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Microbial-assisted antimonate [Sb(V)] reduction immobilizes this redox-sensitive metalloid in the subsurface.
Most indigenous aerobes in antimony (Sb)-contaminated areas do not contain Sb(V)-reducing genes but can resist
high levels of Sb(V) threat. Herein, to unravel the mechanisms of Sb(V) resistance by aerobes, we used Escherichia
coli W3110 as a model aerobe and incubated it with 10 μM Sb(V). We found that strain W3110, without known
Sb(V)-reducing genes, was able to reduce Sb(V) to Sb(III). Our transcriptome analysis and reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) results show that the Sb(V) threat at the 10 μM level had a
negligible effect on the gene expression of strain W3110. In vitro incubation experiments further indicate that Sb
(V) reduction was attributable to extracellular polymeric substances (EPS). Moreover, the three-dimensional
excitation-emission matrix fluorescence spectroscopy reveals that the tryptophan-like components in EPS were
involved in Sb(V) binding as evidenced by its weakened fluorescence intensity upon Sb(V) addition. The FTIR
and XPS analyses indicate that hemiacetal and amide groups in EPS contributed to the reduction of Sb(V).
Preculture with 10 μM Sb(V) did not exhibit a significant difference in Sb(V)-reducing capacity, suggesting that
Sb(V) stress probably did not stimulate EPS secretion of W3110. Our results highlight the importance of EPS as
the first line of defense against toxins, especially for those bacteria without such functional genes.

1. Introduction
Antimony (Sb) has raised great public concerns because of increased
awareness of its toxicity and rich chemistry (Filella et al., 2009; Li et al.,
2016; Ye et al., 2020). Antimonate [Sb(V)] is the primary Sb species and
mobile under oxic conditions, while immobile antimonite [Sb(III)]
dominates the anoxic environment (Filella et al., 2007; Herath et al.,
2017; Wang et al., 2018). Microbial intracellular reduction of Sb(V)
coupled with extrusion of Sb(III) out of cells have been evolved by mi
croorganisms as an effective strategy to cope with the Sb threat (An
et al., 2021). For example, Sb(V)-respiring bacteria such as Desulfur
ibacillus stibiiarsenatis MLFW-2 (Abin and Hollibaugh, 2014) and She
wanella sp. ANA3 (Wang et al., 2020a) were found to be able to use Sb(V)
as the terminal electron acceptor. The Sb(V) respiratory reductase has
been identified to be the same as the arsenate respiratory reductase
(ArrAB), and its expression in Shewanella sp. ANA3 is regulated through

the quorum sensing mechanism (Wang et al., 2020a).
The analysis of microbial community structure in Sb-contaminated
sites suggests that Acidobacteria, Actinobacteria, Bacteroidetes, Chlor
oflexi, Cyanobacteria, and Proteobacteria are dominant bacterial pop
ulations (Sun et al., 2017; Xiao et al., 2019). Nevertheless, arrAB exists
only in anaerobes, and the abundance of arrAB is as low as 0.5–7% even
under reductive conditions (Wang et al., 2020b; Zhang et al., 2015).
Most bacteria in Sb-contaminated sites do not contain arrAB, and these
cells are forced to evolve alternative strategies to resist Sb(V) threat.
In addition to enzyme-catalyzed Sb(V) reduction, abiotic Sb(V)
reduction by extracellular polymeric substances (EPS) is another
important defense mechanism of bacteria (Dogan et al., 2011; Kang
et al., 2017; Zhang et al., 2020; Zhou et al., 2020). Bacteria secret EPS as
the first line of defense against toxins outside the cell. Certain functional
groups on EPS, such as carboxyl, hydroxyl, and phosphate groups, have
a high affinity to heavy metals (Kang et al., 2017; Sheng et al., 2010) and
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can even reduce their oxidation states to immobilize and resist heavy
metals (Dogan et al., 2011; Kang et al., 2017; Liu et al., 2018). For
example, the hemiacetal groups on EPS of Pantoea sp. IMH effectively
reduce Au(III) to elemental Au nanoparticles in the extracellular space.
Nevertheless, the standard redox potential of Au(III) (1.50 V) is much
higher than that of Sb(V) (0.58 V), and thus multiple or stronger
reductive functional groups may need to reduce Sb(V) (Lide, 2004). For
instance, EPS of Klebsiella pneumoniae J1 were used to synthesize
EPS@Fe3O4 to remediate Sb(V)-contaminated water by simultaneous
reduction and adsorption of Sb(V) (Zhou et al., 2019).
The efflux of Sb(III) by the ArsB protein is used as a detoxification
strategy of E. coli to Sb(III) (Meng et al., 2004); however, the resistance
mechanism of E. coli to Sb(V) is not clear. This study aims to explore the
resistance strategy of E. coli against Sb(V). The strain E. coli W3110,
without known Sb(V)-reducing gene arrAB, was used as the model
bacterium. Multiple complementary methods including incubation ex
periments, transcriptome analysis, and spectroscopic analysis were
employed to characterize the reaction process. The insights gained from
this study improve our understanding of Sb biotransformation and mi
crobial resistance strategies to heavy metals.

250Xi, Thermo Scientific, USA). The details of the experiments are
described in the SM.
2.4. Transcriptome analysis
Transcriptome analysis was carried out to assess the cellular
response of E. coli W3110 to Sb(V). The cells were incubated with 10 μM
Sb(V) for 15 d before total RNA isolation. RNA isolation was carried out
using a Trizol reagent (TIANGEN, Beijing, China). Transcriptome se
quences were obtained using an Illumina HiSeq 2000 sequencing sys
tem. Differentially expressed genes (DEGs) were detected, and the
details were shown in the SM.
2.5. Reverse transcriptase-quantitative polymerase chain reaction (RTqPCR) analyses

2. Materials and methods

To examine the effect of Sb stress on W3110 and verify the tran
scriptome data, seven DEGs related to redox and transfer (glpB, ytfE,
gabD, nfeR, glpC, osmE, and nfeF) were selected for validation of the RNAseq results by RT-qPCR (Livak and Schmittgen, 2001). The information
of primers is shown in Table S2. A detailed description of RT-qPCR and
selection of reference genes can be found in the SM.

2.1. Materials and strain

2.6. EPS extraction and characterization

All reagents are of analytical grade and obtained from commercial
sources. In all experiments, Sb(V) was added as potassium pyroantim
onate. The specific components of the Luria-Bertani (LB) medium are
detailed in the Supplementary Material (SM).
E. coli W3110 from our laboratory was preserved in LB-30% glycerol
broth at − 80 ◦ C. The strain was inoculated aerobically in the LB liquid
medium at 30 ◦ C with shaking at 180 rpm for 24 h. Thereafter, according
to the requirements of the follow-up experiment, the cultures were
transferred to 250 mL of LB liquid medium for anaerobic culture with a
volume fraction of 1‰.

The EPS were extracted from the bacterial suspension using a re
ported method (Kang et al., 2017; Liu et al., 2018) The cells were
collected from media by centrifugation (6000×g at 4 ◦ C) and washed
with sterile water for three times. Then the bacteria were resuspended
(10% of the original volume) and processed by ultrasound with an in
tensity of 2.7 W cm2 at a frequency of 40 kHz at 4 ◦ C for 10 min to
separate the EPS from W3110. The suspension was then centrifuged
(12000×g for 20 min at 4 ◦ C) to separate the cells. Then the supernatant
was harvested, in which unsettled cells were removed through a 0.22 μm
membrane. The filtrate represents aqueous EPS and was stored at 4 ◦ C
for further study. To study the Sb(V) reduction by EPS, Sb(V) was added
to 10 mL of extracted EPS to a final concentration of 10 μM. The mixture
was incubated at 30 ◦ C for 10 d before Sb speciation analysis. More
details of EPS extraction are provided in the SM.
To identify the chemical components and functional groups in EPS,
three-dimensional excitation-emission matrix (3D-EEM) fluorescence
spectroscopy, FTIR spectroscopy, and X-ray photoelectron spectroscopy
(XPS) analyses were conducted with freeze-dried EPS before and after
reaction with Sb(V). The 3D-EEM spectra were collected by scanning
emission spectra from 280 to 550 nm at 0.2 nm increment while varying
the excitation wavelength from 200 to 400 nm at 5 nm increment using a
FluoroMax-4 fluorescence spectrometer, with ultrapure water as the
blank. The ATR-FTIR spectra were collected using a Thermo-Nicolet
iS50R FTIR spectrometer and recorded as the average of 128 scans
with a resolution of 4 cm− 1 from 4000 to 400 cm− 1. The XPS spectra of
N, O, and P elements of EPS were analyzed by an ESCALab 250Xi
electron spectrometer. The details of characterization are described in
the SM.

2.2. Sb(V) incubation experiments
To explore the Sb(V) reduction mediated by E. coli W3110, two
parallel incubation experiments were conducted: Incubation experiment
of strain W3110 with 10 μM Sb(V), named Incubation; control experi
ment without Sb(V), named Control. To evaluate the influence of LB
medium on Sb(V) reduction, we also incubated sterile LB media with 10
μM Sb(V), which was named Blank.
The incubation experiments were conducted in the 280 mL anaerobic
flasks and repeated three times in a glovebox (100% N2) for 35 d.
Periodically, 1 mL suspension was sampled with sterile needles to
measure cell density and the concentrations of Sb(III) and Sb(V). We
collected samples from Incubation and Control groups and stored them
at − 80 ◦ C for RNA extraction and transcriptome analysis. At the end of
incubation, the cells of W3110 were harvested at 4 ◦ C by 6000×g
centrifugation for 10 min and used for further characterization.
2.3. Characterization of Sb and E. coli W3110

2.7. Statistical analysis

The Sb(V) and Sb(III) in the extracellular, membrane, and intracel
lular were extracted using a reported method (Liu et al., 2018) and the
concentrations were determined using high-performance liquid chro
matography coupled with atomic fluorescence spectrometry
(HPLC-AFS). The growth of W3110 was monitored by optical density at
600 nm using an ultraviolet spectrophotometer (DR 2800, HACH,
China). The morphological characterization of W3110 and Sb in the
solid phase was examined by field emission scanning electron micro
scopy with energy dispersive X-ray spectrometry (FESEM-EDS, SU8020,
Hitachi). The Sb speciation was analyzed using X-ray photoelectron
spectroscopy (XPS) with an Al Kα X-ray radiation at 1486.8 eV (ESCALab

Statistical analysis was carried out using the software IBM SPSS
Statistics 20.0. The correlation analysis between two different elements
was conducted. The independent-sample t-test was performed to ascer
tain possible significant differences between the Incubation and Control
groups. The criterion of significance is p < 0.05.
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Fig. 1. (A) Changes in dissolved Sb(III) (open) and Sb(V) (closed) as a function of incubation time. “Blank” stands for the incubation of Sb(V) in LB without W3110.
Error bars represent the standard deviations of three replicates. (B) Growth profile of W3110 in the presence (red) and absence (black) of 10 μM Sb(V). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. E: incubation of W3110; S: incubation of W3110 with Sb(V). (A) The Hierarchical Clustering of the differentially expressed genes (DEGs) under E vs S. Color
scale shows log2 signal intensity values. (B) Differential gene expression by W3110 (E vs S). (C) Changes of genes’ expression selected for validation of RNA
sequencing (RNA-Seq) data by real-time quantitative PCR (RT-qPCR). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

3. Results and discussion

identical, suggesting that Sb(V) at the 10 μM level had no adverse effect
on the growth of W3110 (Fig. 1B). Meanwhile, the FE-SEM images
showed no difference in W3110 morphology under Sb stress, consistent
with the identical growth curves (Figs. S2A and C). Notably, W3110
grew rapidly in the early stage, which may be ascribed to the residual
oxygen in the culture.
As shown in Fig. 1A, Sb(III), the reduced Sb species, was detected at

3.1. Sb(V) reduction mediated by E. coli W3110
To explore the capability of E. coli W3110 to reduce Sb(V), we
incubated W3110 with 10 μM Sb(V) for a total of 35 d anaerobically. The
growth curves of W3110 incubated with or without Sb(V) were
3
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Fig. 3. (A) The Sb(V) reduction effect of W3110 and EPS. W3110: strain W3110 was incubated with 10 μM Sb(V); EPS: the EPS of W3110 without Sb(V) preincubation were incubated with 10 μM Sb(V); EPSSb: the EPS of W3110 with Sb(V) pre-incubation were incubated with 10 μM Sb(V). The three-dimensional
excitation− emission matrix (3D-EEM) spectra of the EPS before (EPS) (B) or after (EPS + Sb(V)) (C) reaction with Sb(V).

about 5 d and its concentration reached up to 1.36 μM at the end of the
incubation. In contrast, no Sb(III) was observed in the Blank samples
without W3110, excluding the possibility of abiotic Sb(V) reduction.
Our results clearly show that E. coli was able to reduce Sb(V) to Sb(III).
Interestingly, the dissolved Sb gradually decreased from 9.82 to 3.98 μM
during the incubation and the content of Sb adsorbed on the membrane
increased from 0 to 5.28 μM (Fig. S1A). Moreover, at the end of incu
bation, most of the Sb was found outside of the cells (>95%), while the
intracellular Sb content was negligible (<5%). The recovery of Sb was
about 99.1% at the end of incubation.
To further explain the decrease in dissolved Sb, the EDS and XPS
analysis were performed to characterize Sb on the solid phase at the end
of incubation. Approximately 0.05% of Sb were detected on the cell wall
at the end of 35-d incubation as evidenced by the EDS analysis
(Fig. S2D), contributing to the loss of dissolved Sb (Fig. 1A). Further
more, XPS resolved 27.2% Sb(III) and 72.8% Sb(V) on the cells wall
(Fig. S3), confirming the involvement of W3110 in Sb(V) reduction. The
change in oxidation state motivated further study on identifying the
driving force for Sb(V) reduction.

were up-regulated, in line with the trend established by transcriptome
analysis (Fig. 2C). However, the extent of gene up-regulation (2.0–3.7
folds) was far less than the criterion of significant difference (log2 ratio
≥10) (Gao et al., 2020; Huang et al., 2019).
This result in transcriptome analysis was in agreement with the
phenomenon that 10 μM Sb(V) exposure had no effect on W3110 growth
(Fig. 1B) and morphology (Figs. S2A and C). The microbial resistance to
Sb(V) may be related to ars gene cluster, encoding the protein ArsR, a
regulator responding to As and Sb, ArsB related to As(III) and Sb(III)
efflux, and ArsC possibly related to Sb resistance (An et al., 2021).
However, the expression of genes arsR, arsB, and arsC remained almost
unchanged (1.09, 0.92, and 0.91 folds, respectively, Table S1). This
observation indicates that the Sb(V) stress did not induce intracellular
resistance response, possibly because Sb was blocked outside the cells
(Fig. S1A). Moreover, the narrow variation range of gene expression
indicates that Sb(V) reduction by W3110 was possibly a
non-enzymatical reaction, which led us to explore the role of EPS in Sb
(V) reduction.
3.3. EPS bind and reduce Sb(V)

3.2. Non-enzymatic Sb(V) reduction

To identify whether EPS were capable of Sb(V) reduction, EPS were
extracted and incubated with 10 μM Sb(V) at 30 ◦ C for 10 d. As shown in
Fig. 3A, EPS were able to reduce about 9.24% Sb(V). Moreover, the
percentage of Sb(V) reduction by EPS exhibited no statistically signifi
cant difference (p = 0.437) to that by W3110 (11.73%), suggesting that
Sb(V) reduction was mainly contributed by EPS.
To examine the component of EPS that can reduce Sb(V), the 3DEEM of EPS was analyzed. As shown in Fig. 3B and C, the fluorescence
spectrum of EPS exhibited a strong peak (λex = 275 nm, λem = 335 nm)
due to tryptophan-like substances (Zhang et al., 2010; Xu et al., 2021).

To explore the Sb(V) reduction mechanism in W3110, transcriptome
analysis was conducted for the sample showing the highest reduction
rate in the middle stage of incubation (15 d). The transcriptome analysis
reveals that only a relatively small number of genes was affected among
which 17 genes were up-regulated and 50 genes were down-regulated
(Fig. 2A, Table S1). To further identify possible Sb(V)-reducing genes,
the expression of genes associated with metal resistance or redox re
actions was further tested by real-time reverse transcriptase polymerase
chain reaction (RT-qPCR). The result confirms that all the tested genes
4
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combination of EPS with Cu(II) led to the quenching of its fluorescence
intensity (Xu et al., 2021). Similarly, upon Sb(V) addition, the fluores
cence intensity of tryptophan-like substances was quenched (Fig. 3B and
C), suggesting that they may bind with Sb(V).
3.4. Identifying EPS functional groups for Sb(V) reduction
To identify the functional groups involved in Sb(V) reduction, FTIR
spectra of EPS were collected and the results are shown in Fig. 4 and
– O (~1627 cm− 1) in
Table S3. Specifically, the vibrational peaks of C–
− 1
the amide I groups and N–H (~1577 cm ) in amide II groups almost
disappeared in the presence of Sb(V), indicating that these two groups
were involved in Sb(V) reduction. The amide groups were also the pri
mary contributor to the reduction of metals like Cu(II) (Xu et al., 2021)
and Cr(V) (Lei et al., 2020). In addition, it was also possible that Sb(V)
bond to the amino group formed by the hydrolysis of the amide groups,
thus changing associated FTIR spectra (Fan et al., 2019). The peak in
tensity of O–C–O (~1078 cm− 1) and C–O–C (~977 cm− 1) was appre
ciably reduced upon Sb(V) addition, suggesting the involvement of
hemiacetal groups of polysaccharides (Lai et al., 2018; Liu et al., 2018;
Zhang et al., 2020). The FTIR results indicate that amide groups of
proteins and hemiacetal groups of EPS dominated the Sb reduction
process.
To study the change in EPS functional groups upon Sb(V) addition,
we carried out the O1s XPS analysis and the results are presented in
Fig. 5 and Table S4. After reaction with Sb(V), the content of carboxyl
groups (531.21 eV) resulted in a marked increase of 10.15%, whereas
the hemiacetal groups (532.94 eV) had a simultaneous decrease of
14.11%, consistent with the blue-shift in 3D-EEM. This observation
– O, suggesting that the
shows that some C–O bonds were converted to C–
hemiacetal groups were responsible for Sb(V) reduction, which is in line
with the FTIR analysis (Wang et al., 2014; Kang et al., 2017). Moreover,
the functional groups containing N and P resulted in a negligible change
after reaction with Sb(V) (Fig. S4).
As shown in Fig. 4, the FTIR peaks at near 834 cm− 1 and 526 cm− 1
have shifted markedly, indicating that polysaccharides, nucleic acids,
and proteins in EPS were involved in binding Sb(V) (Kang et al., 2017;
Lai et al., 2018; Zhang et al., 2020). FTIR analysis also revealed the peak
– O (from 1285 to 1291
shift of COO− (from 1423 to 1415 cm− 1) and P–
cm− 1) upon Sb(V) addition (Zhou et al., 2019). In addition, the XPS
analysis resolved the peak shift of N1s (from 399.82 to 399.64 eV) and
P2p (from 134.03 to 133.76 eV) upon Sb(V) addition, further indicating

Fig. 4. The infrared spectra of EPS before and after incubation with Sb(V). EPS:
the EPS were extracted from strain W3110 without Sb pre-incubation; EPSSb:
the EPS were extracted from strain W3110 with Sb pre-incubation; EPS + Sb:
the EPS reacted with 10 μM Sb(V); EPSSb + Sb: the EPSSb reacted with 10 μM
Sb(V).

Upon Sb(V) addition, the peak location was red-shifted by 5 nm along
the λex axis due to the decrease in aromatic rings and conjugated bonds
(Wang et al., 2014), and was blue-shifted by 5 nm along the λem axis
because of the increase in carbonyl substituents, hydroxyl, alkoxy, and
carboxyl groups (Chen et al., 2003; Wang et al., 2014). Notably, tryp
tophan in the natural dissolved organic matter has been reported to
combine with heavy metals (Lai et al., 2018; Wu et al., 2011). In addi
tion, the complexation of tryptophan-like proteins with Cd(II) controlled
the Cd(II) adsorption to algae (Xie et al., 2020). Furthermore, the

Fig. 5. XPS O1s spectra of EPS in the absence (EPS) or presence (EPS + Sb(V)) of Sb(V).
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that functional groups in nucleic acids and proteins were involved in the
Sb binding (Fig. S4).
EPS are rich in functional groups, and therefore readily interact with
heavy metals. Interestingly, certain functional groups can be involved in
reducing different metals. For example, the hemiacetal groups of
reductive saccharides were involved in the reduction of Au(III) (Kang
et al., 2017), Cr(IV) (Dogan et al., 2011), and Sb(V) (in our study). On
the other hand, bacteria may use different functional groups in EPS as
electron donors to reduce the same metal. For example, the Cu(II)
reduction by Bacillus subtilis EPS was mainly due to phenolic and amide
groups; on the contrary, c-type cytochromes were the primary contrib
utor of Cu(II) reduction by S. oneidensis MR-1 (Xu et al., 2021). In
addition, As and Sb belong to the same group of the periodic table,
however, c-type cytochromes were the contributor of the As(V) reduc
tion by E. coli DH5α, whereas they were not involved in Sb(V) reduction
by EPS of W3110 (Fig. S5). Moreover, aniline, hemiacetal, and phenolic
hydroxyl groups in EPS were involved in Sb(V) reduction by Klebsiella
pneumoniae J1 (Zhou et al., 2019), whereas in our study, the reduction of
Sb(V) by Escherichia coli W3110 was dominated by hemiacetal and
amide groups.
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3.5. The first line of defense against Sb(V)
The prioritized strategy for bacteria to resist toxins is to keep them in
the extracellular space (Elias et al., 2012). EPS contain a variety of
functional groups, such as hemiacetal groups in polysaccharides and
amide groups in proteins, which reduce the oxidation states and toxicity
of heavy metals (Yu and Fein, 2016; Zhang et al., 2016). For example, Sb
(III), the reduced Sb species, is immobile and readily bound with natural
organic matters (Besold et al., 2019; Ye et al., 2019). In addition, EPS are
rich in negatively charged functional groups, such as deprotonated
carboxyl and phosphate (Flemming and Wingender, 2010; Zhou et al.,
2020). The electrostatic repulsion of EPS may hinder the diffusion of Sb
(V) by acting as a natural barrier, which was confirmed by the increase
of Sb content on the membrane during the incubation, while the intra
cellular Sb was almost unchanged (Fig. S1A). The adsorption and
reduction of Sb(V) by EPS may serve as a natural strategy for W3110 to
improve its tolerance to Sb(V).
To study whether Sb(V) exposure would stimulate the EPS secretion
of W3110, W3110 was pre-incubated with 10 μM Sb(V) to obtain EPSSb,
and then EPSSb was mixed with 10 μM Sb(V). The results in Fig. 3A show
that Sb(III) was about 12.1% in EPSSb, which was not significantly
different (p = 0.709) from the EPS without Sb(V) pre-incubation (EPS,
9.24%). The comparison indicates that the Sb(V)-reducing capacity is an
intrinsic property of the EPS, which is independent of Sb(V) stimulation
and in line with the result of transcriptome analysis. Moreover, as shown
in Fig. 4, FTIR spectra of EPS and EPSSb had no obvious difference,
suggesting that Sb stress did not influence EPS secretion, and the
interaction between EPS and Sb(V) was not a stress response.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2021.118258.
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