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Microbiological Oxidation of Antimony(III) with Oxygen or Nitrate
by Bacteria Isolated from Contaminated Mine Sediments
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Bacterial oxidation of arsenite [As(III)] is a well-studied and important biogeochemical pathway that directly influences the mo-
bility and toxicity of arsenic in the environment. In contrast, little is known about microbiological oxidation of the chemically
similar anion antimonite [Sb(III)]. In this study, two bacterial strains, designated IDSBO-1 and IDSBO-4, which grow on tar-
trate compounds and oxidize Sb(III) using either oxygen or nitrate, respectively, as a terminal electron acceptor, were isolated
from contaminated mine sediments. Both isolates belonged to the Comamonadaceae family and were 99% similar to previously
described species. We identify these novel strains as Hydrogenophaga taeniospiralis strain IDSBO-1 and Variovorax paradoxus
strain IDSBO-4. Both strains possess a gene with homology to the aioA gene, which encodes an As(III)-oxidase, and both oxidize
As(III) aerobically, but only IDSBO-4 oxidized Sb(III) in the presence of air, while strain IDSBO-1 could achieve this via nitrate
respiration. Our results suggest that expression of aioA is not induced by Sb(III) but may be involved in Sb(III) oxidation along
with an Sb(III)-specific pathway. Phylogenetic analysis of proteins encoded by the aioA genes revealed a close sequence similar-
ity (90%) among the two isolates and other known As(III)-oxidizing bacteria, particularly Acidovorax sp. strain NO1. Both iso-
lates were capable of chemolithoautotrophic growth using As(III) as a primary electron donor, and strain IDSBO-4 exhibited
incorporation of radiolabeled [**C]bicarbonate while oxidizing Sb(III) from Sb(III)-tartrate, suggesting possible Sb(III)-depen-

dent autotrophy. Enrichment cultures produced the Sb(V) oxide mineral mopungite and lesser amounts of Sb(III)-bearing se-

narmontite as precipitates.

Antimony (Sb) is a redox-sensitive toxic trace metalloid that is
of increasing environmental concern around the world, par-
ticularly in areas where it is mined for use in an array of products,
including semiconductors, fire retardants, batteries, munitions,
automobile brake linings, cable sheathing, and solders (1-3). The
element is classified as a priority pollutant by the U.S. Environ-
mental Protection Agency (EPA), which sets the current maxi-
mum contaminant level for drinking water at 6 pg/liter. Chronic
Sb exposure can result in health impacts similar to those of arsenic
(As) poisoning, such as damage to the heart, liver, lungs, and
kidneys (4). Antimony and As are both group 15 metalloids,
thereby sharing a number of chemical properties in addition to
their toxicity. They both typically exist in the +5 valence state in
oxygenated environments and in the +3 state under anoxic con-
ditions. These variations in oxidation state influence the toxicity,
bioavailability, and environmental mobility of the two metalloids.
Antimony and As are both chalcophilic elements that often cooc-
cur in association with sulfide minerals around hydrothermal ore
deposits. Ecosystems surrounding mining and smelting opera-
tions can therefore become contaminated due to oxidative disso-
lution of Sb- and As-sulfides in sulfidic mine tailings (5-8).
Biologically mediated oxidative and reductive transformations
of As between the pentavalent As(V) and trivalent As(III) oxida-
tion states are well studied in a wide range of phylogenetically
diverse prokaryotes (9, 10). Four operons from bacteria are impli-
cated in transformations of As. The ars and arr operons are in-
volved in the reduction of As(V) to As(I1I), while the aio (formerly
called aox) and arx operons are associated with the oxidation of
As(III) to As(V). The ars operon confers cellular resistance to As
by way of a periplasmic As(V) reductase (arsC) and an As(III)
efflux pump (arsB) that also removes Sb(III) from the cell (11, 12).
The arr system encodes a reductase that permits anaerobic respi-
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ration, which couples dissimilatory As(V) reduction to the oxida-
tion of various organic and inorganic electron donors (9, 10). The
converse reaction, As(III) oxidation, can serve as a detoxification
mechanism in heterotrophs or as a source of electrons to drive
chemoautotrophy with oxygen as a terminal electron acceptor (9).
Aerobic As(III) oxidation is catalyzed by an inner-membrane-
bound oxidase (Aio) that is encoded by the aio operon (13). Ox-
idation of As(III) can also donate electrons to drive chemoautot-
rophy in anoxic settings via the reduction of nitrate (14, 15) and
also to fuel anoxygenic photosynthesis in purple sulfur bacteria
(16, 17). Both of these processes proceed via enzymes encoded by
the arx operon (18-20). Proteins encoded on the arr, aio, and arx
operons are complex iron sulfur molybdoproteins (CISMs).
CISMs form a family of approximately 14 types of proteins, in-
cluding enzymes used for the respiration of dimethyl sulfoxide
(DMSO), As(V), As(III), nitrate, and selenate, as well as the en-
zymes biotin sulfoxide reductase, pyrogallol transhydroxylase,
and ethylbenzene dehydrogenase (21, 22).
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Compared to As geomicrobiology, our understanding of the
role that microbes play in the environmental cycling of Sb remains
incomplete. However, results from an increasing number of re-
cent studies suggest that microbiological processes similar to
those described for As also drive a biogeochemical Sb cycle in
nature. For example, one recent study has reported growth cou-
pled to the dissimilatory reduction of Sb(V) to Sb(III) as a respi-
ratory electron acceptor in a Firmicutes isolate from Mono Lake,
CA (23). Likewise, our group recently demonstrated respiratory
anoxic Sb(V) reduction by a microbial community within Sb-
contaminated sediments from Stibnite Mine, ID (24). Studies on
the microbiological oxidation of Sb(III) have largely focused on
Sb-resistant bacteria that employ this biotransformation as an ap-
parent cellular detoxification mechanism while growing as het-
erotrophs (25-28). Reports of Sb(III) oxidation that is coupled to
the conservation of energy for chemoautotrophic growth are re-
stricted to some earlier studies (29-31) regarding the bacterial
isolate Stibiobacter senarmontii, which was isolated from a stibnite
ore body and grew by fixing CO, while using Sb(III) as an electron
donor. The studies with S. senarmontii were conducted prior to
the widespread application of modern genomic methods, and no
further characterization of that organism or any other Sb(III)-
oxidizing autotroph has since been reported. Recent work by
Wang et al. (32) demonstrated that a mutation in the aioA struc-
tural gene reduces the ability to oxidize Sb(III) by approximately
one-third in Agrobacterium tumefaciens strain 5A. This suggests
that aioA may be partially involved with Sb(III) oxidation but also
implicates other unknown pathways. One such novel Sb(III) oxi-
dase belonging to the short-chain dehydrogenase/reductase fam-
ily of enzymes, and designated anoA, was recently identified by Li
etal. (33) and was found to be widely distributed among bacteria,
including some that are able to oxidize Sb(III).

In this contribution, we report the isolation and characteriza-
tion of two bacterial strains from Stibnite Mine, Hydrogenophaga
taeniospiralis strain IDSBO-1 and Variovorax paradoxus strain
IDSBO-4. Strain IDSBO-4 grows as an aerobe and oxidizes Sb(I1I)
to Sb(V) during growth on potassium antimony(III) tartrate.
We report the fixation of radiolabeled ['*C]bicarbonate during
growth and oxidation of Sb(III) by strain IDSBO-4, suggesting an
autotrophic process. Strain IDSBO-1 grows as an anaerobe on
potassium antimony(III) tartrate with nitrate as an electron ac-
ceptor and oxidizes Sb(III) to Sb(V) coupled to the reduction of
nitrate. This study thereby expands our understanding of bacterial
pathways for Sb(III) oxidation and contributes to our emerging
picture of the biogeochemical redox cycle that controls the envi-
ronmental behavior of Sb.

MATERIALS AND METHODS

Study area and sample collection. We isolated bacteria from sediment
that was collected in the highly As- and Sb-contaminated Stibnite/Yellow
Pine mining area of Idaho during July 2012. Antimony, gold, and tungsten
mining from the early 1900s until the late 1990s has resulted in waste ore
and mine tailings being deposited over approximately 50% of the 3,000-
acre Stibnite Mine site (34). Sediment was collected from a seasonally
flooded shallow seep near the edge of a large tailings pile (designated
“Heap Seep” [HS]) and from a permanently flooded small pond that
occurs in an abandoned stream channel near the tailings piles (designated
“Channel Pond” [CP]). A detailed description of the study area and the
locations of the HS and CP is provided by Dovick et al. (6). Extremely
elevated dissolved and sedimentary concentrations of As and Sb in these
locations, measured in samples collected during the same sampling trip,
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TABLE 1 Concentrations of dissolved and sedimentary As and Sb, along
with pH values, for the two Stibnite Mine sites sampled in this study”

Concn of metalloid in:

Surface water

(M) Sediment (mg/kg)
Site designation pH As Sb As Sb
Heap Seep 9.4 144.6 8.6 1,388.8 43.1
Channel Pond 8.2 2.3 2.6 292.6 203.5

@ As reported by Dovick et al. (6).

were previously reported by Dovick et al. (6) and are summarized in Table
1. Sediment samples were collected in sealed glass jars (1 pint) and trans-
ported to the laboratory under chilled conditions. Samples were stored in
the dark at 5°C for up to 11 months prior to use in sediment microcosm
experiments.

Sediment microcosms. Microcosms were prepared to assess the ca-
pacity for the sedimentary microbial community to oxidize As(III) or
Sb(III). Microcosms (30-ml total volume) were prepared with artifi-
cial freshwater medium SeFr1 (35) amended to 2 mM As(III) (added
as NaAsO,) or Sb(III) [added as potassium antimony(III) tartrate,
C4H,K,0,,5b,-3H,0], and inoculated with sediment from either the HS
or CP locations (sediment-to-medium ratio, 1:19). Potassium anti-
mony(Ill) tartrate (CgH,K,0,,Sb,-3H,0) has been used as an Sb(III)
source in several previous microbiological studies (e.g., see references
25-27 and 32) owing to the poor aqueous solubility of other Sb(III) com-
pounds. The tartrate form also allows Sb(III) to be solubilized without
interfering with its cellular uptake, extrusion, or interaction with regula-
tory proteins (26). Abiotic control microcosms were prepared identically
to live trials but without sediment inoculum or by twice autoclaving
(121°C, 250 kPa, 50 min) subsequent to the addition of sediment inocula.
Microcosms were capped with a permeable foam stopper to allow ex-
change with the atmosphere and incubated in the dark at 27°C with gentle
rotary shaking for ~8 days. The microcosms were periodically sub-
sampled (0.5 ml) with sterile Pasteur pipettes and filtered by centrifuga-
tion (14,000 rpm, 2 min) in 0.45-pwm-pore nylon filter microcentrifuge
tubes (Costar, Inc.) prior to analysis to monitor changes in dissolved
C¢H,K,0,,Sb,-3H,0, Sb(V), As(II), and As(V).

Enrichment cultures. Aliquots (0.1 ml) from live As(IIT)- and Sb(III)-
oxidizing microcosms were inoculated into culture tubes prepared with
13 ml of SeFrl medium amended to 2 mM As(III) (added as NaAsO,) or
Sb(III) (added as 1 mM CgH,K,0,,Sb,-3H,0) and capped with perme-
able foam stoppers. Enrichments were incubated statically, subsampled,
and analyzed as previously described for sediment microcosms. After 12
days, a loss of As(III) or CgH,K,0,,5b,-3H,0 and increasing turbidity
were observed in all live enrichment cultures.

Secondary enrichments were prepared with the SeFrl medium com-
position modified by omitting yeast extract to eliminate this potential
organic substrate. Secondary enrichments were constructed with 0.1 ml of
primary enrichment culture and 13 ml medium. As with the primary
enrichments, the yeast-free enrichments showed progressive loss of 2 mM
As(IIT) or Sb(III) over 10 days. Following the enrichment experiments,
solid precipitated mineral residues were collected from the cultures by
filtration and dried at 60°C for 48 h prior to X-ray diffraction (XRD)
analysis.

Isolation of ISDBO-1 and IDSBO-4. We obtained pure cultures of
As(ITI)- and Sb(III)-oxidizing organisms by streaking the secondary en-
richments onto agar plates prepared with yeast extract-free medium
amended with 1.4 mM sodium bicarbonate, vitamins (36), 2% agar, and 2
mM As(IIT) or 1 mM CgH,K,0,,Sb,-3H,0. The plates were incubated at
27°C in the air. Colonies were observed on the plates within 15 days, and
these colonies were restreaked several times on fresh agar to obtain purity.

Growth conditions. Isolates that grew on As(III)-amended agar ap-
peared as irregular, colorless, sheet-like colonies, while the Sb(III)-
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amended plates yielded whitish-yellow, raised, circular colonies. Each of
these colony types was picked and resuspended into both oxic and anoxic
culture tubes (prepared in triplicate) that contained the sulfate-free fresh-
water medium SeFr2 (37), which was prepared with yeast extract omitted
and amended with vitamins (36) and 2 mM sodium bicarbonate. The
SeFr2 medium was chosen for the growth experiments in order to elimi-
nate sulfate as a potential electron acceptor under anoxic conditions. An-
oxic culture tubes were prepared by bubbling the liquid medium (200 ml
for 20 min) with O,-free N, and transferring 13 ml into each tube under a
flow of N, (38). Tubes were amended with 2 mM As(III) and/or 2 mM
Sb(II) (added as 1 mM CgH,K,0,,Sb,-3H,0), and anoxic tubes also
received 2 mM nitrate (as NaNO;). To determine if tartrate present in the
Sb(III) stock could support growth, we also prepared a set of oxic and
anoxic tubes that were amended with 1 mM potassium sodium tartrate
(KNaC,H,0O4-4H,0) in lieu of As(III) or CgH,K,0,,Sb,-3H,0. Cultures
were incubated and subsampled as described above to measure As(III)
and Sb(III) oxidation activity, loss of tartrate, and the reduction of nitrate
to nitrite. Quantification of cell populations and growth was achieved by
direct counting using fluorescence microscopy (39).

Radioisotope experiments. Radioisotope experiments with [**C]bi-
carbonate (H'CO,~) were conducted using methods similar to those
detailed by Oremland et al. (14). Culture tubes were prepared containing
10 ml sterile SeFr2 medium, without yeast extract. Strain IDSBO-4 was
grown aerobically on Sb(III) as described above, and 0.5 ml of actively
growing culture was used as the inoculum for the radioisotope experi-
ment. Antimony-amended tubes received 2 mM Sb(III) addition. Tripli-
cate sets of Sb(IIl)-amended and nonamended tubes were inoculated,
while an additional set of control tubes received 2 mM Sb(III) but no
inoculum. All tubes were injected with H'*CO; ™ (total activity, 5 uCi/
tube [185,000 Bq]). Duplicate tubes were constructed without the tracer
to monitor Sb(III) oxidation during the experiment in nonradioactive
samples. After 6 days of incubation in the dark (25°C), complete oxidation
of Sb(III) to Sb(V) was observed in the monitoring tubes and the experi-
ment was terminated. The contents of each tube were pressure filtered
(pore size, 0.45 pwm) to collect the cells from suspension, the filters were
acid fumed overnight in a desiccator, and the radioactivity associated with
acid-insoluble carbon was counted by liquid scintillation spectrometry.

Analytical. Arsenic(IIT) and As(V) were measured by high-perfor-
mance liquid chromatography (HPLC) using a Dionex Ultimate3000
high-performance liquid chromatograph with UV detection (210 nm)
and two inline ion-exchange columns (Bio-Rad Aminex HPX-87H fol-
lowed by Hamilton PRP X300) with 0.016 N H,SO, eluent flowing at 0.6
ml/min (51). Potassium antimony(III) tartrate and potassium sodium
tartrate were also quantified by HPLC. Under the specified conditions,
both tartrate compounds eluted at 13.1 min, and we obtained a linear
calibration (R* > 0.94) in the range of 10 to 500 wM using standards made
from each compound (data not shown). Antimony(V), nitrate, and nitrite
were measured by ion chromatography (IC) with conductivity detection
as noted by Hoeft et al. (40) using a Dionex ICS-2000 ion chromatograph
configured with a Dionex AS-18 column and 32 mM KOH mobile phase
flowing at 1.0 ml/min. Under these conditions, Sb(V) eluted at 2.8 min,
immediately after the injection peak. We obtained a linear calibration
(R? = 0.968) for Sb(V) in the range from 10 to 500 wM using standards
made from KSbO,-3H,O (data not shown). Powder X-ray diffraction
analysis of precipitates from Sb(III)-oxidizing cultures were conducted
using a Phillips Xpert PW3040-MPD diffractometer.

Genomic analyses. Bacterial DNA was extracted using the Mo Bio
Ultraclean microbial DNA isolation kit (Mo Bio Laboratories, Inc., Carls-
bad, CA). 16S rRNA genes were amplified using the 27F and 1492R prim-
ers described by Polz and Cavanaugh (41). aioA sequences were amplified
with primer set 2 as described by Inskeep et al. (42). Sequencing was
performed by Macrogen (Cambridge, MA). Contigs were assembled and
proteins were translated using MacVector 12.7.5 (Oxford Molecular,
Cary, NC). The lengths of the partial 16S rRNA sequences from strains
IDSBO-1 and IDSBO-4 were 1,400 and 1,454 nucleotides, respectively.
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Evolutionary analyses were performed using Mega 6.0 (43) with 250
bootstrap replicates performed (44). Alignments were constructed using
MUSCLE (45). Initial trees for the heuristic search were obtained by ap-
plying the neighbor-joining method to a matrix of pairwise distances es-
timated using a JTT model. Phylogenetic analysis of partial 16S rRNA was
inferred using the maximum likelihood method based on the general time
reversible model. The tree with the highest log likelihood (—5,159.3994)
was selected. Initial trees for the heuristic search were obtained automat-
ically by applying Neighbor-Join and BioN]J algorithms to a matrix of
pairwise distances estimated using the maximum composite likelihood
(MCL) approach and then selecting the topology with superior log likeli-
hood value. A discrete gamma distribution was used to model evolution-
ary rate difference among sites (5 categories [+ G; parameter = 0.1264]).
The rate variation model allowed for some sites to be evolutionarily in-
variable ([+1]; 64.5443% of sites). The analysis involved 17 nucleotide
sequences. The codon positions included were Ist + 2nd + 3rd + non-
coding. All positions containing gaps and missing data were eliminated.
There were a total of 1,339 positions in the final data set. Evolutionary
histories for AioA protein sequences were inferred using the maximum
likelihood method described by Whelan and Goldman (46). A discrete
gamma distribution was used to model evolutionary rate differences
among sites.

Nucleotide sequence accession numbers. The NCBI accession num-
bers for the partial 16S rRNA genes for H. taeniospiralis strain IDSBO-1
and V. paradoxus strain IDSBO-4 are KM 199760 and KM 199761, respec-
tively. The lengths of the partial 16S rRNA sequences from strains
IDSBO-1 and IDSBO-4 were 1,400 and 1,454 nucleotides, respectively.
The accession numbers for the partial aioA genes and translated proteins
from strains IDSBO-1 and IDSBO-4 are KM 199762 and KM199763, re-
spectively.

RESULTS

Sediment microcosms. Live sediment microcosms from both the
CP (Fig. 1A) and HS (data not shown) localities demonstrated
complete oxidation of 2.5 mM concentrations of As(III) to As(V)
within 4 days under As(IIl)-amended conditions. The recovery
rates of lost As(III) as dissolved As(V) were 77% in CP micro-
cosms and 81% in HS microcosms. In microcosms amended with
1.5 mM CgH,K,0,,5Sb,-3H,0, rapid and complete loss of that
compound from solution was observed within 4 days but with-
out significant aqueous recovery of Sb(V) (Fig. 1B). Subsequent
amendments of As(III) or CgH,K,0,,Sb,-3H,0 were also rapidly
depleted within 3 to 4 days. Control microcosms that were pre-
pared identically to live microcosms but sterilized after sediment
inoculation (Fig. 1), or which were prepared without sediment
inoculum (data not shown), showed no activity. The loss of
CgH,K,0,,Sb,-3H,0 from solution in the microcosms, in the ab-
sence of a corresponding recovery of aqueous Sb(V), indicated
removal of Sb species via precipitation. We identify the mineral
form and oxidation state of Sb precipitated by these microorgan-
isms, in enrichment culture, in the following section.
Enrichment cultures and isolation of Sb(III)-oxidizing bac-
teria. An initial set of enrichment cultures was established by in-
oculating microcosms that utilized CgH,K,0,,5b,-3H,O into
SeFrl medium that contained yeast extract (0.5 g/liter) and 2 mM
As(IIT) or Sb(III) (as CgH,K,0,,Sb,-3H,0). Enrichment cultures
inoculated from both CP (Fig. 2) and HS (data not shown) micro-
cosms rapidly oxidized two subsequent amendments of Sb(III) or
As(IIT) and exhibited increasing turbidity over 12 days. A yellow-
ish precipitate formed by 5 days in all live Sb(III)-amended cul-
tures and progressively darkened to a light orange by 14 days
(Fig. 3A). X-ray diffraction analysis determined that the precipi-
tate was primarily composed of the Sb(V)-bearing mineral
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FIG 1 (A) Arsenic-amended sediment microcosms oxidized 2.5 mM As(III)
(open triangles) to As(V) (closed triangles) in live microcosms (solid lines).
(B) Antimony(IlI)-amended microcosms removed CgH,K,0,,Sb,-3H,0
(open circles) from solution in live slurries (solid lines) with poor recovery as
dissolved Sb(V) (closed circles). No activity occurred in autoclaved control
slurries under any condition (dashed lines). Arrows denote the timing of sup-
plemental As(III) or Sb(III) amendment. Symbols represent the means from
three replicate samples, and error bars represent =1 standard deviation. The
absence of bars indicates that the error was smaller than the sample.

mopungite [NaSb(OH)], which accounted for 87% and 94% of
precipitated Sb species in CP (Fig. 3B) and HS (data not shown)
enrichments, respectively. The remainder of precipitated Sb was
comprised of Sb(III)-bearing senarmontite (Sb,0;). No activity
was observed in control tubes that lacked Sb(III) or As(III)
amendment or in heat-sterilized controls (data not shown). Re-
covery of oxidized As(II) as aqueous As(V) was >90% in these
enrichments (Fig. 2A), whereas aqueous recovery of Sb(V) in
Sb(III)-amended enrichments was <12% (Fig. 2B). Enrichment
cultures that were serially diluted into yeast extract-free medium
continued to oxidize millimolar concentrations of Sb(III) and
As(IIT) under aerobic conditions, with observable increase in tur-
bidity (data not shown). The elimination of yeast extract from the
media resulted in significantly enhanced aqueous Sb(V) recovery in
these secondary enrichments. In yeast extract-free media, the aque-
ous Sb(V) recovery rates were 75% for CP cultures (Fig. 2C) and 59%
for HS (data not shown). Antimony(III)-amended cultures devel-
oped noticeably less yellowish-orange precipitates than were ob-
served in the initial enrichments. X-ray diffraction analysis of these
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FIG 2 (A) Oxidation of As(III) (open triangles) to As(V) (closed triangles) in
enrichment cultures inoculated from Stibnite Mine sediment microcosms. (B)
Removal of Sb(III) as CgH,K,0,,Sb,-3H,0O (open circles) from solution in
enrichment cultures amended with yeast extract (0.5 g liter ') was accompa-
nied by poor recovery as aqueous Sb(V) (closed circles) and by the precipita-
tion of Sb oxide mineral phases (Fig. 3). (C) The elimination of yeast extract in
subsequent transfers of the enrichments resulted in greatly increased recovery
of dissolved Sb(V) during Sb(III) oxidation. Arrows denote the timing of sup-
plemental As(III) or Sb(III) amendment. Symbols represent the means from
three replicate samples, and error bars represent =1 standard deviation. The
absence of bars indicates that the error was smaller than the sample.

precipitates in the secondary CP enrichments identified the mineral
forms as 72% mopungite and 28% senarmontite (data not shown).
The secondary enrichment cultures were streaked onto agar
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FIG 3 (A) Yellow precipitates formed in Sb(III)-amended live cultures after
~10 days of incubation. (B) X-ray diffraction pattern of the precipitate from
Sb(III)-amended CP enrichments. Major peaks corresponding to mopungite
[NaSb(OH),] and senarmontite (Sb,05) are labeled. Mop, mopungite; Sen,
senarmontite. The smaller unlabeled peaks correspond to sylvite (KCI) and
arcanite (K,SO,), which precipitated from the growth medium.

plates to obtain bacterial isolates. Growth of bacterial colonies was
observed on the plates within 15 days. Two bacterial strains capa-
ble of Sb(IIT) oxidation were successfully isolated by repeated plat-
ing and resuspension in liquid medium. The first, designated
strain IDSBO-1, is a rod-shaped bacterium that was derived from
CP sediment and isolated on As(IIT)-amended plates. The second,
strain IDSBO-4, possesses a coccus-shaped cell morphology and
was isolated from HS sediments on Sb(III)-amended plates.
Genomic analysis. The 16S rRNA sequence analysis con-
ducted by the Ribosomal Database Classifier program (47) set
to 95% confidence resulted in both strain IDBO-1 and strain
IDSBO-4 being placed in the family Comamonadaceae. The 16S
rRNA sequence of strain IDSBO-1 was 99% identical to Hydrog-
enophaga taeniospiralis strain NBRC 102512 (NCBI accession no.
NR_114131.1), while strain IDSBO-4 was 99% identical to Vario-
vorax paradoxus S110 (NCBI accession no. NR_074654.1) (Fig. 4).
We therefore assign our isolated strains to these two species, re-
spectively. High-quality DNA sequences were also obtained and
amplified from a region of the genomes of the two strains that
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FIG 4 Evolutionary analyses based on 16S rRNA sequences. Strain names and
NCBI accession numbers are as follows: IDSBO-1, KM199760.1; IDSBO-4,
KM199761.1; Acidovorax oryzae strain FC-143, NR_043752.1; Brachymonas
denitrificans strain AS-P1, NR_025834.1; Comamonas testosteroni strain H18,
EU887829.1; Curvibacter gracilis strain 7-1, NR_028655.1; Delftia litopenaei
strain wsw-7, NR_108843.1; Giesbergeria giesbergeri strain NBRC 13959,
NR_113642.1; Hydrogenophaga taeniospiralis strain NBRC, NR_114131.1; Hy-
lemonella gracilis strain NBRC 14920, NR_113697.1; Limnohabitans planktoni-
cus strain II-D5, NR_125541.1; Ottowia thiooxydans strain K11, NR_029001.1;
Pelomonas saccharophila strain DSM 654, NR_115052.1; Polaromonas aquatica
strain  CCUG 39402, NR_042404.1; Rhodoferax ferrireducens T118,
NR_114646.1; Variovorax paradoxus S110, NR_074654.1; and Burkholderia
cepacia strain ATCC 53130, AY741362.1. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. The tree is
drawn to scale, with branch lengths measured in the number of substitutions
per site.

aligned with amino acids 89 to 186 of the AioA protein from
Rhizobium sp. strain NT26. Phylogenetic analysis of the amplified
sequences solidly places them within a clade of AioA sequences on
a node with 90% bootstrap support and further clusters these
sequences with that of Acidovorax sp. strain NO1, which is also in
the family Comamonadaceae. Closer analysis of these sequences
reveals their homology to AioA from other members of the family
Comamonadaceae, including genera of Polaromonas, Acidovorax,
and Hydrogenophaga, on a node with strong bootstrap support
(Fig. 5).

Growth experiments. H. taeniospiralis strain IDSBO-1 dem-
onstrated growth on potassium antimony(III) tartrate, along with
Sb(III) oxidation, coupled to the reduction of nitrate under an-
oxic conditions. Removal of 0.5 mM C¢H,K,0,,Sb,-3H,0 from
solution was concurrent with a loss of 2 mM nitrate after 18 days
(Fig. 6A). The Sb(III) was partially recovered (48%) as aqueous
Sb(V). The remaining Sb(III) was lost from solution due to pre-
cipitation as Sb(III)-bearing senarmontite (data not shown),
which formed a white residue in the live cultures. Nitrite formed
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FIG 5 Phylogenetic comparison of AioA proteins from H. taeniospiralis strain IDSBO-1 and V. paradoxus strain IDSBO-4 to those possessed by other
As(III)-oxidizing bacteria. Prior to analyses, proteins were aligned and trimmed to the region homologous to amino acids 89 to 186 of the AioA protein from
Rhizobium sp. strain NT26. Numbers at nodes indicate the percentage of trees in which the associated taxa were clustered. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The formate dehydrogenase N alpha subunit (FdnG) protein from Escherichia coli K-12 was used as an

outgroup.

as a transient reduction product of nitrate and reached a maxi-
mum concentration of 0.75 mM at 13 days before presumably
being further reduced. These activities corresponded to a roughly
150-fold increase in cell density (as quantified by direct counting).
Strain IDSBO-1 grew at a similar rate when KNaC,H,O44H,O
was provided as a substrate in lieu of CgH,K,0,,5b,-3H,0 in ni-
trate-reducing cultures (Fig. 6B). No loss of C;H,K,0,,Sb,-3H,0,
oxidation of Sb(III), reduction of nitrate, or precipitation of
senarmontite occurred in autoclaved controls, and no cell
growth was observed in controls that did not receive either
CgH,K,0,,5b,-3H,0 or KNaC,H,0,4H,O (data not shown).
Strain IDSBO-1 also exhibited a capacity for anaerobic, chemoau-
totrophic growth via As(III) oxidation with nitrate, as well as aer-
obic autotrophy using As(III) and oxygen. Figure 6C shows a 24-
fold increase in cell density after 15 days coupled to the anaerobic
oxidation of 2 mM As(III) to As(V) (84% recovery) and the re-
duction of 2 mM nitrate to nitrite (78% recovery). Figure 6D
shows an 11-fold growth of cells associated with the oxidation of a
total of 5 mM As(III) to As(V) (86% recovery) over 10 days in the
air. Strain IDSBO-1 did not oxidize Sb(III) aerobically (data not
shown). However, strain IDSBO-1 preferentially oxidized As(III)
in anoxic cultures amended with nitrate and equimolar concen-
trations of As(III) and Sb(III), with no detectable Sb(III) oxida-
tion occurring until after 51% of the As(III) amendment had been
oxidized to As(V) (Fig. 6E).

V. paradoxus strain IDSBO-4 exhibited both Sb(III) oxidation
and As(IIT) oxidation in the air but did not oxidize either electron
donor with nitrate as a terminal electron acceptor under anoxic
conditions. Figure 7A shows that IDSBO-4 removed 0.4 mM
CgH,K,0,,Sb,-3H,0 from solution in aerobic cultures after 10
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days with 61% recovery of the associated 1 mM Sb(III) as aqueous
Sb(V) and a corresponding 7-fold increase in cell density. Like-
wise, 0.6 mM KNaC,H,O44H,O supported a similar 9-fold in-
crease in cell growth of IDSBO-4 with 86% utilization of the sub-
strate within 10 days (Fig. 7B). As with strain IDSBO-1, live
Sb(IlI)-amended tubes developed a white mineral precipitate,
which was identified by XRD as senarmontite (data not shown).
Arsenic(IIT) (0.81 mM) was oxidized to As(V) in 10 days by
IDSBO-4 in the air, with a corresponding 6-fold increase in cell
density (Fig. 7C). When C¢H,K,0,,Sb,-3H,0 and As(III) were
both provided, aerobic cultures of strain IDSBO-4 oxidized
Sb(III) and As(III) concomitantly. Figure 7D shows that within
10 days, these cultures oxidized 0.6 mM C¢gH,K,0,,Sb,-3H,0
[corresponding to an Sb(III) concentration of 1.2 mM] with
an aqueous recovery of 0.8 mM Sb(V). Hence, the rate of
CgH,K,0,,Sb,-3H,0 utilization in the coamended culture (Fig.
7D) was very similar to that in the culture that received only
C4H,K,0,,Sb,-3H,0 (Fig. 7A). The rate of Sb(V) production during
growth on CgH,K,0,,Sb,-3H,0, however, was nearly twice as high
in the coamended culture as that with CgH,K,0,,Sb,-3H,0 only.
The rate of As(III) oxidation to As(V) in the coamended culture
was also nearly twice that of the culture that received As(III) only
(Fig. 7C). Cell growth in the coamended culture demonstrated a
9-fold increase in cell density over 10 days, a rate comparable to
those of the other IDSBO-4 cultures that contained tartrate com-
pounds without As(III) (Fig. 7A and B). No loss of tartrate com-
pounds or oxidation of Sb(III) or As(III) occurred in tubes that
were autoclaved after inoculation, and no growth of IDSBO-4 was
observed in control tubes that lacked Sb(III) or As(III) amend-
ment (data not shown).
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FIG 6 Oxidation of Sb(III) and As(III) during growth of H. taeniospiralis strain IDSBO-1. (A to E) CgH,K,0,,Sb,-3H,0 as the electron donor and nitrate as the
electron acceptor under anaerobic conditions (A), KNaC,H,O4-4H,O as the electron donor and nitrate as the electron acceptor under anaerobic conditions (B),
autotrophic growth with As(III) as the electron donor and nitrate as the electron acceptor under anaerobic conditions (C), autotrophic growth with As(III) as the
electron donor under aerobic conditions (D), and sequential oxidation of As(III) and Sb(III) with nitrate in coamended cultures of strain IDSBO-1 (E). Open
circles represent CgH,K,0,,Sb,-3H,0, closed circles represent Sb(V), crosses represent KNaC,H,O-4H,O, open triangles represent As(III), closed triangles
represent As(V), closed squares represent nitrate, open squares represent nitrite, and gray diamonds represent cells. An arrow denotes the timing of supplemental
As(III) amendment. Symbols represent the means from three replicate samples, and error bars represent +1 standard deviation. The absence of bars indicates

that the error was smaller than the sample.

Radioisotope experiments. V. paradoxus strain IDSBO-4
demonstrated the fixation of ['*C]bicarbonate into cell material
that was coupled to the oxidation of Sb(III) or As(III). Cells that
were incubated in the dark for 6 days under aerobic conditions in
the presence of 2 mM Sb(III) incorporated 0.15% = 0.002% (n =
3) of the added H'CO,~ radiotracer compared to 0.01% =
0.001% incorporation in Sb(III)-free tubes (n = 3). Radiotracer
incorporation was also stimulated in tubes amended with 2 mM
As(III), which incorporated 0.06% = 0.007% of the added
H''CO,~ (n=3). A thinlayer of white mineral precipitate formed
in all Sb(IIT)-amended tubes, including abiotic control tubes,
which lacked cells, but the residue did not incorporate measurable
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C (radiotracer recovery was 0.01% = 0.002%). We did not test
strain IDSBO-1 for the ability to fix ['"*C]bicarbonate.

DISCUSSION

This study demonstrates a novel pathway for microbiological
Sb(III) oxidation that has been previously described for As(III)
oxidation, namely, the anaerobic oxidation of Sb(III) coupled
to the reduction of nitrate by our isolate H. taeniospiralis strain
IDSBO-1 (Fig. 6A). Furthermore, our experiments demonstrating
cellular incorporation of [**C]bicarbonate during aerobic Sb(ITI)
oxidation by V. paradoxus strain IDSBO-4 suggest the possibility
of Sb(III)-based chemoautotrophy in that organism, a metabolic
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process that is of known environmental significance with respect
to As cycling (9, 10). On the other hand, our experiments demon-
strating growth of both of these isolates on sodium tartrate
(KNaC,H,044H,0) in the absence of Sb or As (Fig. 6B and 7B)
illustrate a significant “pitfall” of using the commonly utilized
Sb(II)-tartrate (CgH,K,0,,Sb,-3H,0) as a source for soluble
Sb(III) in studies of autotrophy.

In recent years, our emerging picture of the geomicrobio-
logical Sb cycle has revealed distinct similarities to that of As.
Bacterial processes are known to mediate oxidative and reduc-
tive transformations of both metalloids between their environ-
mentally relevant trivalent and pentavalent oxidation states. In
As-rich environments microbiological processes represent the
primary environmental pathway for As(III) oxidation to As(V),a
reaction that otherwise occurs slowly under oxic conditions (48).
In situ rates of microbiological Sb oxidation in contaminated set-
tings have yet to be measured, but recent work in the laboratory
with Sb-resistant heterotrophic microbial consortia (25) and bac-
terial isolates (26—28) suggest that this behavior is phylogeneti-
cally widespread. It has been elicited in bacteria isolated from Sb-
impacted mine soils (25, 27) and industrially contaminated
aquatic sediments (28).

In these recent studies, the Sb(III)-oxidizing bacteria that have
been described are heterotrophs and were not shown to conserve
energy for growth from the reaction (25-28). Instead, the Sb(III)
oxidation activity appears to have been associated with cellular
Sb(III) resistance mechanisms (26, 27) similar to those employed
by some As-resistant heterotrophic prokaryotes that oxidize
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As(III) (9). The first identified Sb(III)-oxidizing bacterium, Stib-
iobacter senarmontii, was isolated from an Sb ore deposit in Yugo-
slavia during the late 1970s and is described in the English-lan-
guage literature in an article by Lyalikova (31). In that study, S.
senarmontii was reported to grow as an autotroph under oxic con-
ditions using Sb(III) as an electron donor, as demonstrated by
["*C]bicarbonate fixation experiments. The source of Sb(IIT) used
in those experiments was solid antimony trioxide (Sb,O3). The
oxidation of Sb(III) by S. senarmontii resulted in the precipitation
of the Sb(V)- and Sb(III)-bearing oxide mineral stibiconite
[Sb;O4(OH)]. However, growth rates for S. senarmontii were not
quantified, and the enzymatic pathways of Sb(III)-based autotro-
phy in that organism were not explored. To our knowledge, the S.
senarmontii cell line has since been lost.

The results of our sediment microcosm experiments (Fig. 1)
demonstrate oxidation of As(III) to As(V), as well as the biological
removal of Sb(III) from solution, by the sedimentary microbial
community around Stibnite Mine. The lack of activity in auto-
claved controls indicates that these processes are biologically me-
diated. In general agreement with Lyalikova’s results (31), our
experiments with enrichment cultures of Sb(III)-oxidizing bacte-
ria from these sediments demonstrated the precipitation and se-
questration of Sb during oxidation as an insoluble Sb(V)-oxide
mineral (mopungite), along with lesser amounts of Sb(III)-bear-
ing senarmontite (Fig. 2 and 3). The equilibrium phases of Sb at
circumneutral pH are much less soluble than analogous As phases
(49), and a growing body of literature suggests that bioprecipita-
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tion of Sb-bearing mineral phases also occurs during microbio-
logical Sb(V) reduction (23, 24).

In the decades following Lyalikova’s work, microbiological
Sb(III) oxidation went largely unexplored until Lehr and others
(26) investigated the process in an As(II)-oxidizing strain of
Agrobacterium tumefaciens. They found that the wild type of A.
tumefaciens as well as two aio mutant strains that were incapable of
As(IIT) oxidation could all oxidize Sb(III) and concluded that
Sb(III) oxidation and As(III) oxidation are catalyzed by distinct
enzymatic pathways. Subsequent work involving some of the
same investigators (32), however, found that under varied cultur-
ing conditions a partial inhibition of Sb(III) oxidation was ob-
served in the aio mutants. This suggests that aio gene products
may indeed be partially involved in Sb(III) oxidation (32). In this
study, phylogenetic analysis of aioA sequences amplified and se-
quenced from strains IDSBO-1 and IDSBO-4 revealed that the
two bacteria possess very similar AioA aerobic oxidase proteins on
a node with 90% bootstrap support and cluster with AioA from
other As(I1I)-oxidizing Betaproteobacteria (Fig. 5). The AioA from
Strain IDSBO-1 was also closely related to that of Acidovorax sp.
strain NOI, residing on a node with 87% bootstrap support. Aci-
dovorax sp. strain NO1 is unique among all sequenced strains of
Acidovoraxin being the only known representative of that genus to
possess the aio operon for As(III) oxidation, along with two adja-
cent ars resistance operons (50). It is not known whether Acido-
vorax sp. strain NO1 shares the capacity of H. taeniospiralis strain
IDSBO-1 to oxidize Sb(III).

The aioAB operon for aerobic As(III) oxidation was previously
found to be expressed by As(III) but not by Sb(III) in A. tumefa-
ciens (32). This is supported by our finding that strain IDSBO-1
demonstrated growth coupled to the oxidation of As(III) in the air
(Fig. 6D) or under anoxic conditions with nitrate (Fig. 6C) but
oxidized Sb(III) only under anoxic conditions (Fig. 6A). We did
not screen for other As structural genes in this study, and further
work is necessary to determine if the arx operon that encodes
anaerobic As(IIT) oxidation is also involved in anaerobic Sb(IIT)
oxidation. Strain IDSBO-4, in contrast, grew while oxidizing
As(IIT) (Fig. 7A) and Sb(III) (Fig. 7C) only as an aerobe. The
observed Sb(III) oxidation in the absence of As(III) suggests the
involvement of other, novel biochemical pathways that are ex-
pressed in the presence of Sb(III). A comparison of all potential
CISMs encoded in the genomes of strains IDSBO-1 and IDSBO-4
to those of closely related organisms that cannot oxidize Sb(III)
could facilitate the discovery of novel, specific enzymes for Sb(III)
oxidase. We note that a recent study by Li et al. (33) has identified
such a novel operon, denoted anoA, that encodes an Sb(III) oxi-
dase that is expressed in A. tumefaciens by the presence of Sb(III).
The authors of that study note that other unknown enzymes ap-
pear to be involved in Sb(III) oxidation in A. tumefaciens as well.

The preferential anaerobic oxidation of As(III) prior to Sb(III)
by strain IDSBO-1 when both electron donors were provided con-
comitantly (Fig. 6E) may indicate that the former anion acted as a
preferred electron donor for chemoautotrophy. Alternately, it
may suggest that the genetic pathways involved in As(III)- and
Sb(III)-dependent denitrification oxidize As(III) more efficiently
than Sb(III). The initiation of Sb(III) oxidation prior to the com-
plete oxidation and depletion of As(III) in this experiment sug-
gests that the relative environmental concentrations of the two
anions influence the expression of Sb(III) oxidation. The prefer-
ential utilization of As(III) by these bacteria cannot be explained
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by enzymatic preconditioning in our isolated strains, as the cell
lines used in the coamended experiments were grown on Sb(III)
and were not exposed to As(III) during previous culturing. The
preference for As(III) over Sb(III) by these organisms may reflect
a generally higher concentration of As compared to Sb in the Stib-
nite Mine ecosystem. Nevertheless, the rapid onset of As(III) ox-
idation without a significant lag time by the Sb(III)-adapted
strains demonstrates a capacity to rapidly change from Sb(III) to
As(IIT) oxidation. This could indicate that some common en-
zymes (e.g., Arx and Aio) are involved in the oxidation of both
metalloids and may be constitutive during Sb(III)-based che-
moautotrophy; however, further work will be required to address
this question.

Strain IDSBO-4 oxidized As(III) and Sb(III) simultaneously
when both electron donors were provided (Fig. 7D). The rate of
cell growth in the coamended culture was similar to that measured
when strain IDSBO-4 was amended with only C4H,K,0,,Sb,-3H,0
(Fig. 7A) or with KNaC,H,O, - 4H,0 (Fig. 7B). This suggests that
heterotrophic growth on tartrate, rather than As(III)- or Sb(III)-
dependent autotrophy, was likely the predominant metabolic
process in these coamended cultures. However, the cell yield after
10 days was markedly higher when cells were grown with
C¢H,K,0,,Sb,-3H,0 (Fig. 7A) or with KNaC,H,0.4H,0O (Fig.
7B) than with As(III) (Fig. 7C) or As(IlI) plus CgH,K,0,,Sb,
3H,0 (Fig. 7D). The cause of this inhibition in the presence of As
is not clear, but it may be related to a buildup of As(V) or to the
combination of the two toxic trivalent anions themselves. It is
notable that Sb(III) oxidation occurred much more rapidly in the
coamended culture (Fig. 7D) than in the culture that received
Sb(III) only (Fig. 7A). This may represent the expression and in-
volvement of aio or other unidentified operons for Sb(III) oxida-
tion by the presence of As(I1I), as suggested previously by Wang et
al. (32).

In conclusion, the contamination of freshwater ecosystems
with Sb is likely to continue to grow in importance as an environ-
mental concern because the metalloid is increasingly being used in
a diverse array of products and industries. A more detailed under-
standing of the geomicrobiological Sb cycle is necessary to predict
and manage the behavior of Sb in impacted settings. The results of
this study confirm recent reports that biological Sb(III) oxidation
can be readily elicited from bacterial populations in Sb- and As-
contaminated settings (25-28). This process can exert a strong
influence over the precipitation and sequestration of Sb in the
form of insoluble mineral phases under both oxic and anoxic con-
ditions. Future studies should focus on growing these and other
Sb(III)-oxidizing organisms with a tartrate-free Sb(III) source,
such as solid antimony trioxide, to confirm whether the observed
growth is indeed linked to Sb(III)-dependent autotrophy. Further
genetic sequencing and proteomic studies of these isolates would
also be highly useful to identify potential new structural genes that
encode bacterial Sb(III) oxidation.
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