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ABSTRACT: Phylogenetically diverse species of bacteria can mediate anaerobic oxidation of ferrous iron [Fe(II)] and/or arsenite
[As(III)] coupled to nitrate reduction, impacting the biogeochemical cycles of Fe and As. However, the mechanisms for nitrate-
dependent anaerobic oxidation of Fe(II) and As(III) remain unclear. In this study, we isolated two bacterial strains from arsenic-
contaminated paddy soils, Ensifer sp. ST2 and Paracoccus sp. QY30. Both strains were capable of anaerobic As(III) oxidation, but
only QY30 could oxidize Fe(II) under nitrate-reducing conditions. Both strains contain the As(II) oxidase gene aioA, whose
expression was induced greatly by As(III) exposure. Both strains contain the whole suite of genes for complete denitrification, but
the nitrite reductase gene nirK was not expressed in QY30 and nitrite accumulated under nitrate-reducing conditions. When the
functional nirK gene was knocked out in strain ST2, its nitrite reduction ability was completely abolished and nitrite accumulated in
the medium. Moreover, the ST24"" mutant gained the ability to oxidize Fe(II). When nirK gene from ST2 was introduced to QY30,
the recombinant strain QY30::nirK gained the ability to reduce nitrite but lost the ability to oxidize Fe(II). These genetic
manipulations did not affect the ability of both strains to oxidize As(IIT). Our results indicate that nitrite accumulation is required for
anaerobic oxidation of Fe(II) but not for As(III) oxidation in these strains. The results suggest that anaerobic Fe(II) oxidation in the
two bacterial strains is primarily driven by abiotic reaction of Fe(I) with nitrite, while reduction of nitrate to nitrite is sufficient for
redox coupling with anaerobic As(1Il) oxidation catalyzed by Aio. Deletion of nirK gene in denitrifiers can enhance anaerobic Fe(1I)
oxidation.

Bl INTRODUCTION [Fe(II)] and As(III) can also occur. It has been shown that
microbial anaerobic oxidation of Fe(II) and As(III) is coupled
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result in increased As mobility and availability to rice plants. ments.'"® A number of studies have shown that additions of
For this reason, arsenic (As) concentrations in rice grain are )
typically an order of magnitude higher than in other cereal
grains.5 Because rice is a major dietary source of inor§anic As Received: November 6, 2019
for populations consuming rice as a staple food,”” it is Revised:  March 3, 2020
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paddy soil. Published: March 4, 2020
Despite the prevailing anoxic conditions in submerged
paddy soil, microbial anaerobic oxidation of ferrous iron

When paddy soils are submerged, anoxic conditions lead to
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nitrate into anoxic groundwater or flooded paddy soils
stimulate the anaerobic oxidation of Fe(II) and As(III).*’
The formation of Fe(III) oxyhydroxides and the oxidation of
As(I1I) to As(V) can increase the sorption and immobilization
of As.”'??° Therefore, microbial anaerobic oxidation of Fe(1I)
and As(II) in paddy soil may be harnessed to decrease As
bioavailability to rice plants and to understand As dynamics in
the rhizosphere.

Different pathways of microbial anaerobic nitrate-reducing
Fe(II) oxidation (NRFeOx) have been proposed.u'22 First,
autotrophic nitrate-reducing Fe(II)-oxidizing bacteria can use
Fe(II) as an electron donor and CO, as the carbon source for
energy generation and growth.”' To date, only one autotrophic
NRFeOx enrichment culture KS has been reported,””** which
meets the criteria for autotrophic Fe(II) oxidation proposed by
Bryce et al.?! Second, nitrite, which is the first intermediate of
denitrification, can react chemically with dissolved Fe(II) to
produce Fe(IlI) and nitrous oxide (N,O) under anoxic
conditions; this pathway is termed chemodenitrifica-
tion.'®>*™*” This mechanism is considered to be abiotic
because no enzymes are directly involved in the oxidation of
Fe(Il), although production of nitrite is a biotic process. Third,
many NRFeOx bacteria are mixotrophic, which utilize Fe(1I)
as an electron donor and require organic carbon substrates for
grow’th.27_29 How Fe(1l) is oxidized by mixotrophic NRFeOx
bacteria remains unclear. It is possible that both biotic and
abiotic reactions are involved in Fe(Il) oxidation in
mixotrophic NRFeOx bacteria. Recently, it has been suggested
that c-type cytochromes (c-Cyts) in the extracellular polymeric
substances (EPSs) of NRFeOx bacteria transfer electrons from
Fe(Il) to the respiratory chain.’® Whether ¢-Cyts in the
periplasm are involved in Fe(Il) oxidation is unknown. For
both autotrophic and mixotrophic NRFeOx bacteria, the
Fe(II) oxidases remain elusive, and there are debates on the
relative contributions of biotic versus abiotic reactions to
Fe(1l) oxidation.”"?” During microbial Fe(II) oxidation
process, various biogenic Fe(II)- and Fe(III)-bearing minerals
(e.g, magnetite) are formed, with the form of the minerals
depending on microbial species, medium composition (i.e.,
phosphate or buffer concentrations), pH, Fe(II) precursor
(dissolved or solid), and organic substrate availability.”" These
Fe(III) minerals can serve as strong adsorbents for As species.

In contrast to NRFeOx, anaerobic As(II) oxidation is
coupled to nitrate reduction either for respiration or
detoxification and is catalyzed by As(III) oxidases Aio and
Arx, respectively.’”” ™" Aio transfers electrons arising from
As(I1I) oxidation toward a periplasmic soluble electron carrier
using O, or nitrate as electron acceptor.’”**>*® Additions of
nitrate to submerged paddy soils greatly increased the copy
number of aioA genes.””” Deletion of aioA gene in Paracoccus
strain SY isolated from a paddy soil abolished its ability to
oxidize As(III) under anoxic nitrate-reducing conditions.”* It
has been proposed that Arx transfers electrons arising from
As(I1I) oxidation toward the quinone pool, although the exact
mechanism has not been elucidated yet.*>*

It has been shown that many bacterial species from diverse
genera are able to oxidize Fe(II) and/or As(III) under anoxic
nitrate-reducing conditions.”** Although the coupling of
nitrate reduction and Fe(II) oxidation has been studied
intensively, the underlying mechanisms still remain unclear,
especially with regard to the role of biotic versus abiotic
processes. It is also unclear why some bacteria are capable of
mediating nitrate-dependent anaerobic oxidation of Fe(II) and
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As(I1I) simultaneously. We hypothesized that nitrite reduction
is the key step in the denitrification process that affects
anaerobic oxidation of Fe(Il), but not of As(III). To test this
hypothesis, we employed a genetic manipulation approach to
alter the pathway of nitrate reduction in two nitrate-reducing
bacteria isolated from paddy soils and assess the effects of these
manipulations on anaerobic oxidations of Fe(II) and As(III).

B MATERIALS AND METHODS

Bacterial Strains, Growth Media, and Culture Con-
ditions. Strains Paracoccus sp. QY30 and Ensifer sp. ST2, two
facultative anaerobic As(IIl)-oxidizing bacteria, were isolated
from enrichment cultures of arsenic-contaminated paddy soils
firom Qiyang, Hunan province and Shantou, Guangdong
Province, China, respectively’ (see Text SI in the Supporting
Information). For routine cultivation of ST2 and QY30 and
derivative strains in batch experiments, strains were cultured in
PIPES-buffered freshwater basal medium (PFWM) anaerobi-
cally containing S mM sodium nitrate (NaNO;) and 20 mM
sodium acetate as the electron acceptor and carbon source,
respectively. For gene deletion and complementation experi-
ments, ST2 and its derivative strains and Escherichia coli strains
were grown aerobically in Luria—Bertani (LB) medium, while
QY30 and its derivative strains were grown aerobically in R2A
medium.”® Where appropriate, kanamycin (50 mg L7'),
streptomycin (25 mg L™'), or gentamicin (25 mg L™") was
added. All strains and plasmid constructs used in this study are
listed in Table SI.

Molecular Analysis. The phenol—chloroform method was
used to extract DNA from QY30 and ST2 cells.*’ The 16S
rRNA gene was amplified using universal primers 27F and
1492R as previously described.”” The complete 16S rRNA
gene sequences of strains QY30 and ST2 were compared to the
closely related representative strains in the GenBank database
using BLAST, and a phylogenetic tree was constructed using
the neighbor-joining algorithm as implemented in MEGA
6.0.*" The As(IIl) oxidase aioA gene was amplified using the
primers aoxBM1-2F and aoxBM3-2R as described by
Quemeneur et al.* Genome sequencing was performed by
Shanghai Biozeron Biotechnology Co. (Shanghai, China)
(Text S1). Neighbor-joining phylogenetic trees of genes
coding for As(III) oxidase (aioA) were generated in MEGA
6.0 based on inferred amino acid sequences obtained from
GenBank database and from sequencing analyses performed
for this study."'

Disruption of nirK Gene in Ensifer Strain ST2. Standard
DNA manipulation techniques were performed as previously
described.” All primers used in this study are listed in Table
S2. Deletion of the nirK gene in Ensifer sp. ST2 was performed
via a two-step homogenetic recombination method using the
suicide plasmid pJQ200SK.** Two primer pairs (ST2-nirK-
UF/ST2-nirK-UR and ST2-nirK-DF/ST2-nirK-DR) (Table
S2) were used to amplify the homologous recombination-
directing sequences. Both polymerase chain reaction (PCR)
fragments were cloned into Sacl/Pstl digested pJQ200SK using
the ClonExpress MultiS one-step cloning kit (Vazyme Biotech
Co., Nanjing, China). The resulting plasmid, pJQ-AnirK, was
then introduced into ST2 cells by electroporation. Single-
crossover mutants were screened on LB plates containing
streptomycin and gentamicin. A double-crossover mutant
(ST22"™) was selected on LB plates containing streptomycin
and 5% (w/v) sucrose.
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Construction of an Anaerobic Nitrite-Reducing
Recombinant Strain QY30. Initial experiments in the
present study showed that strain QY30 was able to reduce
nitrate, but not nitrite. In order to confer strain QY30 with the
nitrite-reducing ability, nirK gene was cloned from Ensifer sp.
ST2 and transferred into QY30. For this purpose, a plasmid
containing nirK (pBAM1-ProKan-ST2-nirK) was constructed
using the method described by Chen et al.** ST2-nirK gene
fragment (1137 bp) was amplified by PCR with ST2 genomic
DNA using primers ST2-NirF and ST2-NirR (Table S2). ST2-
nirK expression under the control of Kan promoter was placed
into the plasmid pBAM1,* which formed plasmid pBAM-
ProKan-ST2-nirK. The plasmid pBAM1-ProKan-ST2-nirK was
then transferred into the wild-type QY30 by electroporation.
The transformants were selected on R2A—kanamycin agar
plates, and the complemented strain (QY30:nirK) was
selected and examined for its ability to utilize nitrite as an
electron acceptor.

Anaerobic As(lll) and Fe(ll) Oxidation. To obtain a
preculture, strains Paracoccus sp. QY30 (wild type), QY30::-
nirK, Ensifer sp. ST2 (wild type), and ST2"" were cultivated
in 50 mL of anoxic PFWM medium containing 20 mM acetate
and S mM nitrate, as described above, and incubated statically
in the dark under anoxic conditions at 28 °C. When the optical
density at 600 nm (ODgq,y,) reached 0.1, the preculture was
transferred (5%, v/v) into a fresh PFWM medium.

For measurement of As(III) resistance, ST2 and QY30 and
derivative strains were grown in the PFWM medium with 50
uM As(IIl) for 96 h at 28 °C. Growth was estimated by
measuring OD gy, To determine anaerobic As(1II) oxidation,
an aliquot of the ST2 and QY30 and derivative strain seed
culture (5%, v/v) was inoculated into SO mL of anaerobic
PFWM medium containing 50 #M As(III), S mM NaNO;, and
20 mM acetate under anoxic conditions for 72 h. Samples were
collected during 0—72 h to monitor the changes in As
speciation and the concentrations of nitrate and nitrite.

In the anaerobic Fe(1l)-oxidation experiments, 4 mM Fe(II)
was added from an anoxic sterile FeCl, stock solution to 50
mL of medium, which contained 1.03 mM phosphate that
could form Fe(Il) phosphate precipitates overnight. The
poorly crystalline Fe(II) phosphate was removed by filtration
(0.2 pum pore size) in an anoxic chamber (Coy) according to
Kappler and Newman*® leaving approximately 2 mM dissolved
Fe(II) in the medium. Portions (50 mL) of anoxic, sterile
medium were added to 100 mL serum bottles, sealed with
butyl rubber stoppers, and the headspace was replaced with
N,/CO, (80:20 by volume). Five percent of a freshly grown
culture was inoculated to the medium. All cultures were
incubated at 28 °C in the dark for 2 weeks. Samples were
collected to monitor the changes in the concentrations of
Fe(Il), nitrate, and nitrite.

RNA Isolation, cDNA Preparation, and Reverse
Transcription (RT) Analysis. TRIzol reagent (Invitrogen,
U.S.A.) was used to isolate total RNA from midexponential-
phase cultures of different strains that were grown in PFWM
medium under anoxic conditions, according to the manufac-
turer’s instructions. DNA contaminants present in the RNA
samples were removed by treatment with RNase-free DNase I
(Fermentas) for 1 h at 37 °C, followed by inactivation of the
enzyme with EDTA for 10 min at 70 °C. The RNA
concentration was first determined using a Nanodrop and
was diluted to equal concentrations. RNA integrity was
checked by agarose (2.0%) gel electrophoresis, and 1 pg of
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DNA-free RNA was used for cDNA synthesis. To examine if
the expression of aioA genes was induced by As(III), ST2 and
QY30 cell cultures grown in PFWM media under anoxic
conditions were treated with 50 uM As(III), while three other
replicates did not receive As(III). Primer sequences of the
target genes were designed by Prime 5.0 software (Table S2).
Quantification of the transcription of functional genes (napA,
narG, nirK, and aioA) was performed using the CFX96 real-
time PCR detection system (Bio-Rad) using the SYBR Green I
detection method. DNA gyrase subunit B (gyrB) gene was
used as an endogenous control. Melting curve analysis was
performed at the end of qPCR runs to check the specificity of
the amplification. The relative expression was quantified
according to the method of 27AACT threshold cycle (CT).*

Analytical Methods. Arsenic species were quantified using
high-performance liquid chromatography—inductively coupled
plasma mass spectrometry (HPLC—ICP-MS) (PerkinElmer
NexION 300X, U.S.A.) as described previously.”® For analysis
of total Fe(Il), 100 uL samples were taken with a syringe at
different time points under anoxic conditions and analyzed
using the ferrozine assay.”” Nitrate and nitrite concentrations
were measured colorimetrically.”” The precipitates formed in
Fe(Il)-oxidation medium by different strains were collected by
vacuum filtration on a nylon filter (0.45 ym), washed with
deionized oxygen-free water in an anaerobic chamber, and
freeze-dried. An amount of 0.05 g of each mineral was digested
with S mL of HCI/HNO; (80:20 v/v) in a heating block. The
total Fe and P concentrations of the minerals were determined
using ICP-MS.

X-ray Diffraction. Mineral-phase identification was per-
formed by X-ray diffraction (XRD, D8 Advance, Bruker).
Sample material (~2 mg) was resuspended in ethanol (~30
uL, Merck) and pipetted onto a polished silicon wafer
(Sil'tronix Silicon Technologies, France). Samples were
analyzed in Bragg—Brentano geometry using Cu Ko radiation
(1 = 1.5418 A, 40 kV, and 40 mA) and a high-resolution
energy-dispersive 1-D detector (LYNXEYE). Diffractograms
were recorded from 10° to 70° 26 with a step size of 0.02° 26
and 10 s acquisition time per step. Initial XRD patterns
indicated that the samples contained significant salts, which
largely masked the peaks relating to the Fe mineralogy. To
alleviate this, remaining dried sample material was resuspended
in 10 mL of doubly deionized (DDI) water and filtered
through 0.2 ym cellulose acetate filters. Filters were rinsed with
an additional 5 mL of DDI water, and then covered and air-
dried in the dark. X-ray diffraction patterns of the filter-dried
solid phase (>0.2-ym) were then collected as previously
described.

The relative contributions of identified mineral phases in
diffraction patterns were estimated by Rietveld quantitative
phase analysis (QPA) with ferrihydrite included as mass-
calibrated PONKCS (partial or no known crystal structure)
phase.”" All calculations were performed in TOPAS software
(version S, Bruker AXS). The validity of this method has
previously been shown for mixtures of two-line ferrihydrite and
goethite with known mass ratios; however, the uncertainty of
the estimates increased with decreasing ferrihydrite content.>
Here, we consider the estimates obtained from Rietveld fits as
semiquantitative, because the poorly crystalline mineral
fraction in our samples may not only consist of two-line
terrihydrite.

Synchrotron Measurements. To obtain additional
information about the iron mineral present in the precipitates,

https://dx.doi.org/10.1021/acs.est.9b06702
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Figure 1. Nitrate consumption and nitrite formation and oxidation of As(III) to As(V) by Ensifer strain ST2 (A and C) and Paracoccus strain QY30
(B and D) under anoxic nitrate-reducing condition. No strain inoculum was added to the sterile control. Data are mean + SE (n = 3).

we collected bulk Fe K-edge (7112 eV) X-ray absorption
(XAS) spectra. For analysis, sample materials were pressed into
1.3 cm pellets and sealed with Kapton tape. X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectra were recorded at the XAFS
beamline of ELETTRA (Trieste, Italy) in transmission mode
at ~80 K using a N,(I) cryostat. Beam energy was selected
using a Si(111) monochromator, which was calibrated to the
first-derivative maximum of the K-edge absorption spectrum of
a metallic Fe foil (7112 eV). The foil was continuously
monitored to account for small energy shifts (<1 eV) during
the sample measurements. Higher harmonics in the beam were
eliminated by detuning the monochromator by 30% of its
maximal intensity. Three scans per sample were collected and
averaged. All spectra were energy-calibrated, pre-edge
subtracted, and postedge normalized in Athena®® with the
edge energy, E,, defined as the zero-crossing in the second
XANES derivative. Linear combination fit (LCF) analyses of
k*-weighted Fe K-edge EXAFS spectra were performed over a
k-range of 2—12 A™" with the E, of all spectra and reference
compounds set to 7128 eV. Reference compounds offered in
linear combination fits included those mineral phases identified
with X-ray diffraction as well as plausible amorphous phases
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based on the determined elemental content of the precipitates
and the growth medium. Reference spectra included synthetic
terrihydrite, goethite, lepidocrocite, magnetite, scorodite,
vivianite, and Fe(IIl) citrate (Fluka), Fe(III) phosphate
dihydrate (Aldrich), Fe(II) oxalate dehydrate (Alfa Aesar),
and Fe(IIl) oxalate hexahydrate (Alfa Aesar). No constraints
were imposed during LCF analyses, and initial fit fractions
were recalculated to a compound sum of 100%.

B RESULTS

Enrichment and Identification of Anaerobic As(lll)
Oxidizers. Two anaerobic As(III) oxidizing bacterial strains,
ST2 and QY30, were isolated from enrichment cultures of
arsenic-contaminated paddy soils. Strain ST2 was able to grow
under anoxic nitrate-reducing conditions and completely
removed S mM NO,;™ in 56 h with transient accumulation
of relatively low concentrations of NO,” (0.22—0.48 mM)
during 24—48 h (Figure 1A). In contrast to ST2, strain QY30
reduced NO;~ only to NO,”, and approximately 4.5 mM
NO,™ accumulated in the culture medium during anoxic
nitrate-reducing growth conditions (Figure 1B). Both isolates
were able to oxidize As(III) to As(V) and grew optimally
under anoxic nitrate-reducing conditions (Figure 1, parts C
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Figure 2. Physical maps of nitrate reductase (Nap or Nar), nitrite reductase (Nir), nitric oxide (Nor), and nitrous oxide (Nos) reductases, and
arsenite oxidase (Aio) gene clusters in the genomes of Ensifer strain ST2 and Paracoccus strain QY30 (A). Effect of As(II) on the relative
expression levels of the arsenite oxidase gene aioA in strains ST2 and QY30 under anoxic nitrate-reducing conditions, measured after 24 h of
incubation (B). Relative expression levels of the nitrate reductase genes (napA or narG) and nitrite reductase gene (nirK) in Ensifer strains ST2 and
ST24"K (C) and Paracoccus strains QY30 and QY30::1irK (D) under anoxic nitrate-reducing conditions, measured after 48 h of incubation. Data
are mean + SE (n = 3). Different letters indicate significant difference from wild-type strains (P < 0.05).

and D). For both strains, the oxidation of 50 M As(III) was
complete within 48 h. No growth was observed in the absence
of NO;™~ (data not shown). Under nitrate-reducing conditions
and in the presence of Fe(II) and acetate, strain ST2 was not
able to oxidize Fe(II), whereas QY30 was able to oxidize 53%
Fe(II) in the medium within 2 weeks (Figure S1). Both strains
were able to reduce nitrate in the PFWM medium with acetate
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as the carbon and energy source without Fe(II) and As(III)
(data not shown). Both strains were heterotrophic since they
could not use CO, as the sole carbon source and also could not
grow with As(III) or Fe(II) as the sole electron donor (data
not shown). Strain QY30 produced orange-colored precip-
itates, likely Fe(III) phases, as examined below, whereas strain
ST2 did not.
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Figure 3. Nitrate consumption and nitrite formation and oxidation of As(III) to As(V) by Ensifer strain ST2%"" (A and C) and Paracoccus strain
QY30::1irK (B and D) under anoxic nitrate-reducing conditions. No strain inoculum was added to the sterile control. Data are mean = SE (n = 3).

Figure S2 shows the results of the analysis of the 16S rRNA
gene from strains ST2 and QY30 in relation to their closest
relative strains. The 16S rRNA gene sequences of strains ST2
and QY30 show 99.4% and 96.3% similarity to those of Ensifer
adhaerens LMG 20216 and Paracoccus aminovorans DSM 8537,
respectively (Figure S2), establishing ST2 and QY30 as Ensifer
sp. and Paracoccus sp., respectively.

The Presence and Transcription of aioA and
Denitrification Genes. Both strains contain aioA genes
(Figure 2A). The AioA sequences of strains ST2 and QY30
show 89.2% and 90.5% similarity to those of E. adhaerens As3-
1b (CBY79895) and Paracoccus sp. SY (AJA37538),
respectively (Figure S3). The expression of aioA genes was
highly induced by As(III) (by 35—38-fold) in both ST2 and
QY30 (Figure 2B).

Both strains ST2 and QY30 possess gene clusters encoding a
full set of enzymes for complete denitrification, although the
two strains differ in their nitrate reductases (Figure 24, Table
S3). The genome of ST2 contains a gene cluster encoding a
periplasmic nitrate reductase Nap, whereas the genome of
QY30 contains a gene cluster encoding the membrane-bound
nitrate reductase Nar. The two strains also contain nirK genes
encoding the copper-containing nitrite reductase. Gene
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clusters encoding the nitric oxide (Nor) and nitrous oxide
(Nos) reductases were detected in the two genomes and with
similar gene organizations (Figure 2A, Table S3). Tran-
scriptions of narG, napA, and nirK in ST2 and QY30 under
nitrate-reducing conditions were quantified by qRT-PCR. narG
and nirK were expressed in strain ST2, whereas QY30
expressed napA but not nirK gene (Figure 2, parts C and
D). These results suggest that the lack of nirK expression in
QY30 was the cause of its inability to reduce nitrite, and hence
the accumulation of nitrite in the culture medium.

The Role of nirK in Anaerobic Denitrification and
Fe(ll) and As(lll) Oxidation. To investigate the role of nirK
in denitrification and Fe(II) and As(III) oxidation, we
constructed a nirK deletion ST2 mutant (ST2"X) and a
nirK complementation strain of QY30 expressing the ST2-nirK
gene (QY30:nirK). qRT-PCR analysis showed that nirK
expression was abolished in ST2*"X but restored in
QY30::nirK (Figure 2, parts C and D). These genetic
manipulations did not significantly affect the expression of
napA in ST2 or narG in QY30 (p > 0.05). During 48 h of
incubation, ST2 and ST2""X had a similar rate of nitrate
reduction (62 and 59 uM NO;~ h™', respectively; p > 0.05),
whereas QY30 had a greater rate of nitrate reduction than
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QY30::nirK (45 and 30 uM NO;~ h™!, respectively; p < 0.05)
(Figures 1 and 3). Under anoxic nitrate-reducing conditions,
ST24"™ was able to grow in the presence of S mM NO;;
however, the mutant lost the ability to reduce NO,~, resulting
in a quantitative accumulation of NO,™ in the medium (Figure
3A). In contrast, the introduction of the ST2-ni*K gene into
the chromosome of strain QY30 enabled the engineered strain
QY30::nirK to reduce NO,™, resulting in only a small and
transient accumulation of NO,™ in the medium (Figure 3B).
Genetic manipulations of nirK gene in both ST2 and QY30 did
not affect anaerobic As(III) oxidation. Under anoxic nitrate-
reducing conditions, similar rates of As(III) oxidation by the
wild-type strains ST2 and QY30 and their nirK derivatives were
obtained (Figure 3, parts C and D). Under nitrate-reducing
conditions and in the absence of As(IIl), the growth was
similar between ST2 and ST2*""X (Figure $4). Compared with
QY30, the growth of QY30::nirK was slightly delayed (Figure
S4), possibly due to an inhibitory effect from the introduction
of a foreign gene. This delay in growth could explain why
nitrate reduction and As(III) oxidation were also slightly
delayed in QY30::nirK compared with QY30 (Figure 1, parts B
and D, and Figure 3, parts B and D). In the presence of 50 M
As(III), the growth of all strains was delayed, with ST2""% and
QY30::nirK being slightly more sensitive to As(III) than their
respective wild types (Figure S4).

In the Fe(Il)-oxidation experiments, wild-type strain ST2
was not able to oxidize Fe(Il) under nitrate-reducing
conditions. However, deletion of nirK enabled ST22" to
oxidize 52% of Fe(Il) in the medium within 2 weeks,
producing orange-brown Fe(III) precipitates (Figure 4, parts
A and C). Wild-type QY30 was able to oxidize Fe(II) under
nitrate-reducing conditions, but insertion of the nirK gene from
ST2 into QY30 abolished its ability to oxidize Fe(II)
completely (Figure 4, parts A and C). Under the experimental
conditions, all four strains reduced similar amounts of NO;~
(46—53%), but QY30 and ST2*""X produced NO,", whereas
ST2 and QY30::1irK produced no or very little NO,™ in the
medium. In the culture medium of QY30 and ST22"K the
amounts of NO,™ remaining at the end of the experiment
(17-35% of the NO,;~ added) were smaller than of the
amounts of NO;~ reduced (Figure 4B). This difference
suggests a consumption of NO,~ during Fe(II) oxidation.

Characterization of Fe(lll) Precipitates by X-ray
Diffraction and Synchrotron X-ray Absorption Spec-
trometry. Three samples of Fe(III) precipitates were obtained
from anaerobic Fe(II) oxidation by QY30 and ST2%""X two
under the conditions of Fe(Il) oxidation and one in the
presence of both Fe(II) and As(III). Two Fe(Il) oxidation
samples of precipitates formed by QY30 and ST2%""X and one
Fe(1I) and As(III) oxidation sample formed by ST2""X were
analyzed using the XRD method. The two Fe(Il) oxidation
precipitates were also analyzed for the total Fe and P
concentrations. The total Fe concentrations in the minerals
formed by QY30 and ST22"™ were 417.4 and 478.0 g kg™ dw
(dry weight), respectively, and the total P concentrations were
19.4 and 10.1 g kg™"' dw, respectively.

All three samples were dominated by short-range-ordered
(SRO) mineral phases, most likely two-line ferrihydrite (2L-
Fh) and amorphous Fe(III) phosphate (Figure SS). Using 2L-
Fh fitted as hki-phase and mass-calibrated against an internal
standard (corundum, Al,O;, CAS no. 1302-74-5), we
estimated that the SRO materials amounted to about 90—
95% of the total precipitates. Nevertheless, some sharp XRD
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Figure 4. Anaerobic oxidation of Fe(II) (A) and nitrate consumption
and nitrite formation (B) by Ensifer strains ST2 and ST2*"X and
Paracoccus strains QY30 and QY30::nirK under anoxic nitrate-
reducing conditions, measured after 2 weeks of incubation. Data are
mean = SE (n = 3). Different letters indicate significant difference (P
< 0.05). Bottles containing different inoculants showing the
production or not of orange-colored Fe(III) precipitates after 2
weeks of incubation (C).

peaks were also observed (Figure SS). The sample produced
by QY30 contained poorly crystalline goethite and traces of
vivianite, while the sample produced by ST2%"X contained
lepidocrocite. In the presence of both Fe(II) and As(III), the
precipitate produced by ST24""™ contained vivianite and traces
of metavivianite. Additionally, the latter sample showed a small
unidentified reflection near 26.7° 26. Semiquantitative
estimations of these Fe(Ill) compounds are presented in
Table S4.

Synchrotron X-ray absorption spectroscopy at the Fe K-edge
was used to provide further evidence of the oxidation state of
Fe and its speciation in the Fe(Ill) precipitates. Linear
combination fit analyses of EXAFS spectra confirmed that all
three samples of precipitates were dominantly composed of
ferrihydrite (Figures S6 and S7 and Table SS). The precipitate
produced by ST24"™ in the presence of Fe(I) and As(III)
additionally contained Fe phosphates, both amorphous
[Fe(Ill) phosphate)] and crystalline vivianite, the latter of
which was also visible in XRD patterns of this sample.
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B DISCUSSION

Numerous studies have shown that anaerobic oxidation of
Fe(Il) and As(III) is coupled to nitrate reduction in many
bacteria, e.g,, refs 21 and 32. The primary objective of our
study was to investigate how anaerobic Fe(II) and As(III)
oxidation is coupled to denitrification and the difference
between the two processes. We isolated two anaerobic nitrate-
dependent As(IIl)-oxidizing strains, Ensifer sp. ST2 and
Paracoccus sp. QY30, from two arsenic-contaminated paddy
soils. Both strains were able to oxidize As(IIl) to As(V)
efficiently under nitrate-reducing conditions (Figure 1).
Anaerobic oxidation of As(III) in ST2 and QY30 is likely to
be catalyzed by the Aio As(III) oxidase, as has been
demonstrated in a previous study with Paracoccus sp. strain
SY through gene deletion experiments.”* Neither anaerobic
oxidation of As(III) nor cell growth was observed in the
absence of nitrate in both strains, suggesting that anaerobic
As(I1I) oxidation is dependent on nitrate reduction.

Although both strains contain the suite of genes for
complete denitrification, nirK was not expressed in strain
QY30 (Figure 2C), which explains why this strain accumulated
nitrite in the medium. It is not unusual that some genes
present in the genome are not expressed or are expressed only
weakly. The expression of genes is controlled by factors such as
the promoter sequences and the presence of transcriptional
activators or repressors.””>> It has been shown that the
expression of nirK is regulated by NnrR, a transcriptional
activator of the CRP/FNR family in many bacterial species.*
In the genomes of ST2 and QY30, a nnrR gene is present
downstream of the nirK locus (Figure 2A). Further work will
be required to elucidate why nirK is expressed in ST2 but not
in QY30. Introduction of the functional nirK gene from ST2
into QY30 conferred onto the latter the ability to reduce nitrite
and largely abolished the accumulation of nitrite (Figure 3B).
On the other hand, deletion of the nirK gene from the ST2
genome stopped the reduction of nitrite, resulting in
accumulation of nitrite in the medium (Figure 3A). These
results confirm the essential role of NirK in nitrite reduction.
However, these genetic manipulations did not affect anaerobic
As(III) oxidation (Figure 3, parts C and D), indicating that
neither nitrite reduction nor nitrite accumulation is necessary
for As(III) oxidation. Reduction of nitrate to nitrite is sufficient
to provide a redox couple for anaerobic As(Ill) oxidation in
both strains ST2 and QY30. Nitrite per se could not oxidize
As(III) chemically.”

In contrast to anaerobic As(III) oxidation, only strain QY30
showed the ability to mediate anaerobic Fe(II) oxidation under
nitrate-reducing conditions (Figure 4A). Furthermore, this
ability may arise because QY30 accumulated nitrite, whereas
strain ST2, which lacks the ability to oxidize Fe(Il), did not
accumulate nitrite (Figure 4B). Previously, it has been
suggested that much of the nitrate-dependent anaerobic Fe(II)
oxidation is attributed to abiotic reaction of Fe(II) with nitrite,
the so-called chemodenitrification.””"***” Our genetic manip-
ulations on nirK gene in both bacterial strains provide direct
evidence for the above hypothesis. Deletion of nirK gene in
ST2 resulted in nitrite accumulation and conferred onto the
mutant strain the ability to mediate anaerobic Fe(II) oxidation
(Figure 3A). In contrast, introduction of nirK from ST2 into
QY30 markedly decreased nitrite accumulation and abolished
its ability to oxidize Fe(Il) anaerobically (Figure 3A). These
results indicate that most, if not all, of nitrate-dependent
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anaerobic Fe(Il) oxidation is via abiotic reaction with nitrite in
both strain QY30 and the ST22" mutant. This may also be
true for other heterotrophic and mixotrophic nitrate-depend-
ent anaerobic Fe(II) oxidizers present in paddy soils. A
possible consequence of Fe(IlI) mineral formation is the
encrustation of bacterial cells, resulting in a harmful effect on
bacterial growth.”® Such a negative effect would not be
favorable to the evolution of a biotic mechanism of Fe(Il)
oxidation. In this regard, nitrate-dependent anaerobic Fe(II)
oxidation is totally different from anaerobic As(IIl) oxidation,
which is an enzymatic process leading to detoxification of
As(IIT).>* Our results highlight the pitfalls associated with
linking genomic potential to function, as genes present in the
genome may not be expressed. Quantification of gene
transcripts would provide a better indicator of potential
function than the abundance of genes at the DNA level.

Analyses using XRD and XAS showed that most (82—90%)
of the Fe(III) precipitates formed by QY30 and ST2""X were
poorly crystalline (two-line ferrihydrite, amorphous ferric
phosphate) with other more crystalline Fe(IIl) minerals
accounting for only small proportions of the precipitates
(Figures S6 and S7). These results are consistent with previous
reports on other nitrate-dependent anaerobic Fe(Il) oxidiz-
ers.”” When both Fe(II) and As(III) were added to the
incubation medium, ST22"™ appeared to form crystalline
vivianite in addition to poorly crystalline ferrihydrite and
amorphous ferric phosphates or arsenates (Tables S4 and SS).
It is possible that phosphate might not be completely removed
by the Fe(II) addition during the preparation of Fe(II)
oxidation medium, which would enable the formation of
Fe(IlI) phosphates. Therefore, some of the Fe(II) oxidation
products may be a result of the culture medium used.

Environmental Implications. Microbial anaerobic oxida-
tions of As(III) and Fe(II) are important biogeochemical
processes occurring widely in anoxic environments, such as
paddy soils and sediments.”"*> These processes can have a
strong influence the mobility of As, as well as other nutrients or
contaminants that sorb strongly on Fe(III) minerals. In paddy
soils, microbial anaerobic oxidation of As(III) and Fe(II) can
be promoted by additions of nitrate that increase the
population of denitrifiers. Although direct enzymatic oxidation
of Fe(II) cannot be ruled out, abiotic oxidation of Fe(II)
through reaction with nitrite is likely to be the main pathway.
Not all denitrifiers can carry out anaerobic Fe(Il) oxidation;
those that do not express functional nirK genes are likely to
possess a strong ability for anaerobic Fe(II) oxidation.
Transcript abundance of nirK genes may serve as an indicator
of the ability of anaerobic Fe(II) oxidation in environmental
samples, which warrants further studies. Our study also shows
that anaerobic Fe(II) oxidation can be established in
denitrifiers by knocking out nirK gene. Such genetic engineer-
ing approach may be used where anaerobic Fe(II) oxidation is
beneficial.
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