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ABSTRACT: Microbial oxidation of organic compounds can
promote arsenic release by reducing soil-associated arsenate to
the more mobile form arsenite. While anaerobic oxidation of
methane has been demonstrated to reduce arsenate, it remains
elusive whether and to what extent aerobic methane oxidation
(aeMO) can contribute to reductive arsenic mobilization. To fill
this knowledge gap, we performed incubations of both microbial
laboratory cultures and soil samples from arsenic-contaminated
agricultural fields in China. Incubations with laboratory cultures
showed that aeMO could couple to arsenate reduction, wherein the former bioprocess was carried out by aerobic methanotrophs
and the latter by a non-methanotrophic bacterium belonging to a novel and uncultivated representative of Burkholderiaceae.
Metagenomic analyses combined with metabolite measurements suggested that formate served as the interspecies electron carrier
linking aeMO to arsenate reduction. Such coupled bioprocesses also take place in the real world, supported by a similar
stoichiometry and gene activity in the incubations with natural paddy soils, and contribute up to 76.2% of soil-arsenic mobilization
into pore waters in the top layer of the soils where oxygen was present. Overall, this study reveals a previously overlooked yet
significant contribution of aeMO to reductive arsenic mobilization.
KEYWORDS: arsenate reduction, aerobic methane oxidation, formate, arsenic mobilization, global distribution

■ INTRODUCTION
Arsenic (As) is one of the most prevalent environmental
poisons and carcinogens able to cause serious health issues1,2

and ubiquitously distributed in Earth’s atmosphere, hydro-
sphere, and pedosphere.3−5 Mobilization of arsenic from soils
and sediments into waters is generally mediated by reductive
dissolution of As-bearing iron and/or manganese (oxyhydr)-
oxide minerals.6−9 In addition to this, microbial reduction of
arsenate [As(V)] to the more mobile arsenite [As(III)] is
another important pathway for releasing the bio-unavailable,
solid-associated arsenic into aquatic environments, with the
requirement of oxidation of organic compounds including
acetate, lactate, and humic substances.10−13 Recently, naturally
widespread methane (CH4) was found to drive reductive
arsenic mobilization by coupling anaerobic oxidation of
methane (AOM) to arsenate reduction.14 However, both
arsenic and methane are also abundant in (hyp)oxic environ-
ments, for example, in groundwaters,5,15−17 making it elusive
whether and to what extent aerobic methane oxidation
(aeMO) may influence arsenic release, with implications for
global arsenic cycling and environmental contamination.
aeMO is carried out by several bacterial lineages belonging

to Proteobacteria and Verrucomicrobia.18,19 These methano-
trophs routinely possess an oxygen-dependent methane
monooxygenase (MMO) to catalyze the conversion of

methane to methanol.20,21 Despite the more favorable
thermodynamics for oxygen reduction, aeMO can indeed
support reduction of many other electron acceptors under
hypoxic conditions, such as nitrate,22−24 chromate,25 and ferric
iron,26 which were observed in either axenic cultures or
microbial communities. These observations, along with the
comparable thermodynamic favorableness, suggest that aeMO
could also be potentially coupled to arsenate reduction
(aeMO-AsR).
Given that aerobic methanotrophs themselves are incapable

of arsenate reduction, such a coupled process would require
some oxygen for the methanotrophs to activate methane, along
with a source of electrons for arsenate reduction by partner
non-methanotrophs. Two potential sources of electrons that
were previously proposed to function as electron carriers
between these two physiological groups of organisms could be
methane-derived methanol or formate (eqs 1−6).27−30

Methane oxidation to methanol
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Methanol-linked overall reaction
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Methane oxidation to formate
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Formate-based arsenate reduction
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Formate-linked overall reaction
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AOM coupled to arsenate reduction
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As shown in theoretical thermodynamic equations, aeMO-
AsR can produce more energy than the reported AOM-based
arsenate reduction process when reacting 1 mol of methane
(eqs 3, 6, and 7). We therefore hypothesized that in the co-
presence of methane, oxygen, and arsenate, aeMO may take
place and promote the arsenic release by coupling it to
arsenate reduction, with a methane-derived organic compound
as the electron carrier. To this end, we performed microcosm
incubations for both laboratory cultures and field samples,
uncovering a novel synergistic pathway of aeMO coupled to
arsenate reduction and its previously overlooked yet significant
contribution to global arsenic release.

■ MATERIALS AND METHODS
Collection of Laboratory Cultures and Field Samples.

Since arsenic locates in the same group as antimony in the
periodic table of elements, a microbial community from a
previous antimonate-reducing bioreactor was used to enrich
for arsenate-reducing microbes using a similar membrane
biofilm batch reactor.31 Methane was used as the sole electron
donor, permeating from the lumen of hollow fibers. The
arsenate concentration was set at 140 μM initially and

replenished once consumed below 10 μM. The components
of the medium were the same as previously described.32 The
medium was degassed using argon to keep the dissolved
oxygen at ∼1.0 mg/L.
Field samples were donated by Prof. Fang-Jie Zhao at

Nanjing Agricultural University. Briefly, the samples were
collected from the top layer of paddy soils distributed in
Southern China during 2014 and 2021. These paddy fields are
contaminated by arsenic and known to contain methane.
Details can be found in Table S1.
Stoichiometry of Aerobic Methane Oxidation

Coupled to Arsenate Reduction. Approximately 20 mL
of the enrichment culture from the arsenate-reducing
bioreactor was inoculated into 120 mL serum bottles. Then
60 mL of autoclaved mineral medium was introduced, along
with the stock solution of arsenate to make the initial
concentration at ∼60 μM. Arsenate was replenished by adding
the stock solution once its concentration decreased below 5
μM. The medium was degassed using argon for 5 min, leading
the initial dissolved oxygen at ∼1.0 mg/L, measured using an
oxygen electrode (Starter 300D, OHAUS). All the bottles were
tightly closed and sealed with butyl rubber stoppers and
crimped aluminum caps, respectively. Finally, 10 mL of 13C-
labeled CH4 was injected to the ratio of 20% (v/v) in the
headspace as the sole electron donor. The bottles were
incubated upside down in a dark shaker at 30 °C, with rotation
at 150 rpm. Each experiment was carried out in triplicate. For
the control setups, either only arsenate or only methane or
none was added, following the same incubation protocol
above.
Liquid samples were taken every day and immediately

filtered through 0.22 μm membranes for the downstream
measurement of arsenate, arsenite, and 13C-labeled dissolved
13CO2 (i.e., 13CO2 + 13HCO3

− + 13CO3
2−). Gas samples were

also taken over time to measure 13C-labeled gaseous CO2 in
the headspace. The term 13CO2 was used to indicate the total
quantity of generated 13CO2, both emitted into the headspace
and dissolved in the liquid, after normalization by the total
medium volume.
Inhibition Test of Methane Oxidation Coupled to

Arsenate Reduction. Acetylene (C2H2) and 2-bromoetha-
nesulfonate (BES) were used to specifically inhibit the activity
of MMO33 and methyl-coenzyme M reductase (MCR),34,35

the key enzymes of aeMO and AOM, respectively. C2H2 was
injected into the serum bottles to the final concentrations of
0.15 or 0.5 mM in the headspace. BES was added into the
medium wherein the concentration was 20 or 50 mM. The
setup with no inhibitors was used as a positive control, while a
setup using the autoclaved enrichment culture served as a
negative control. Other conditions were same as above. All
experiments were run in triplicate.
Chemical Analyses. Arsenate was measured using ion

chromatography configured with an AS19 column (Dionex
ICS-1500, Thermo Scientific). Arsenite was first oxidized by
30% H2O2 and then quantified using the same instrument as
above. Formate was measured using AS11 column-equipped
ion chromatography. Gaseous 13CO2 was measured by gas
chromatography−mass spectrometry (GC 7890A coupled to
MSD 5977B, Agilent), while the dissolved 13CO2 was
measured using isotope-ratio mass spectrometry (IR-MS,
MAT 253, Thermo Scientific). At the end of incubation
experiments, precipitates were centrifuged, washed, and freeze-
dried. Energy-dispersive X-ray spectroscopy (Hitachi Se3400N
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VP-SEM-EDS) was performed to characterize the elements in
the precipitates, following the manufacturer’s instructions.
Total As in soil field samples was measured by inductively

coupled plasma mass spectrometry (ICP−MS) (Nex-
ION300XX, PerkinElmer) after a digestion with an acid
mixture of HNO3, HF, and H2O2 (volume ratio = 4/2/2), as
described previously.14 Pore waters were sampled by
centrifuging for 10 min at 3100g and acidified by 6 M HCl
to prevent arsenic transformation. Total Fe and Mn in pore
waters were measured using the aforementioned ICP−MS.
According to the textbook, the Mn(II) concentration in pore
waters equals to the total Mn because only Mn(II) could be
dissolved in the soil solution.36 Fe(II) was determined by a
spectrophotometric method using phenanthroline. As(III),
As(V), dimethylarsinic acid [DMAs(V)], and monomethylar-
sinic acid [MMAs(V)] in pore waters were measured by high-
performance liquid chromatography (HPLC) coupled to ICP−
MS (NexION300XX, PerkinElmer) configured with an anion-
exchange PRP X-100 HPLC column (250 × 4.1 mm I.D., 10
μm, Hamilton). Detailed methods could be found in our
previous study.14

Extraction and Quantification of DNA and RNA. The
biomass of lab cultures was collected at the beginning and end
of the incubation with methane and arsenate and from the
incubation with arsenate only as a control. DNA and RNA of
the lab cultures were extracted using a PowerSoil DNA
Isolation Kit and RNeasy PowerBiofilm Kit (Qiagen) following
the manual. Soils were collected immediately at the end of the
incubations inoculated with field samples and microcosm
incubations. RNA of soils was extracted using a Soil RNA Kit
(Omega) according to the instruction. The concentration and
quality of extracted DNA and RNA were determined using a
NanoDrop spectrophotometer (Thermo Scientific).
Reverse Transcription and Quantitative Polymerase

Chain Reaction. Reverse transcription was performed by
mixing reverse transcriptase, RNase inhibitor, random primer
6-mers, dNTP mixture, reaction buffer, and the RNA samples
and reacting at 42 °C for 60 min, 70 °C for 15 min, and 4 °C,
according to the reagent manual. The protocols of quantitative
polymerase chain reaction (qPCR) were the same as described
previously.37 Briefly, primers 16SF (5′-GTGSTGCAYG-
GYTGTCGTCA-3′) and 16SR (5′-GTGSTGCAYG-
GYTGTCGTCA-3′) were used to quantify the bacterial 16S
rRNA gene;38 primers arrA-CVF1 (5′-CACAGCGC-
CATCTGCGCCGA-3′) and arrA-CVR1 (5′-CCGAC-
GAACTCCYTGYTCCA-3′) were used to quantify the
respiratory arsenate reductase gene arrA;39 primers A189F
(5′-GGNGACTGGGACTTCTGG-3′) and MB661R (5′-
CCGGMGCAACGTCYTTACC-3′) were used to quantify
the aeMO gene pmoA.40 The concentration of target genes was
calculated by comparing with the calibration curves which were
produced from gene fragment-containing plasmids. The PCR
efficiencies were 108.1, 91.2, and 112.6% for the bacterial 16S
rRNA gene, arrA, and pmoA, respectively. All experiments were
carried out in quadruplicates or triplicates. The probability
(i.e., p-values) of differences between the two setups was
calculated using the Mann−Whitney U test.
Metagenomic Sequencing and Analyses. The sequenc-

ing library of DNA samples was first constructed using an
Illumina TruSeq DNA Nano Library Prep Kit and then
sequenced using an Illumina HiSeq X Ten (2 × 150 bp). A
total of 51.1 and 49.7 million reads were finally generated, of

which 94.3% had the base call accuracy above 99.9% (Q30
score).
FastQC (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) was used to test the quality of the raw
data. The low-quality reads were trimmed or removed by
Trimmomatic using the default parameters.41 Taxonomy of
reads was classified using Kaiju (v 1.7.2).42 The qualified reads
were co-assembled into contigs by metaSPAdes.43 Metabat was
performed to bin the assembled contigs of which length longer
than 500 bp,44 and CheckM was further used to assess the
quality of metagenome-assembled genomes (MAGs).45 The
BBmap package (https://sourceforge.net/projects/bbmap/)
was applied to map the reads after quality control to assembled
contigs to generate the relative abundance of MAGs. The
taxonomy of MAGs was assigned using the toolkit GTDB-Tk
according to the Genome Taxonomy Database (v 95).46,47

Please note that only the taxonomies describing MAGs were
according to the Genome Taxonomy Database; others in the
present study were according to the NCBI Taxonomy
Database.
MetaErg was employed to predict and annotate the open

reading frames preliminarily.48 Putative respiratory arsenate
reductase was identified using HMMER (v 3.2.1) with a cutoff
e-value ≤1 × e−5 and a previously constructed hidden Markov
model (HMM).14,49 Extracted protein sequences were aligned
with references of the bacterial molybdopterin reductase
superfamily including recognized respiratory arsenate reduc-
tases by MUSCLE (v 3.8.1551).50 The obtained alignment was
used to produce the phylogenetic tree using IQ-TREE (v
1.6.12) with the standard model selection51 to further validate
the annotations. Proteins clustered with known arsenate
reductase sequences were regarded as the potential arsenate
reductases. The downstream sequences were extracted,
aligned, and phylogenetically evaluated by comparing with
recognized reference groups using the same procedure
described above. Two potential arsenate reductase genes
were located in the end of respective contigs and thus had no
downstream content.
For identifying genes for MMO and the corresponding

aerobic methanotrophic bacteria, similar procedures were
carried out using the pmoB HMM (TIGR03079) downloaded
from the TIGRFAMs database.52 For identifying genes for
MCR and the corresponding anaerobic methanotrophic
archaea, the mcrA HMM (PF02249) downloaded from the
Pfam database was used.53

The phylogeny of MAGs of interest was analyzed using a
concatenated set of 120 bacterial-specific conserved marker
genes.54 Metabolic pathways in MAGs were recruited using
MetaErg combined with GhostKOALA and BLAST.48,55,56

The formate dehydrogenase of certain MAGs was phylogeneti-
cally analyzed as described for other proteins. The conserved
features and sites of recovered proteins were identified based
on the Conserved Domain Database (CDD).57 The protein
structures were modeled, predicted, and analyzed by the
Phyre2 web portal.58

Comparison of Arsenate Reduction with Methane
versus Formate. Given the eight and two electron
equivalents from methane and formate (assuming the
oxidation to CO2), respectively, 2 mL of methane (0.09
mmol) and 4.5 mM of formate (3.6 mmol) were used as the
sole electron donors in different batch incubations, both in
excess of that required for complete reduction of arsenate to
arsenite. The initial arsenate concentration was at approx-

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

https://doi.org/10.1021/acs.est.2c01878
Environ. Sci. Technol. 2022, 56, 11845−11856

11847

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap/
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


imately 100 μM. Other conditions were the same as described
in previous subsections, except for the inoculum amount of the
enrichment culture. The rate of arsenate reduction was
determined by fitting empirical data to a pseudo-zero-order
equation. All the setups were in triplicate.
Incubations Inoculated with Field Samples. Approx-

imately 0.3 g of dry soils sampled from paddy fields was
incubated in 60 mL serum bottles, along with 30 mL of
autoclaved mineral medium (Figure S1a). Again, the medium
was degassed to maintain the dissolved oxygen at ∼1.0 mg/L.
After introducing ∼120 μM of arsenate, all the bottles were
tightly closed and sealed, followed by injecting 3 mL of 13C-
labeled CH4 to a ratio of 10% (v/v) in the headspace. These
bottles were incubated in a dark shaker at 25 °C upside down,
with rotation at 150 rpm. Each experiment was carried out in
triplicate. For the control setups, either only arsenate or only
methane was added, following the above procedure. Protocols
of sampling and measurements were the same as described for
lab cultures in the preceding.
Microcosm Incubations Mimicking In Situ Condi-

tions. Approximately 13.0 g of dry soils through a 10-mesh
sieve was incubated in 60 mL serum bottles. Then 8.7 mL of
autoclaved Milli-Q water was added with a 40% volumetric
water content. Bottles were open initially to maintain
(hyp)oxic conditions for the 10-day incubations and then
sealed to establish a 10% (v/v) methane headspace by injecting
5 mL of 13C-labeled CH4. All the microcosms were incubated
at 25 °C in a dark chamber and without shaking (Figure S1b),
simulating the in situ conditions of paddy fields. In addition,
two control setups were conducted, where one used argon to
replace 13CH4 and the other used autoclaved soils. Samples
were taken at the beginning (day 0) and end (day 10) of the
incubations for measuring target items. All the microcosm
incubations were performed in triplicate.
Total soil-arsenic mobilization was measured from the biotic

setup amended with 13CH4. The contribution of abiotic
physico-chemical desorption to total soil-arsenic mobilization
was measured from the autoclaved setup. The contribution of
aeMO-AsR was calculated by subtracting the released arsenite
in the 13CH4 setup from that in the argon setup. The
contribution of other transformations was calculated by
subtracting the released arsenite in the argon setup from that
in the autoclaved setup.
Thermodynamic Calculations. The CRC handbook of

chemistry and physics was referred for the values of Gibbs free
energy of formation of substances.59 The pH, temperature, and
partial pressure were set as 7.0, 25 °C, and 1 atm, respectively,
given their minor difference among the general environments
considered and the resulting minor impact on thermodynamic
calculation results. Calculations and corrections for each
reaction were performed based on the previously reported
protocols.60 The thermodynamics of the overall reaction could
be calculated by eliminating the intermediate formate.
To determine the thermodynamics of methane oxidation to

formate, the concentrations of formate were assumed to be 1
nM, 1 μM, and 1 mM, with our experimentally measured value
(∼10 μM) included into this range. The actual environmental
conditions were outlined according to (1) the reported
minimum oxygen concentration for aeMO,22 (2) the saturated
dissolved oxygen concentration, and (3) the maximum
methane dissolved in pore waters that we could find.61 To
determine the thermodynamics of formate oxidation coupled
to arsenate reduction, the concentrations of arsenite were

assumed to be 1 nM, 1 μM, and 1 mM, which included our
experimentally measured value (∼160 μM). The upper and
lower limits of the actual environment were selected as 1 μg
As/L and 75 mg As/L, respectively, according to the usually
detected values in nature.62 The bicarbonate concentration was
set as 8.20 mM based on the reported average value.63

In our experiments depicted in Figure 1, the initial
concentrations of dissolved oxygen, methane, formate,

arsenate, and bicarbonate were measured as 31.25 μM (1
mg/L), 0.3125 mM (20%, v/v), 10.75 ± 1.06 μM, ∼60 μM,
and 4.92 mM, respectively. The dissolved arsenite concen-
tration was selected as the maximum value (i.e., ∼160 μM),
which in theory was the most unfavorable for the reaction. We
calculated the actual Gibbs free energy of the reactions by
using these measured concentrations to correct the standard
equations, following the accepted protocols.60

Global Distribution Inferred by Bio-Informatics. The
co-distribution of different functional groups was identified by
searching reference sequences against the non-redundant
protein database of MGnify (2019.05) using Diamond (v
0.9.18) with a cutoff e-value of 1 × e−5 and a more sensitive
mode.64,65 Matched protein sequences were linked to
assemblies and samples, of which geographic information was
extracted and plotted using R packages.

■ DATA AVAILABILITY
All the metagenomic sequencing data involved in the study
have been submitted to the Sequence Read Archive, with the
BioProject accession number of PRJNA698417.

■ RESULTS AND DISCUSSION
Aerobic Methane Oxidation Coupled to Arsenate

Reduction in Laboratory Cultures. To explore the
feasibility and physiological pathway of aeMO coupled to
arsenate reduction, we first simplified the experimental system
by inoculating a bioreactor with lab cultures that efficiently
reduced another pnictogen, antimony,66 and running it with
methane and arsenate as the electron donor and acceptor,
respectively, under hypoxic conditions. After 40 days of
operation, reduction of arsenate was observed in the

Figure 1. Arsenic transformation and DIC production by the
arsenate-reducing microbial community. 13C-labeled methane was
injected into serum bottles as the sole electron donor. Arsenate was
pulse-fed at days 0, 9, and 14. Please note the different Y-axis scales
for arsenate, arsenite, and 13CO2. Error bars indicate standard
deviations of triplicate setups.
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constructed CH4-based bioreactor (Figure S2). Batch tests
inoculated from the established bioreactor demonstrated that
approximately 60 μM of arsenate was reduced in 9 days when
amended with 13C-labeled CH4. Another two pulse feeds of
arsenate exhibited a similar reduction pattern (Figure 1). The
arsenite content increased to ∼160 μM accordingly, which was
almost equal to the total decrease in arsenate (∼158.3 μM)
(Figure 1), showing a complete reduction of arsenate to
arsenite, dissolved in the supernatant. This activity was further
confirmed by energy-dispersive spectroscopy of bulk deposits
with no remaining arsenic signal after reduction of As(V) to
As(III) (Figure S3). In contrast, no arsenate reduction was
observed with the same enrichment culture as the inoculum
but in the absence of methane (Figure S4), suggesting the
dependency of arsenate reduction on methane oxidation.
In the presence of both 13CH4 and arsenate, 13C-labeled

CO2 was produced continuously to ∼125 μM (Figure 1). The
amount of 13CO2 was much higher than the theoretical value
required for AOM coupled to arsenate reduction (i.e., 40 μM,
according to eq 7), indicating that, most likely, aeMO was
responsible for this process, rather than AOM.
To validate this hypothesis, specific inhibitors for aeMO

(acetylene, C2H2) and AOM (2-bromoethanesulfonate, BES)
were added to microcosm incubations at different concen-
trations.33−35 The amendment of 0.15 mM or 0.5 mM C2H2
completely inhibited arsenate reduction, while BES addition,
even as high as 50 mM, had no inhibitory effect (Figure S5).
C2H2 and BES are known to efficiently inhibit, respectively,
MMO, the oxygen-dependent enzyme key to aeMO, and
MCR, the oxygen-independent enzyme key to both methano-
genesis and AOM.37,67,68 These results further supported our
hypothesis that arsenate must be reduced in conjunction with
aeMO, fueled by aerobic methanotrophic bacteria under

hypoxic conditions. Contrary to the previously described
AOM-dependent arsenate reduction driven by anaerobic
methanotrophic archaea,14 the process discovered here
required trace oxygen for methane activation.69 In general,
oxygen is a more thermodynamically favorable electron
acceptor than others like arsenate and selenate and thus can
outcompete them for reduction.70,71 Given the sufficient
supply of the electron donor methane in hypoxic environ-
ments, coexisting arsenate could be reduced effectively after
bulk oxygen was consumed to a certain level, as observed in
methane-based nitrate and iron reductions.22,26 Overall, we
uncovered the not-yet-reported aeMO coupled to arsenate
reduction using laboratory cultures.
Organisms and Genes Responsible for aeMO-AsR. To

characterize the microbial community enabling aeMO-AsR,
metagenomic sequencing was carried out at the beginning and
the end of the arsenate incubation. Most metagenomic reads
belonged to the bacteria domain, including the phyla
Proteobacteria and Verrucomicrobia, which contain aerobic
methanotrophic bacteria (Figure S6). Only a minor fraction
(0.17−0.18%) of the reads belonged to Euryarchaeota, an
archaeal phylum that contains taxa capable of AOM, likely
suggesting a negligible contribution of AOM to arsenate
reduction in the current study.
Read assembly and binning recovered a total of 67 MAGs of

completeness >50%, with <10% contamination (Table S2).
The relative abundances of several MAGs were increased to
above 1% when amended with arsenate, for example, Bin.64,
Bin.47, and Bin.3, all belonging to Proteobacteria; Bin.36
belonging to Bacteroidota; and Bin.20 belonging to Actino-
bacteriota (Figure S7). On one hand, a search for genes
encoding MCR failed with no candidate genes identified. On
the other hand, genes encoding the particulate MMO

Figure 2. Phylogenetic tree of representative proteins of the bacterial molybdopterin reductase superfamily. Protein sequences highlighted by gray
shadow indicate the potential respiratory arsenate reductases. Sequences identified in this study are shown in blue font. Circles of different colors
indicate different bootstrap supports based on 1000 replicates. The scale bar represents amino acid changes.
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(pmoCAB) were identified in several MAGs, which were
classified as Methylocystis (Bin.58 and Bin.80), Methylosinus
(Bin.48 and Bin.119), Methylomonas (Bin.14), and Methyl-
ococcus (Bin.87) (Figure S8 and Table S2). Together with the
much higher transcriptional activity of pmoA in incubations
amended with methane and arsenate (Figure S9), these data
again supported the presence of aerobic methanotrophs in the
arsenate-reducing microcosms and their key role in aeMO-
AsR.
Over the incubation, bacterial 16S rRNA gene copy numbers

increased significantly from (2.25 ± 0.34) × 1012 to (9.53 ±
1.16) × 1012 per liter (Mann−Whitney U test, p = 0.029;
Figure S10). A control experiment with the same microbial
community incubated without 13CH4 and not active in
reducing arsenate did not show a significant increase in
bacterial 16S rRNA gene copy numbers (Mann−Whitney U
test, p = 0.886), suggesting that the presence of both arsenate
and methane promoted the growth of bacteria. The likelihood
of arsenate being reduced via the respiration pathway was
further confirmed by the significant elevation of both gene
copies for respiratory arsenate reductase (arrA) and the ratio
of arrA to the 16S rRNA gene, with the former increasing from
(2.38 ± 0.05) × 1010 to (3.85 ± 0.39) × 1011 copies/L and the
latter increasing from 1.06 to 4.04% (Figure S10). Additionally,
the transcription of arrA was much higher in the co-presence
of methane and arsenate than in the control setup (Figure S9),
validating its activity in aeMO-AsR further.
Among the predicted coding sequences, putative arrA genes

were recovered and used to construct a phylogenetic tree along
with the known enzymes belonging to the microbial
molybdoreductase superfamily. A total of 15 candidates were
clustered with the large subunit of the known arsenate
reductases (ArrA) and thus identified as potential respiratory
arsenate reductase genes (Figure 2). In addition to genes for
the large catalytic subunit, genes for the potential small, iron-
sulfur subunit (ArrB) were also identified and phylogenetically
characterized.72 Among the 13 candidate homologs of ArrB
identified, only one, from Bin.64, clustered with the reference
sequence for the iron-sulfur subunit of arsenate reductase,
while the rest formed a separate cluster of uncharacterized
proteins (Figure S11). Therefore, the gene operon belonging
to Bin.64 was inferred to be responsible for the methane-
dependent arsenate reduction.
The topology of the putative active molybdopterin cofactor

binding sites of the recovered ArrA sequence conformed to
those of the canonical respiratory arsenate reductases (Figure
S12), along with the modeled fold structure that was identical
to that of the arsenate reductase of Shewanella sp. ANA-3
(ident = 49%, confidence = 100%).73 These data support the
role of a bacterium represented by Bin.64, classified as a
member of Burkholderiaceae (Table S2), in arsenate reduction.
Accordingly, the relative abundance of Bin.64 increased
dramatically from 7.41 to 16.56% over the course of the
incubation experiment. Taken together, through metagenomic
analyses, we identified the organisms likely to be involved in
aeMO and respiratory arsenate reduction, respectively, that is,
aerobic methanotrophs belonging to several genera and a
member of Burkholderiaceae.
Potential Electron Carriers Involved in aeMO-AsR.

Despite the high completeness of aerobic methanotrophs and
potential arsenate reducers (all >90% except for a methano-
trophic bacterium Bin.48 of 60.06%, Table S2), the former
group members involved in methane-dependent arsenate

reduction encode no functions for arsenate reduction, and
the latter, represented by Bin.64, does not encode methane
oxidation functions. Therefore, we hypothesized that these
organisms must act in synergy and thus likely share a
metabolite to serve as an electron carrier. Based on the
stoichiometry of methane oxidation/arsenate reduction
(Figure 1), the ratio of arsenate removal to 13CO2 production
was 1.26, closer to the theoretical value of formate as an
intermediate for aeMO-AsR (i.e., 1.0, eq 6) than other
products (e.g., methanol, eq 3). In support of this hypothesis,
the average rate of arsenate reduction fed with formate (1.98 ±
0.12 μM/h) was much higher than that with methane (0.79 ±
0.03 μM/h) in batch tests, demonstrating that formate was the
preferred electron donor for arsenate reduction (Figure S13).
Indeed, formate accumulation was measured in the medium at
10.75 ± 1.06 μM when only methane but not arsenate was
present, while formate was undetectable in the presence of
both methane and arsenate as well as when both methane and
arsenate were absent (<2 μM). These results suggested the
rapid utilization of formate in conjunction with arsenate
reduction (Figure S13). Accordingly, the proposed arsenate
respirer, represented by Bin.64, possesses a canonical formate
dehydrogenase that could be responsible for formate oxidation
(Figure S14). Based on these data, we propose that as part of
the aeMO-AsR pathway, (bacterial) aerobic methanotrophs
oxidize methane and excrete formate, which is used as an
interspecies electron carrier for arsenate reduction by
Burkholderiaceae (Figure 3).
The released formate appeared to support other community

members, of which relative abundances increased to >1%
during the microcosm incubation (Figure S7 and Table S2).
Canonical formate dehydrogenases, along with cytochrome
cbb3 and bd type oxidases, were encoded by these organisms
(Bin.3, Bin.20, Bin.36, Bin.9, Bin.47, and Bin.90), apparently
supporting their dominance in the aeMO-AsR community,
under hypoxic conditions (Figures 3 and S15).
Overall, reaction stoichiometry, metagenomic analyses, and

metabolite measurements all support a synergistic nature of
methane-dependent arsenate reduction, carried out by the
aerobic methanotrophs and members of Burkholderiaceae, with
formate as the interspecies electron carrier. Formate is well
known to support methanogenesis-based syntrophy74−76 and
was demonstrated to mediate the methane-oxidation-based
selenate reduction recently.77 The present study provides
another clear example for formate coupling aeMO to the
reduction of oxides, highlighting the possibility that similar
trophic relationships may link methane metabolism to a range
of terminal electron acceptors in (hyp)oxic environments.
Arsenic Release from aeMO-AsR in the Real World.

To test the existence of aeMO-AsR in nature, field samples
were collected from paddy soils containing both methane and
arsenic across southern China (Table S1). Ex situ incubations
inoculated with soil samples showed varying degrees of
methane oxidation (indicated by 13CO2 production after
13CH4 amendment) and arsenate reduction (Figure S15).
Partial occurrence of these biochemical processes in microbial
setups without external addition of 13CH4 or As(V) was fueled
by indigenous organic matter present in the soils functioning as
an electron donor for As(V) reduction or by residual oxygen in
the medium functioning as an electron acceptor for methane
oxidation (Table S1).9,78 However, incubations together with
13CH4 and As(V) significantly enhanced both arsenate
reduction and methane oxidation (Figure 4), suggesting that
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field samples have the potential for aeMO-AsR. In support of
this, the key genes of respiratory arsenate reductase (arrA) and
particulate MMO (pmoA) were transcriptionally active, with
1.5 × 107−1.36 × 108 and 2.6 × 107−8.3 × 108 transcript
copies per gram dry soil, respectively. Gene transcriptions had
significantly positive correlations with the corresponding
biochemical processes, further validating the activity of
aeMO-AsR in field samples (Figure 4). The ratio of arsenate
reduction to aeMO was 1.32 ± 0.22 (n = 8), which was close
to the value observed in lab cultures, suggesting that a similar
metabolic pathway was very likely to happen with formate
serving as the electron carrier.
To explore the role of aeMO-AsR in the real world, field

samples from rice paddies were then used to perform
microcosm incubations mimicking in situ (hyp)oxic con-
ditions. Compared to the setups with no amendment, 13CH4
addition significantly increased the total 13CO2 content both
dissolved in pore waters and emitted into headspace (Figures 5
and S16), demonstrating the activity of aeMO. Occurrence of
this process was further supported by the high transcriptions of
pmoA during the microcosm incubations (Figure S17).
Meanwhile, the concentrations of inorganic arsenate and
arsenite were elevated in pore water samples (Figure S18),

while organic arsenic species, that is, DMAs(V) and MMAs-
(V), were undetectable or at trace concentrations, in
accordance with previous studies.14,79

Partial release of soil-associated arsenic species could be
caused by the abiotic dissolution of iron/manganese
(oxyhydr)oxides,80−82 as observed in autoclaved and micro-
bially inactive setups (Figure S19). Indeed, increases of Fe(II),
total Fe, and Mn(II) were observed in pore waters over the
microcosm incubations, but with no significant differences
between setups amended or unamended with 13CH4 (Figure
S20), supporting the abiotic release of arsenite and arsenate.
However, setups active in aeMO discharged much more
arsenite than ones without 13CH4 addition (Figure 5),
suggesting that the increased portion of dissolved arsenite
should be driven by methane oxidation directly or indirectly.
Given the existence of indigenous and methane-derived

organic matters, iron/manganese minerals could be reductively
dissolved by microorganisms, leading to a non-selective release
of adsorbed arsenate and arsenite.9,15,78 This was supported by
the observed increases in Fe(II) and Mn(II) (Figure S20), as
well as in both inorganic arsenic species, in pore waters (Figure
S18). Nevertheless, all the soluble substances measured above,
except for arsenite, showed no remarkable difference between
setups with and without 13CH4 addition, illustrating a
negligible contribution to the aeMO-induced arsenite release
by iron/manganese reductive dissolution. We therefore
proposed that the increased portion of dissolved arsenite in
the presence of aeMO indeed resulted from arsenate reduction,
which was further confirmed by the high transcriptional
activity of the key gene arrA (Figure S17). Taken together, all
these results support our initial hypothesis that aeMO could
directly be coupled to the reduction of soil-bound arsenate and
release the resulting arsenite into solution. Based on such
microcosm incubations of soil samples, we estimated that in
the top layer of the soils where oxygen was present, aeMO-AsR
contributed on average 50.0% (16.8−76.2%, n = 6) to the total
soil-arsenic mobilization (Table S3, see detailed calculations in
the Methods section), suggesting that this newly discovered
bioprocess was a previously overlooked yet very important
pathway for releasing arsenic from soils and may have a broad
impact on biogeochemical arsenic cycling associated with
environmental health.
Global Distribution of the Newly Discovered aeMO-

AsR. Thermodynamic calculations suggested that methane
oxidation to formate was energetically favorable in nature,
although under extremely low concentrations of methane and
oxygen (Figure 6a). Formate at a concentration as low as 10
μM, as measured in this study, would be sufficient to drive
arsenate reduction and generate energy for microorganisms
(i.e., ΔG = −104.21 kJ/mol−1 As) in arsenate-laden environ-
ments (Figure 6b). Taken together, aeMO-AsR mediated by
formate can occur in environments where all the necessary
substrates are present (Figure 6c). In support of this, the
simultaneous presence of pmoA and arrA was demonstrated in
multiple metagenomes sampled from various natural environ-
ments (Figure 6d). These habitats included river estuaries,
freshwater sediments, and marine waters (Table S4). Some
natural environments, such as the Hudson Canyon and
Columbia River estuaries,83,84 were hotspots for aeMO,
potentially contributing to active arsenate reduction.
Arsenate reduction is generally considered to be promoted

by microbial oxidation of organic acids like acetate and
lactate.9,10,12 Recent findings highlighted the role of methane

Figure 3. Proposed synergistic pathway coupling aeMO to arsenate
reduction and oxygen respiration. Different symbols and colors
represent different community members. Filled symbols indicate the
existence of genes, while blank ones indicate no genes in the
corresponding MAGs. Abbreviations: Pmo, particulate methane
monooxygenase; Mmo, soluble methane monooxygenase; Mxa,
calcium-dependent methanol dehydrogenase; Xox, lanthanide-de-
pendent methanol dehydrogenase; Fae, formaldehyde activating
enzyme; Mtd, methylene tetrahydromethanopterin dehydrogenase;
Mch, methenyl tetrahydromethanopterin cyclohydrolase; Fhc, for-
myltransferase/hydrolase complex; Fdh, NAD-dependent formate
dehydrogenase.
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in reducing arsenate under anoxic conditions.14 Here, we
provide the first experimental evidence for methane-dependent

arsenate reduction under (hyp)oxic conditions, together
advancing our understandings of how methane interacts with

Figure 4. Changes of As(V) and 13CO2 concentrations during 5-day incubations inoculated with soil samples. ΔAs(V) in (a) indicates the
difference in arsenate reduction between incubations with 13CH4 or argon, while Δ13CO2 in (b) indicates the difference in 13CO2 production with
or without the addition of arsenate. Transcriptions of arrA and pmoA were determined immediately at the end of incubations and shown in the
logarithmic axes. Correlations between biochemical processes and gene transcriptions were tested by Spearman rank correlation, where ρ and p
indicate the correlation efficiency and statistical probability, respectively. Error bars indicate standard deviations of three replicates.

Figure 5. Changes of dissolved arsenic and produced 13CO2 during microcosm incubations mimicking in situ conditions. Arsenic was sampled from
the pore water, while 13CO2 was from both the pore water and the headspace. Δ values indicate the difference in concentrations between
incubations amended with 13CH4 or argon. Error bars indicate standard deviations of triplicates.
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arsenate along the entire oxygen gradient (Figure S21). In the
case of unavailable oxygen, AOM outcompetes aerobic
oxidation of methane, while this relation is reversed in the
presence of oxygen, to fuel arsenate reduction. Given that the
reduction product arsenite has greater toxicity and bioavail-
ability, arsenate reduction driven by both anaerobic and
aerobic oxidation of methane would release arsenic originally
associated with solids into aquatic environments and thus pose
more threats to ecosystem health. Overall, our discovery
presented here not only reveals the contribution of methane to
reductive arsenic mobilization but also highlights an additional
ecological impact of this important greenhouse gas on
environmental health in addition to its well-recognized climate
warming effect.
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Figure 6. Thermodynamic favorability and global distribution of aeMO-AsR. (a−c) Thermodynamics of the three reactions CH4 + 1.5O2 =
HCOO− + H2O + H+, HAsO4

2− + HCOO− + 2H+ = H3AsO3 + HCO3
−, and HAsO4

2− + CH4 + 1.5O2 + H+ = H3AsO3 + HCO3
− + H2O (eqs

4−6) under different conditions, respectively. Thick lines represent the curves for ΔG = 0 with defined concentrations of reactant or product
species, for example, c(formate) = 1 mM for the black line (a). ΔG < 0 or ΔG > 0, as indicated by arrows, suggest that the reaction is either
thermodynamically favorable or not. The experimental condition is indicated by red stars. (d) Geographic location of natural environmental
samples that contain both pmoA and arrA genes (blue diamonds), extracted from the non-redundant protein database of MGnify. Detailed
geographic information can be found in Table S4.
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