concentration of 15
mM KOH, and a 1 mL/min flow rate. The concentrations of
Sb(III) were assayed using high-performance liquid chroma-
tography−inductively coupled plasma−mass spectrometry
(HPLC-ICP-MS) (Agilent LC1200-ICPMS 7700, Agilent,
USA). The HPLC instrument was equipped with an anion
exchange column (PRP-X100, 4.1 × 150 mm, 10 μm,
Hamilton, Switzerland). EDTA (20 mM)and 2 mM potassium
hydrogen-phthalate at pH 4.5 were applied as the mobile
phase, which was delivered at a constant flow rate of 1 mL/
min.31 The water samples were diluted 100-fold with ultrapure
water, and the injection volume was 10 μL. The pH of the
influent and effluent was measured with a pH meter (HQ1110,
HACH, USA). The influent pH was stable at 7.0 ± 0.1, and
effluent pH ranged from 7.2 to 7.8.

Flux Calculations. The Sb(V)- and O2-removal fluxes (g/
m2 d) were calculated according to

=J
Q S S

A
( )0

(2)

where S0 and S are the influent and effluent Sb(V) or O2
concentration (g/L), Q is the influent flow rate to the MBfR
(L/d), and A is the membrane surface area (m2). The H2 flux
in each stage was calculated from the Sb(V)-removal flux and
the O2-removal flux according to reaction stoichiometry based
on Rittmann and McCarty:32

+ + +

= + + +

+Sb(OH) 1.67H 0.33HCO 0.067NH

0.067C H O N Sb(OH) 2.6H O 1.27OH
6 2 3 4

5 7 2 3 2
(3)

+ + +

= + +

+O 3.33H 0.667HCO 0.133NH

0.133C H O N 3.197H O 0.533OH
2 2 3 4

5 7 2 2 (4)

The maximum possible H2 flux was computed from Tang et
al. based on the lumen’s H2 pressure.29 The actual H2 fluxes
were calculated from JHd2

= JSb(V) × 1.67 × 2/121.8 + JOd2
× 3.33

× 2/32 and always were much smaller than the maximum H2
delivery flux, which means that the H2 supply is sufficient over
the operation.
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Biofilm Sampling, DNA Extraction, and Microbial
Community Analysis. Biofilm samples were collected at the
end of S1, S2, S3, and S4. Two 18-cm-long sections from a
coupon fiber were cut off for DNA extraction and RNA
separation. The open end of the remaining fiber was tied with
2 knots to avoid H2 leakage.

Genomic DNA was extracted with a DNeasy PowerBiofilm
Kit (QIAGEN GmbH, Germany) according to the manufac-
turer’s specification. The DNA concentration was measured
using NanoDrop 2000 (Thermo Fisher Scientific, USA).

PCR primers 338F and 806R were applied to amplify the
V3-V4 region of the bacteria’s 16S rRNA gene.33 The Illumina
MiSeq PE300 platform (Majorbio Bio-pharm Technology Co.,
Ltd., Shanghai, China) was used to sequence the amplicons.
Sequence data were analyzed on the online platform of the
Majorbio ISanger Cloud Platform. Qualified sequences were
clustered into operational taxonomic units (OTUs) at 97%
similarity using the Uparse software version 11.34 Based on the
OTU information, the richness and evenness of microbial
species were evaluated. The Spearman correlation coefficient ρ
of influent Sb(V) and genus abundance was calculated using
GraphPad Prism 9.

To further identify key microorganisms carrying out Sb(V)
reduction, we amplified the arrA gene using primer sets CVF1/
CVR1, the arsC gene using amlt−42−f/amlt−376−r (Table
S2). The amplicons were sent to Majorbio Technology
(Shanghai, China) for Illumina functional gene sequencing.
Taxonomic analysis was done using the QIIME2 pipeline and
NT databases.

RNA Extraction, qPCR, and RT-qPCR. The total RNA
was extracted using a TaKaRa MiniBEST Universal RNA
Extraction Kit (TaKaRa, Japan), and it was reverse-transcribed
to cDNA following the instructions of the PrimeScript RT
reagent Kit with the gDNA Eraser (Perfect Real Time,
TaKaRa, Japan).35

The biological antimony-reduction potential was charac-
terized by the copy numbers and transcription levels of the
arrA (arsenate respiratory reductase gene) and arsC (arsenate
reductase gene).

The designed qPCR primer pairs and primer sequences are
shown in Table S2. All qPCR/RT-qPCR analyses were
performed using the CFX Connect Real-Time PCR System
(Bio-Rad, USA). The qPCR/RT-qPCR amplification mixture
(20 μL) was prepared using 10 μL of SYBR Premix Ex Taq
(Takara, Japan), 1 μL of each forward and reverse primer (20
mM), 1 μL of DNA or cDNA template, and 7 μL of RNase-
free water (Takara, Japan) according to the manufacturer’s
instructions. PCR program parameters are shown in Table S3,
and all qPCR/RT-qPCR assays were carried out in triplicate.
The copy number of DNA or cDNA was determined for each
target gene based on a standard curve, with 10-fold dilutions of
standards ranging from 107 to 101 copies. R2 values were
greater than 0.99. The specificity of targeted genes was
confirmed by melting curve analyses. More details are
presented in Table S4. The DNA copies of each gene were
normalized to the content of total DNA, and the transcription
level was calculated as cDNA copies/DNA copies.36

Biofilm Imaging and Antimony Reduction Produc-
tion Characterization. At the end of S4, two ∼3-cm-long
coupon fibers were cut off for scanning electron microscopy
(SEM, Zeiss Sigma 300, German) and transmission electron
microscopy (TEM, JEOL JEM 2100F, Japan) equipped with

energy dispersive X-ray spectroscopy (EDS, Bruker Quad
5040, Germany).

Twenty main-column fibers were washed using deionized
water, 100% acetone, and deionized water in sequence by
centrifuging them three times at 10,000 g for 10 min for each
solvent. The fibers were then desiccated in a freeze-dryer (FD-
1A-50, BILON, China) to recover the antimony-reduction
product, as described by Abin et al. and Lai et al.11,31 X-ray
photoelectron spectroscopy (XPS) was applied to analyze the
valence state of reduction production through a Thermo
Scientific K-Alpha (ThermoFisher, USA).

■ RESULTS AND DISCUSSION
Sb(V) Reduction in the H2-MBfR. Figure 1A shows the

influent and effluent concentrations of Sb(V) and Sb(III)

during the entire operation of the H2-MBfR. Figure 1B
summarizes the Sb(V)-removal fluxes, surface loadings, and
percentage removals. Table 1 summarizes the average steady-
state fluxes of Sb(V) and H2 during S1 to S4. It points out that
the H2-delivery capacity was greater than the H2 flux for all
stages.

After a 5-day start-up phase, S1’s reduction percentage
increased from ∼15 to ∼60% over the next 5 days and
stabilized at ∼66%, which gave an average Sb(V)-reduction
flux of 0.23 g/m2 day at the end of S1. In S2 (Days 39−72),
the removal percentage increased to ∼80% despite a doubling
of the Sb(V) surface loading, and the Sb(V)-removal flux
averaged 0.57 g/m2 day at the steady state. The gradual
increase of effluent Sb(III) in S1 and S2 confirmed that Sb(V)
was being reduced.

The influent Sb(V) concentration was tripled, to 30 mg/L,
in S3 to create stress from a high surface loading, although the
H2 demand did not exceed the H2-supply capacity. The Sb(V)
reduction flux reached its maximum value, 1.3 g/m2 day on the
first day (Day 74), but then dropped dramatically: the average
reduction flux was 0.46 g/m2 day by the end of S3, a value less

Figure 1. Sb(V)-reduction for all four stages of H2-MBfR operation.
Effluent concentrations are the average of two consecutive days and
are after filtration.
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than that in S2. Likewise, the effluent Sb(III) concentration
declined, averaging only 0.06 mg/L, equivalent to only 3% of
the Sb(V)-removal flux, which means 97% of the Sb(III)
formed by Sb(V) reduction (0.34 g/m2 day) was retained by
the biofilm.

The influent concentration of Sb(V) was returned to 10 mg/
L in S4 (Days 88−100). Different from the ∼80% removal rate
of S2, the effluent Sb(V) was higher than the influent Sb(V)
during S4. This reveals that the Sb(V)-reducing microorganism
may have been killed or lost due to the high Sb(V)
concentration in S3 because MBfR performance failed to
recover in 14 days.

The negative Sb(V) flux in S4 suggests that solid-phase
Sb(III) retained in the biofilm was being oxidized in S4.
Sb(III) oxidation requires that an electron acceptor be
reduced. The only input acceptor was dissolved oxygen
(DO). The flux of input DO was 0.078 g O2/m2 d by eq 2,
which equals a 0.012 e− eq/m2 d H2 flux according to eq 4.
Converting to an electron-equivalent flux, 0.078 g O2/m2 d
could oxidize up to 0.46 g Sb/m2 d in theory. Table 1 shows an
observed Sb(III) oxidation flux of 0.32 g Sb/m2 d, which
means that Sb(III) oxidation to form Sb(V) was possible in
terms of electron balance, but what is the terminal electron
acceptor may need further study.

Sb mass balance during the operating stages was calculated;
the sum of the effluent Sb(V), Sb(III), the accumulation
Sb(III), and the Sb(V) removal percentage of every stage was
presented in Figure S2. The ratio of the sum of effluent Sb(III)
to the accumulation Sb(III) of S1−S3 is 7.97, 3.13, and 0.95. It
means that the proportion of accumulation Sb(III) keeps
increasing.

Biofilm Morphology and Product Characterization.
Figure 2 characterizes the morphology of the biofilm and
inorganic solids. SEM (Figure 2A, B) reveals that the biofilm
contained bacilli and crystals having a cubic or orthorhombic
shape. TEM (Figure 2C, D) shows black precipitates deposited
in the biofilm (locations P1) and inside one cell (location P2).
Vacuoles appeared in some bacilli after 100 days of Sb
exposure (Figure 2C, D). EDS patterns (Figure S3A, B)
targeting locations P1 and P2 in Figure 2D show that Sb was
the main metal element in the precipitates. (Cu, Os, Pb, Bi,
and U were introduced during sample pretreatment). XPS
patterns comparing standard air-exposed Sb2Te3 (Figure 2E)
and precipitates in biofilm (Figure 2F) show that Sb(III) was
the predominant valence state for the Sb precipitates.
Comparing standard Sb2O3 (Figure 2G) and precipitates in
the biofilm (Figure 2F) shows that the Sb(III) peak binding
energy was 529.9 eV, the same as that for standard Sb2O3,
indicating that the reduction product precipitated in the
biofilm was Sb2O3. Thus, Figure 2 documents that influent
Sb(V) was reduced to Sb(III), which accumulated mostly
extracellularly, but also intracellularly, although some Sb(III)
remained soluble and appeared in the effluent (Figure 1). The

fact that Sb(III) appeared outside and inside the cells suggests
the possibility of two Sb(V)-reduction pathways.

Biofilm-Community Structure and Function. Biofilm-
Community Structure. Figure 3 shows a heatmap of the
cluster analysis of the microbial communities’ phylogenetic
structures at the genus level for S1−S4; it conveys the
abundance of individual genus in every stage. Figure S4A
presents the proportion of individual genera and the dominant
genus in every stage. According to the genera-clustering tree,
the genera could be divided into three groups: DSbRB
(Dissimilatory Sb-reduction bacteria), which averaged about
63% from S1−4; SbRB (Sb-resistant bacteria), which on
average occupied about 20% from S1−4; and DIRB

Table 1. Average Acceptor and Donor Fluxes for Each Stage of MBfR Operation

surface loading Sb(OH)6− actual Sb(OH)6− flux actual H2 flux theoretical maximum H2 flux

stage g Sb/m2 d e− eq/m2 d g Sb/m2 d e− eq/m2 d e− eq/m2 d e− eq/m2 d
1 0.39 0.011 0.23 0.006 0.018 0.366
2 0.78 0.021 0.57 0.016 0.028 0.366
3 2.33 0.064 0.46 0.012 0.024 0.366
4 0.78 0.021 −0.32 −0.009 0.003 0.366

Figure 2. SEM was observed at 10,000-× (A) and 20,000-× (B)
magnification. TEM was observed at 12,000-× (C) and 60,000-× (D)
magnification. XPS of air-exposed Sb2Te3 (E), precipitates in the
biofilm (F) and standard Sb2O3 (G).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c04939
Environ. Sci. Technol. 2022, 56, 14808−14816

14811

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04939/suppl_file/es2c04939_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04939/suppl_file/es2c04939_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04939/suppl_file/es2c04939_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04939?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04939?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04939?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04939?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c04939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Dissimilatory iron-reducing bacteria), which averaged about
6% from S1−4), as shown in Figure S4B.

Most of the genera in the DSbRB group (Sporomusa, Derxia,
and Azospira) increased in S2 (along with the increase of
influent Sb(V)), decreased in S3 due to the Sb(V) stress, and
recovered in S4. One exception was unclassified_f_Rhodocy-
claceae, which also increased in S3. Another exception was
Dechloromonas, which decreased slightly in S2, but increased in
S3. Dechloromonas,37Sporomusa,38 unclassified_f_Rhodocycla-
ceae,39Derxia,40and Azospira41 are identified as hydrogen-
oxidizing DSbRB that have an arrA gene; additional details
about the DSbRB are presented in the Supporting Information.
In general, the change in major abundance of autotrophic
DSbRB was positive relative to the influent Sb(V) concen-
tration (ρ > 0.3, detailed in Table S5), indicating that DSbRB
have a dissimilation Sb(V) respiration capacity using Sb(V) as
an energy source.

Genera in the SbRB group were negatively correlated with
the influent Sb(V) concentration over the operating stages (ρ
< −0.6, detailed in Table S5), although norank_f_Plemorpho-
monadaceae and Methyloversatilis increased in S2. Comamo-
nas,42Mycobacterium,43Gordonia,44Reyranella,45Novosphin-
gobium,46Anaeromyxobacter,47Acidovorax,48Methyloversatilis,49

Curvibacter,50 and Aquabacterium50 are known to possess genes
associated with arsenic-resistance by its reduction, suggesting
the potential to reduce Sb(V) using the arsenic-resistance
pathway as a Sb-resistance strategy. Also, these genera were
identified as heterotrophs,51−59 which would account for the
negative spearman correlation coefficient; although SbRB has
an advantage in Sb resistance and appears more diverse, they
could not get energy from this resistance pathway. In summary,
although SbRB were negatively correlated to the influent
Sb(V), they appeared to be more diverse and still occupied
19.6% in average (Figure S4B). Therefore, they were important
in the biofilm community.

Within the DIRB group, unclassified_f_ Xanthobactera-
ceae,60,61Geothrix,62,63Trichlorobacter,64,65 and Fonticella66 are
dissimilatory iron-reducing autotrophs. In general, the most
genus-level abundance within this group was positively
correlated with the influent Sb(V) concentration (ρ > 0.3,
except Fonticella, detailed in Table S5). However, there was no
Fe(III) in influent. The likely explanation for the sustained

presence of DIRB is that they could carry out dissimilatory
Sb(V) reduction. We propose in Figure S5 how Fe(III)-
reducing bacteria are able to do dissimilatory Sb(V) reduction
via their pathway for normal Fe(III) reduction.67

Biofilm-Community Function. Figure 4 shows the DNA
abundances and RNA transcription levels for arrA and arsC

genes during all operating stages. From S1 to S2, as the Sb(V)-
removal flux increased (Figure 1B), both transcription levels
became higher, although the increase was more dramatic for
arrA. From S2 to S3, when the biofilm was stressed and the
Sb(V)-reduction flux declined, the arrA-transcription level
decreased dramatically, even though its DNA copies increased.
In contrast, the expression level of arsC increased further,
despite a drop in its DNA copies. The arrA DNA copies
continued to decline in S4, and its transcription level also failed
to recover. While its DNA copies did not change in S4, arsC’s
transcription level increased greatly in S4. In general, the arsC
DNA copies were negatively correlated with the influent Sb(V)
(Figure 4B), presenting a similar change to the SbRB with the
influent, but the arsC RNA copies increased over the stages
(Figure 4D). The increasing transcriptional responses suggest
the involvement in Sb(V) reduction similar to that in As(V)
reduction, where ArsC is responsible for cytoplasmic Sb(V)
reduction.

Illumina MiSeq sequencing targeting the arrA and arsC
genes was employed to identify genera possessing these
functional genes. The results, in Table S6, indicate that
Dechloromonas, unclassif ied_f_Rhodocyckaceae, Azospira, Meth-
yloversatilis, Alicycliphilus, Acidovorax, and Aquabacterium

Figure 3. Heatmap of bacterial genera that occupied ≥1% of all
sequences with all stages. The horizontal and vertical axes are stages
and genera, respectively. The abundance of different species in the
sample is displayed through the color gradient in the color column on
the right side of the figure; its units are OTUs.

Figure 4. DNA abundances and RNA transcription levels of arrA and
arsC genes during the entire operating period, based on the mean
values from three replicate qPCR/RT-qPCR reactions. DNA
abundances were normalized to the total-DNA concentration.
Transcription levels were calculated by the odd ratios of cDNA
copy numbers compared to total-DNA abundance.
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possessed the arrA gene, where Dechloromonas and Azospira
belong to DSbRB, while Mycobacterium, Gordonia, Aqua-
bacterium, Alicycliphilus, Azospira, and unclassif ied_f_Rhodo-
cyckaceae possessed the arsC gene, where all of them belong to
SbRB except Azospira and unclassif ied_f_Rhodocyckaceae.

Taken together, the results in Figures 1, 2, and S2 and the
results in Figure 4 point to respiratory reduction of Sb(V),
mediated by ArrA, as the predominant mechanism in nonstress
conditions (S1 and S2). However, imposition of Sb(V) stress
in S3 shifted the mechanism toward detoxification mediated by
ArsC, in which Sb(V) taken up by the microorganisms was
reduced to Sb(III) and then accumulated inside the cell. The
specific process about the derivation was presented in Section
S11. Detailed derivation process of the predominant
mechanism.

Antimony Metabolism Mechanisms. Dissimilatory
antimonate reduction mediated by ArrAB and cytoplasmic
antimonate reduction mediated by ArsC coexisted in the H2-
based MBfR. Figure 5 summarizes the likely Sb(V) reduction
pathways based on our results.

Dissimilatory Sb(V) reduction occurred on the outside of
the bacterium’s periplasm, mediated by ArrAB. Some of the
produced Sb(III) was discharged in the effluent, but the other
portion was hydrolyzed and retained in the biofilm as Sb2O3
solids. The dissimilatory antimonate-reduction pathway was
stable during long-term continuous operation, and it enabled
Sb(V) dissimilatory of DSbRB using hydrogen as the electron
donor.

When Sb(V) was transported inside the cells, it could be
reduced to Sb(III) by ArsC in the cell’s cytoplasm. Sb(III) was
sequestrated into a vacuole as the glutathione conjugate
Sb(GS)3. This is an antimony-resistance detoxification
mechanism in SbRM and becomes predominant in stress
conditions. However, the excess Sb(III) accumulation might
disrupt the redox balance and lead an oxidation of Sb(III).68

Therefore, the Sb(V) loading should be controlled to avoid
cytoplasm Sb(V) reduction lead the route and make the
dissimilatory in main route.

■ ENVIRONMENTAL IMPLICATIONS
A continuous-flow H2-MBfR achieved Sb(V) bioreduction to
Sb(III), which could form Sb2O3 precipitates that were
retained in the biofilm. Long-term stable performance
demonstrated that the H2-MBfR is promising for Sb

bioremediation, as long as too much stress from Sb(V) was
avoided. Too-high Sb(V) loading caused a loss of Sb(V)
removal flux that was not regained when the stress was
lowered.

The main route for Sb(V) reduction in nonstress conditions
was respiration-catalyzed by ArrA. However, Sb(V) stress led
to increased importance of an intracellular reduction pathway
catalyzed by ArsC, and Sb(V) stress led to deteriorated
performance by the H2-MBfR. By illuminating the roles of
dissimilatory and cytoplasmic Sb(V) reduction in the H2-
MBfR, this study opens the door for using the H2-MBfR as a
Sb(V)-bioremediation technology, and it underscores that the
Sb(V) loading should be controlled to avoid Sb stress that
triggers cytoplasmic Sb(V) reduction as a resistance mecha-
nism. For further research, we supposed the interactions of the
metabolite of biofilms, the other common coexisting ions such
as nitrate, sulfate, and ferric ions could be studied to enhance
the understanding of the mechanism of Sb metabolism.
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