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• Fe3+ andNO3
− can stimulate the anaero-

bic oxidation of methane (AOM) pro-
cess.

• Biochar has no obvious effect on the
AOM process.

• Iron/nitrate-reducing bacteria are active
microorganisms involved in the AOM
process.

• Electron acceptors coupledwith AOM is a
keyprocess to reducemethane emissions.
⁎ Corresponding author at: Ningbo Urban Environmen
Zhejiang Province, People's Republic of China.

E-mail address: hyyao@iue.ac.cn (H. Yao).

https://doi.org/10.1016/j.scitotenv.2021.147773
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 March 2021
Received in revised form 11 May 2021
Accepted 12 May 2021
Available online 15 May 2021

Editor: Frederic Coulon

Keywords:
Anaerobic oxidation of methane
Paddy soil
Electron acceptors
Microbial communities
The anaerobic oxidation of methane (AOM) mediated by microorganisms is a key process in the reduction of
methane emissions, and AOM-coupled electron acceptors have been shown to regulate methane emissions
into the atmosphere in marine systems. Paddy fields are a significant source of methane and account for 20%
of global methane emissions, but the effect of electron acceptors on the methane emission process in flooded
paddy fields has been poorly characterized. This study aimed to determine whether the electron acceptors ferric
iron and nitrate, and biochar, acting as an electron shuttle, can regulate the AOM process in paddy soil, with or
without interaction between biochar and these two electron acceptors.We also aimed to characterize whichmi-
croorganisms are actively involved. Here, we added 13C-labeled CH4 (

13CH4) into anaerobic microcosms to eval-
uate the role of electron acceptors by measuring the methane oxidation rate and the enrichment of 13C-labeled
CO2 (13CO2). We then combined DNA-stable isotope probing with amplicon sequencing to study the active mi-
croorganisms. We found for the first time that, in addition to nitrate, ferric iron can also effectively promote
AOM in paddy soil. However, there was no significant effect of biochar. Ferric iron-dependent AOM was mainly
carried out by iron-reducing bacteria (Geobacter, Ammoniphilus and Clostridium), and nitrate-dependent AOM
wasmainly by nitrate-reducing bacteria (Rhodanobacter, Paenibacillus and Planococcus). Our results demonstrate
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that the AOM process, regulated by the electron acceptors ferric iron and nitrate, can alleviate methane emission
from paddy soil. The potentially active microorganisms related to electron acceptor reduction may be crucial for
this methane sink and deserve further research.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Methane is a major greenhouse gas, which has 28 times the
warming effect of carbon dioxide on a mass basis and has contributed
20% to global warming over the past 100 years (Pachauri et al., 2014).
The anaerobic oxidation of methane (AOM) mediated by microorgan-
isms is a critical process that regulates the global climate by reducing
methane emissions (Niemann et al., 2006; Bar-Or et al., 2017). Methane
is consumed by theAOMprocess inmanynatural ecosystemsbefore it is
released into the atmosphere (Knittel and Boetius, 2009; Cai et al.,
2018). Therefore, AOM is regarded as a gatekeeper of the methane bal-
ance and the global carbon cycle (Segarra et al., 2015). In addition to nu-
trients, the supply of electron acceptors is considered to be the main
limiting factor for methane oxidation under anaerobic conditions
(Song et al., 2019).

Several electron acceptors involved in the AOM process have
been discovered over time, including sulfate, nitrate, and, contro-
versially, ferric iron. Sulfate was for many years considered to be
the only final electron acceptor in the AOM process with anaerobic
methanotrophic archaea (ANME) and sulfate-reducing bacteria as
the key microorganisms (Reeburgh, 1976; Knittel and Boetius,
2009). However, a variety of other electron acceptors, especially
nitrate (Davies, 1973; Caldwell et al., 2008) and ferric iron
(Ettwig et al., 2016) are thermodynamically more favorable elec-
tron acceptors than sulfate (Eqs. (1)–(3)):

5CH4 þ 8NO3
− þ 8Hþ ! 5CO2 þ 4N2 þ 14H2O ΔG00

¼ −765 kJ mol−1 CH4; ð1Þ

CH4 þ 8Fe3þ þ 2H2O ! CO2 þ 8Fe2þ þ 8Hþ ΔG00

¼ −454 kJ mol−1 CH4; ð2Þ

CH4 þ SO4
2− ! HCO3

− þHS− þH2O ΔG00 ¼ −17 kJ mol−1 CH4: ð3Þ

In anoxic freshwater sediments where sulfate is largely absent, ni-
trate can act as an electron acceptor for AOM, where methane is
converted into carbon dioxide through the reverse methanogenesis
pathway and denitrifying bacteria obtain electrons to complete denitri-
fication (Raghoebarsing et al., 2006). Hu et al. (2014) used stable iso-
tope and 16S rRNA sequencing to explore the nitrite-dependent AOM
process in freshwater wetlands and found that this process may be
important as a global methane sink. At first, several reports showed
that iron has a certain inhibitory effect on the methanogenic activities
of flooded soils (Achtnich et al., 1995; Lueders and Friedrich, 2002).
Later, some studies have shown that microbes can use ferric iron
(ferrihydrite) in wetland sediments as an electron acceptor to oxidize
methane (Norði et al., 2013; Segarra et al., 2013). Ferric iron-
dependent AOMwasdemonstrated in basin seep sediments by thefind-
ing thatmethanotrophic ANME-2 archaea could respire electron donors
via the reduction of ferric iron (Scheller et al., 2016). Recently, Leu et al.
(2020) demonstrated that Methanoperedenaceae is capable of AOM
coupled to manganese reduction. In addition, arsenic is also considered
an overlooked partner of AOM inwetland soils (Shi et al., 2020). Hence,
AOM coupled to different electron acceptors is critical for regulating
methane emissions in various anaerobic environments.

Paddy fields account for about one-fifth of the global methane emis-
sions from anthropogenic sources. China produces more methane from
paddy fields than any other country in the world (Yan et al., 2009) and
2

emissionswere estimated to be 4.75 Tg in 2015 (Sun et al., 2020). A bet-
ter understanding of the AOM process may help to reduce the negative
impact of methane emissions. Additionally, as a specially constructed
wetland ecosystem, subject to alternating dry and wet cycles, flooded
paddy field has a typical redox gradient. Hence it is an ideal model for
studying the electron transport process of AOM. The reduction of nitrate
linked to AOM in paddy soils has been well-established (Vaksmaa et al.,
2017). The reduction of ferric iron coupled to methane oxidation has
been demonstrated in freshwater sediments (Sivan et al., 2011), brack-
ish coastal sediments (Egger et al., 2015), Amazonian floodplain
(Gabriel et al., 2020) and mixed liquid culture (He et al., 2019). How-
ever, a controversy exists about whether ferric iron can effectively pro-
mote the AOM process in paddy soil and the results so far are unclear
(Fan et al., 2020).

Biochar is a solid product obtained by the thermochemical conver-
sion of straw, manure, and other biomass under oxygen-limited condi-
tions. In recent years, biochar has served as an increasingly popular soil
amendment,widely used in paddy soil as it can improve soil fertility and
water retention capacity (Batool et al., 2015). Saquing et al. (2015) re-
ported that biochar can act as an electron acceptor and can promote
the respiration of microorganisms in an anaerobic reactor, oxidizing ac-
etate and promoting the reduction of nitrate. By adding different
amounts of biochar to an anaerobic digester, it was found that biochar
can increase the production of methane, but excessive biochar de-
creased the content of methane (Li et al., 2019a). Biochar can act as an
electron shuttle due to its quinone and aromatic structures (Keiluweit
et al., 2010), participate in redox reactions mediated by microorgan-
isms, and have an important impact on the soil biogeochemical cycle.
Qiao et al. (2017) found that the electron shuttle function of biochar
can stimulate the proliferation of the arsenic-respiring bacteria
Geobacter in anaerobic paddy soil and promote arsenic reduction. The
fact that biochar can participate in interspecies electron transfer pro-
cesses (Chen et al., 2014), suggests that it can, like ferric iron and nitrate,
also act as an electron acceptor to regulate AOM. However, Fan et al.
(2020) found that paddy soil treated with biochar had reduced AOM
compared to the control soil. Hence it is uncertain whether biochar
can act as an electron acceptor to regulate AOM in paddy soil and
whether it can interact with the reduction of ferric iron and nitrate dur-
ing AOM.

The role that electron acceptors play is crucial to understanding the
AOM process. However, studies about the relationship between the
reduction of ferric iron and the AOM process are controversial, and
our knowledge about the active microorganisms that employ electron
acceptors (ferric iron, nitrate, or biochar) coupled to AOM, particularly
within paddy soil, is still rudimentary. DNA Stable-Isotope Probing
(DNA-SIP) technology has the advantage of circumventing the
shortcomings of traditional cultivation method and facilitates the iden-
tification of target microorganisms by tracking the labeled substrate
(Martinez-Cruz et al., 2017; Li et al., 2019b; Zhang et al., 2020). In this
study, a microcosm experiment with 13C-labeled CH4 (13CH4) was con-
ducted. AOM rates and 13C-labeled CO2 (13CO2) enrichmentwere deter-
mined, and DNA-SIP combined with high-throughput sequencing was
used to probe the functioning microbes with different electron accep-
tors. The objectives of this paperwere 1) determinewhether the reduc-
tion of iron is coupled with the AOM process to reduce methane
emissions in paddy soil; 2) to probe the microbial players in ferric
iron-dependent and nitrate-dependent AOM; 3) to explore the effects
of biochar on the AOM process and whether it can promote ferric
iron-dependent and nitrate-dependent AOM.
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2. Materials and methods

2.1. Sample collection and chemical analysis

In September 2018, paddy soil samples were taken from the surface
layer in a rice-wheat rotation field near Ningbo city, Zhejiang province
in China (29°47′24″N, 121°22′3″E), which is characterized by a typical
subtropical monsoon climate. Sampling methods were described in de-
tail previously (Zhu et al., 2020). We randomly selected three 5 × 5m
plots and randomly took 12 soil cores to a depth of 20 cm from each
plot using an 8 cm diameter auger. All soil cores from each plot were
thoroughly mixed to form a composite sample, packed in paper sam-
pling bags and immediately transported back to the laboratory. The
soil sampleswere gently passed through a 2mmsieve to remove visible
plant tissues, animals, and stones and separated into two portions. One
portion was air-dried and used for physicochemical analysis, and the
other portion of the fresh soil was immediately stored in a refrigerator
at 4 °C until the incubation experiment. The initial soil pH, total C, and
total N were 5.4, 32.5, and 4.3 g kg−1, respectively.

2.2. Microcosm setup

To test the effect of different electron acceptors on methane oxida-
tion from paddy soils, we set up an anaerobic microcosm experiment.
We placed fresh soil (~15 g of air-dried soil) in a 120 ml serum bottle,
added 20 ml of sterile anaerobic distilled water, and mixed it to form a
slurry. It was sealed with a high-temperature sterilized neoprene sep-
tum and an aluminum cap, and then repeatedly flushed with helium
to ensure anoxic conditions were established. 36 such bottles were
pre-incubated statically at 25 °C for 30 days to reduce the presence of
the original electron acceptors such as nitrate, sulfate, and ferric iron.
After pre-incubation, for each of the labeled tests, 20 ml of headspace
gas was replaced with either an equal volume of 13CH4 (Sigma-Aldrich,
99 atom % 13C, USA) or with 12CH4 as a reference. Six treatments were
set up: (i) the negative control without addition any of electron accep-
tor, named the control (CK), (ii) Fe3+ (10 mM Ferrihydrite) (Fh), (iii)
NO3

− (5 mM NaNO3) (N), (iv) Biochar (1%, w/w) (B), (v) Fe3+ (10 mM
Ferrihydrite) + Biochar (1%, w/w) (FhB), (vi) NO3

− (5 mM NaNO3) +
Biochar (1%, w/w) (NB). Three replicates were set up for each treat-
ment. The vials were cultured at 25 °C in a shaking incubator at
150 rpm for 28 days.

The biochar used in this experiment was produced from air-dried
rice stalks via slow pyrolysis at 460 °C in a muffle furnace (Isotemp,
Fisher Scientific, USA) purged with N2. The basic combustion process
and properties of the derived biochar are shown in Table S1. Ferrihydrite
was synthesized as described previously (Lovley and Phillips, 1986).
Briefly, NaOH was added to neutralize FeCl3·6H2O to pH 7.0, then the
precipitate was repeatedly washed with deionized water several times,
freeze-dried, and stored in a sealed container.

2.3. CH4 and
13CO2 measurements

During the incubations, gas samples were collected at 1, 7, 14, 21,
28 days. A modified gas chromatograph (Agilent 7890A, Agilent, Palo
Alto, CA, USA) equipped with a flame ionization detector (FID) was
used tomeasure themethane concentration by injecting 100 μl samples.
The temperatures of the oven, injection port, and detector were 60, 250,
and 250 °C, respectively. The value of 13CO2 was evaluated by a Delta V
Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific,
Germany) with a calibrated CO2 reference gas used to calculate the C
isotope ratios.

2.4. DNA extraction and SIP gradient fractionation

After 28 days of incubation, the slurry sampleswere taken and freeze-
dried. Total DNAwas extracted from each sample of approximately 0.5 g
3

freeze-dried soil using the FastDNA® SPIN Kit for Soil (MP Biomedicals,
Cleveland, OH, USA) according to the manufacturer's instructions. A
NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, USA)
was used to determine the concentration and quality after DNA extrac-
tion. DNAdensity gradient centrifugation and fractionation used our pre-
viously described method (Long et al., 2015). Briefly, 3 μg of DNA was
mixed with 1.85 g ml−1 of CsCl solution and gradient buffer (0.1 M
Tris-HCl, 0.1 M KCl, 1 mM EDTA, pH 8.0) to reach an initial CsCl buoyant
density of 1.710 g ml−1, which was determined by adjusting the refrac-
tive index to 1.4025 with an AR200 handheld refractometer (Reichert,
New York, USA). A 5.1-ml Quick-Seal polyallomer ultracentrifugation
tube (Beckman Coulter, Palo Alto, CA)with the above samplewas centri-
fuged on an NVT 65.2 rotor (Beckman Coulter, USA) at 177,000 × g
(45,000 rpm) for 44 h at 20 °C. Using sterile water injected into the top
of the centrifuge tube, centrifuged gradients were fractionated into 15
equal volumes (~340 μl) by a single-channel syringe pump (LSP01-1A,
Longer Precision Pump Co. Ltd., Baoding, China). Next, 120 μl liquor in
each layer was sucked into the refractometer to measure the refractive
index to determine the buoyant densities of the fractionated gradients.
The procedure for fractionating DNA was: precipitation by 550 μl 30%
polyethylene glycol (PEG) 6000 (30% PEG, 1.6 M NaCl), incubation for
2 h at room temperature, centrifugation at 13,000×g for 30min, removal
of the supernatant, addition of 500 μl 70% ethanol towash twice, dissolu-
tion of the DNA in 30 μl nuclease-free water (Sigma-Aldrich, St. Louis,
MO, USA), and storage at−20 °C.

2.5. Real-time PCR quantification and high-throughput sequencing

Real-time quantitative polymerase chain reaction (qPCR) of 15 gra-
dient fractions for each treatment was performed with a Light Cycler
Roche 480 instrument (Roche Molecular Systems, Switzerland) to de-
termine the 16S rRNA genes according to the protocol described by
Zhang et al. (2019). A negative control with distilled sterile water was
also set up. A 10-fold serial dilution with known copy numbers of the
standard sampleswas used to generate standard curves. The PCR ampli-
fication efficiencies were 89%–99%, with correlation coefficient (R2)
values greater than 0.99.

The universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and
806R (5′-GGACTACVSGGGTATCTAAT-3′) (Bates et al., 2011) were
used to perform PCR amplification for sequencing of the V4 region
from bacterial and archaeal 16S rRNA genes (approximately 250 nucle-
otides) by using an Illumina MiSeq System at the Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China). Primers were tagged with
unique 6-bp barcode sequences for each sample. The PCR cycling condi-
tionswere as follows: initial denaturation at 95 °C for 3min, followed by
45 cycles of 95 °C for 15 s, 55 °C for 45 s and 72 °C for 45 s, and then 72 °C
elongation for 5 min. The sequences were deposited into the NCBI se-
quence read archive (SRA) database with the accession number PRJNA
682286.

2.6. Data analysis

High-throughput sequencing data were analyzed using the Quanti-
tative Insights into Microbial Ecology (QIIME) platform (version 1.9.0)
(Caporaso et al., 2010). Briefly, raw data were de-multiplexed and qual-
ity controlled with the default setting in the QIIME pipeline. Reads with
a Phred quality score (Q) < 20 and low-quality sequences (<50 bp)
were discarded. The paired reads were merged with FLASH using de-
fault parameters. The putative chimeras were detected and removed
by USEARCH (Edgar et al., 2011). Operational Taxonomic Units (OTUs)
were clustered at 97% sequence similarity level by the UPARSE standard
pipeline (Edgar, 2013). Taxonomy was assigned against representative
sequences using the Ribosomal Database Project (RDP) Classifier
(version 2.2, 0.8 confidence threshold) based on the SILVA 132 refer-
ence database (https://www.arb-silva.de/) (Wang et al., 2007; Quast
et al., 2012) for bacterial and archaeal analyses. Principal Coordinate of

https://www.arb-silva.de/


Fig. 1. 13CO2 enrichment reported in 13FCO2 (13CO2/(13CO2 + 12CO2)) from 13CH4 injection
with various electron acceptors. The stars show the control with only 12CH4 added. Error
bars represent the range of the triplicate incubations.
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Analysis (PCoA) plots were processed by Origin 2019b software (Origin
Lab Inc., USA) based on Bray-Curtis distance of OTUs, to compare the
differences in community composition between the control and differ-
ent electron acceptors. The PCoA plots were performed using the
PERMANOVA test, and permutations were set to 999. The significantly
different bacterial taxa in each clusterwere determined by using the lin-
ear discriminant effect size (LEfSe) (Segata et al., 2011), conducted in
Galaxy online (http://huttenhower.sph.harvard.edu/galaxy/). The lin-
ear discriminant analysis (LDA) scores of each group were greater
than 3. A linear regressionmodel was used to assess the relationship be-
tween the 13C-labeled methane consumption and incubation timewith
the lm function performed in R studio software (version 4.0.2). The R
package “ggplot2”was used for the visualization. All datawere analyzed
byMicrosoft Excel 2010 software (Microsoft) and IBM SPSS Statistics 26
(IBM Inc., Chicago, IL, USA). Significant differences were analyzed using
analysis of variance (ANOVA) followed by Tukey's honestly significant
difference (HSD) test at p ≤ 0.05.

3. Results

3.1. Methane consumption during the reduction of various electron acceptors

Over the 28 days of incubation, the methane concentration de-
creased to varying degrees with the addition of the different electron
acceptors. The linear regression analysis of methane concentration at
different time points (0, 1, 7, 14, 21, and 28 days) showed a high corre-
lation based on 13CH4 injection (R2 > 0.92; Fig. S1). The rates of anaer-
obic oxidation of methane (AOM rates) were based on the slope given
by the linear regression (Table 1). These rates ranged from 14.4
to 24.4 μg C g−1 dry soil d−1 and the ranking was CK ≈ B < Fh < N <
NB < FhB. The addition of biochar had no significant effect on AOM
rate, while the addition of NO3

− and Fe3+significantly increased AOM
rates (p < 0.05).

3.2. 13CO2 enrichment

We detected 13CO2 enrichment derived from 13CH4 with the various
electron acceptors, presented as the isotope ratio, 13FCO2 (calculated
from 13CO2/(13CO2 + 12CO2)) (Fig. 1). The averages of 13FCO2 during
the 28 days are shown in Table 1. Therewas no significant difference be-
tween the control and the biochar treatment. The addition of nitrate and
ferric iron significantly increased the rate of conversion of 13CH4 to
13CO2 compared to the control (p < 0.05). Moreover, the 13CO2 enrich-
ments of the FhB and NB treatments were slightly less than those of
the single treatments (Fh and N), but the differences were not signifi-
cant (p > 0.05).

In addition, to further demonstrate the occurrence of nitrate-
dependent and iron-dependent AOM we performed a stoichiometry
experiment (see Supplementary materials for details). The anaerobic
methane oxidation (assessed as the oxidation of 585 μΜ 13CH4 and pro-
duction of 610 μΜ 13CO2) was coupled to the reduction of nitrate
(15NO3

−, 965 μΜ), with 15N-N2 as the main end-product (526 μΜ)
(Fig. 2a). The stoichiometric ratio of 13CH4 to 13CO2 was 0.96, 15NO3

− to
Table 1
AOM rates and 13CO2 enrichment with different electron acceptors after 28 days incuba-
tion after 13CH4 injection.

Treatment AOM rate
(μg C g−1 dry soil d−1)

13FCO2
(13CO2/(12CO2 + 13CO2))

1 CK 14.4b 0.035b

2 Fh 22.4a 0.058a

3 N 22.7a 0.066a

4 B 15.2b 0.034b

5 FhB 24.4a 0.047ab

6 NB 23.1a 0.052ab

Different letters above the numbers indicate significant differences (p < 0.05).

4

15N-N2 was 1.83, and 13CO2 to 15N-N2 was 1.16. The anaerobic methane
oxidation (assessed as the oxidation of 578 μΜ 13CH4 and production of
529 μΜ 13CO2) was also coupled to the reduction of Fe3+ (5206 μΜ),
with Fe2+ as the main end-product (5213 μΜ) (Fig. 2b). The stoichio-
metric ratio of 13CH4 to 13CO2 was 1.09, Fe3+ to Fe2+ was 1.00, and
13CO2 to Fe2+ was 0.10. Accordingly, these results are in agreement
with the theoretical values based on the above Eqs. (1) and (2).

3.3. DNA-SIP and microbial communities

Following DNA extraction and high-speed density gradient centrifu-
gation, qPCR revealed the relative abundance contribution of 16S rRNA
genes in each fraction (Fig. 3). It can be seen that the 13C-labeled meth-
ane in each treatment has different degrees of deviation comparedwith
the 12C-methane, indicating that the density gradient of 13C-labeled
DNA (the “heavy” fractions) was from 1.71 to 1.73 g ml−1, while 12C-
labeled DNA (the “light” fractions) was from 1.69 to 1.70 g ml−1. The
most obvious deviationwas observedwith the Fe3+ and Fe3++biochar
treatments. However, the addition of biochar reduced the deviation of
the NO3

− treatment.
Based on the relative abundance distribution of 16S rRNA genes

across the CsCl density gradients, 18 samples (6 treatments × 3 repli-
cates) from the 13C-treatment “heavy” fractions were chosen for se-
quencing and a total of 2,168,935 high-quality sequences were
obtained. The relative distribution of bacteria and archaea at the phylum
and genus levels were derived from the OTUs. The dominant bacterial
phyla in the control were Firmicutes (71.35%), Proteobacteria (8.65%),
and Actinobacteria (3.71%) (Fig. S2a). With the electron donor addi-
tions, the abundance of these three main phyla changed significantly
compared with the control. Among these, the abundance of Firmicutes
declined 5.89% with Fh, and 18.95% with FhB. However, the abundance
of Proteobacteria and Actinobacteria increased 5.20% and 10.34% with
Fh, and 5.08% and 3.30% with FhB, respectively. The N treatment signif-
icantly increased the content of Firmicutes, while the NB group slightly
decreased the proportion of Firmicutes. Both N and NB increased the
abundance of Proteobacteria.Moreover, the different electron acceptors
increased the abundance of Bacteroidetes to varying degrees compared
with the control. The relative distribution of bacteria at the genus level is
shown in Fig. 4a. Bacilluswas themost abundant bacterial genus in each
treatment. Comparedwith CK, the content of Bacillus changed slightly in
the B, N, and NB treatments, while the application of the Fh and FhB
treatments significantly reduced it by nearly 50%. Notably, the supple-
mentation by Fh increased the relative proportion of Ammoniphilus

http://huttenhower.sph.harvard.edu/galaxy/
Image of Fig. 1


Fig. 2. (a) The stoichiometric analyses of 15NO3
− (triangles) reduction to 15N-N2 (circles) and 13CH4 (stars) reduction to 13CO2 (squares) in the presence of 13CH4 in anaerobic slurry. (b) The

stoichiometric analyses of Fe3+ (triangles) reduction to Fe2+ (circles) and 13CH4 (stars) reduction to 13CO2 (squares) in the presence of 13CH4 in anaerobic slurry. The data aremean± S.E.
of three replicates.
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and Geobacter by 329% and 640%, respectively, compared with CK.
However, the abundance of these two genera only increased slightly
in the FhB treatment and there was no significant change with the
other three treatments. It should also be noted that with different elec-
tron acceptor additions, the abundance of Planococcus increased to differ-
ent extents, especially in the N and NB treatments.We detected the three
archaeal phyla, Euryarchaeota, Thaumarchaeota and Crenarchaeota, in all
samples. Among them, Euryarchaeota and Crenarchaeota accounted for
39.41% and 14.50%, respectively, in CK, and the abundance of these two
phyla increased to different degrees in the B, Fh, and N treatments.
However, the abundances in the FhB and NB treatments were less than
Fig. 3. The relative abundance distribution of 16S rRNA genes across the CsCl density gradients r
represent 12C-methane.

5

in CK (Fig. S2b). These variations with different treatments are not quite
so obvious in the archaeal genera (Fig. S2c).

Principal coordinates analysis (PCoA) showed that the different
treatments exhibited significantly different bacterial community struc-
tures (p = 0.001) (Fig. 4b). PCoA 1 and PCoA 2 accounted for 82% of
the total variation. The Fh and FhB treatments were close in distance
and far away from CK on both axes. The N, B, and NB treatments were
close to each other and distant from CK but only on PCoA 2.

Accordingly, LEfSe analysis showed that significant taxonomic dif-
ferences in bacteria occurred between different electron acceptor treat-
ments (Fig. 5). The cladogram shows that the phylum Actinobacteria
un for three replicates. Filled circles in orange represent 13C-labeledmethane, blue squares

Image of Fig. 2
Image of Fig. 3


Fig. 4. Relative abundances of the main genera of bacteria, (a), and Principal coordinate analysis (PCoA) plot with Bray-Curtis dissimilarity, (b), between the different electron acceptor
treatments.
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was significantly more abundant in the Fh and FhB treatments. Among
them, the class of Thermoleophilia was abundant in the FhB treatment,
and Actinobacteria in the Fh treatment. The NB treatment was mainly
defined by an increase in the phylum Bacteroidetes, while the N treat-
ment showed a greater abundance of the class Bacilli and the genus
Rhodanobacter. Additionally, the bacteria distinguishing the Fh treat-
ment were mainly in the order Clostridiales. As for the B treatment,
only the genus Lysinibacillus stood out. The heatmap analysis shows
the differential microbes at the genus level for each sample (Fig. 6).
Overall, the treatment with the most distinct bacterial community
was Fh, followed by N, FhB, NB, B, and CK. Among them, Geobacter,
Ammoniphilus, Clostridium, Bacillus, Burkholderia, and Actinomadura
were enriched in the Fh treatment. Rhodanobacter, Paenibacillus,
Planococcus, and Tumebacillus were enriched in the N treatment.
Interestingly, when Fe3+ or NO3

− was added with biochar, the abun-
dance of these bacterial genera declined. With the addition of bio-
char alone (B), Clostridium sensu stricto 10 was enriched compared
with CK.

4. Discussion

In this study, we investigated whether terminal electron acceptors
(nitrate, ferric iron, and biochar) have a potentially positive effect on
the anaerobic oxidation of methane, and what might be the related
functional microorganisms. To clarify the effect of electron acceptors
on the AOM process, we carried out an isotope labeling incubation
(adding 13CH4) tomeasure theAOMrate and related activemicroorgan-
isms. The concentration of methane decreased while 13CO2 increased to
varying degrees after the addition of different electron acceptors in a
strictly anaerobic environment (Figs. S1 and 1). Interestingly, there are
differences in the curve trends (linear in Fig. S1 and asymptotic in
Fig. 1). Here, we need to take into account the fact that a small amount
of CH4 and CO2 is dissolved in water. Compared to CH4, CO2 is relatively
soluble inwater. Thus, a significant buildup of dissolved CO2might have
occurred, which was not considered in gas phase measurements.
Moreover, methanotrophs are able to assimilate CO2 to varying degrees
and may cause adverse effects on CO2 concentrations (Strong et al.,
2015). These factors may have caused the curve trend of 13FCO2 to not
be linear but asymptotic. Our results confirmed the presence of both
nitrate-dependent and ferric iron-dependent AOM processes. With
both nitrate and ferric iron reduction, the rate of AOM increased signif-
icantly, but biochar, which can also serve as a terminal electron accep-
tor, had no significant effect. Sequence analysis revealed different
functional microorganisms that are likely to be involved in the AOM-
terminal electronic acceptor coupling process.
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In the present study, the AOM rate with the addition of Fe3+ and
Fe3+ + biochar was significantly higher than in the CK and biochar
groups, indicating that ferric iron-dependent AOM is a sink for
methane, and could reduce the emission of methane, particularly in
iron-rich paddy soils. Ferric iron-dependent AOM was first discovered
in marine sediments (Beal et al., 2009) and has recently been found in
many different environments. For example, Mohanty et al. (2017)
reported that the redox reaction of iron in tropical soils (under soybeans
and wheat) can stimulate methane oxidation by increasing the abun-
dance of methanotrophs. Cai et al. (2018) found that the ANME archaea
Candidatus ‘Methanoperedens ferrireducens’ could use Fe3+ to mediate
the AOM process. At the same time, Lu et al. (2018) supplemented a bio-
film reactor with iron over a concentration gradient of 20–160 μM, and
found a significant increase in the number of AOM bacteria and archaea.
However, there has been no positive report about the coupling of iron re-
duction and AOM in paddy soil except for the work of Fan et al. (2020)
who concluded that the role of iron was unclear. However, in line with
most previous studies in other environments, we observed a significant
reduction of CH4 concentration after the addition of Fe3+ in our paddy
soil. We suspect that the main reason why Fan et al. (2020) did not find
this result might be the much lower concentration of 13C-labeled meth-
ane they used as a recent study has shown that ferric iron-dependent
AOMmainly occurs in environments with a high methane concentration
(Shen et al., 2019).

The AOM process mediated by nitrate has the highest Gibbs free
energy among the several electron acceptors that have been discovered.
Hence we studied the role of nitrate in the AOM process and found that
our result agrees with those of Vaksmaa et al. (2017), Shi et al. (2017)
and Fan et al. (2020). Moreover, we combined the AOM rates with the
13CO2 production rates through the labeling method and more clearly
confirmed the role of nitrate. As shown in Fig. 1, the 13CO2 enrichment
in the nitrate treatment was the most abundant, which also identified
a potentially relevant methane oxidation mechanism in paddy soil. It is
worth noting that nitrite has also been shown to be used as an electron
acceptor for AOM in paddy systems (Wang et al., 2012; Hu et al., 2014;
Zhou et al., 2014). However, nitrate is the more natural input to paddy
soil and is readily reduced to nitrite by other microorganisms such as
the archaea ‘Candidatus Methanoperedens nitroreducens’ (Vaksmaa
et al., 2017).

Regarding biochar, known to be an extracellular electron accep-
tor or shuttle, it showed no significant effect on CH4 emission and
13CO2 enrichment in our study. This is in accordance with Zhu
et al. (2018) who found biochar addition (1%, w/w) did not affect
methane emission in a 120-day anaerobic incubation. Unlike our
study, some previous trials showed that biochar addition can

Image of Fig. 4


Fig. 5. Taxonomic cladogram derived from LEfSe analysis of the 16S sequences.
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suppress CH4 emissions in paddy soils (Feng et al., 2012; Nan et al.,
2020) while others showed increased emissions (Ji et al., 2020).
The reason for the reduction of methane emission reported by Nan
et al. (2020) was that biochar increased soil aeration so that the aer-
obic methanotroph abundance increased significantly. However, our
experiment was performed under strict anaerobic conditions, so it
could not promote the abundance of methanotrophs requiring
oxygen. Some studies have proposed the possibility that biochar
acts as an electron shuttle; whether the electrons it accepts can be
7

transferred to iron minerals or denitrifying bacteria is not clear-cut
(Cayuela et al., 2013; Xu et al., 2013). We found iron and nitrate par-
ticipate in the AOM process through a reduction reaction, but bio-
char does not promote this reduction process. Thus, biochar may
be unable to transfer electrons to iron minerals or denitrifying bac-
teria. The specific mechanism of biochar as an electron shuttle re-
mains to be studied further.

Based onDNA-SIP combinedwith high-throughput sequencing tech-
nology, we have identified the functional microorganisms promoted by

Image of Fig. 5


Fig. 6. Heatmap of genera in the relative abundances of bacterial communities in all treatments.
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different electron receptors. Ferric iron, nitrate and biochar all had a sig-
nificant impact on themicrobial community. In our study, iron-reducing
bacteria such as Geobacter, Ammoniphilus and Clostridium played a very
important regulatory role for AOM in the paddy soil. A similar pattern
of results was obtained in constructed wetland matrix systems with
added iron oxide where it was found that dissimilatory metal-
reducing bacteria (DMRB) can promote the reduction of iron oxides,
thereby promoting AOM (Cheng et al., 2021). In previous studies, the ar-
chaea ‘Candidatus Methanoperedens nitroreducens’ and the bacteria
NC10 phylum were the main microorganisms in nitrate-dependent
AOM (Raghoebarsing et al., 2006; Vaksmaa et al., 2017). However, in
the present study, some microorganisms related to nitrate reduction,
such as Rhodanobacter, Paenibacillus and Planococcus which can be in-
volved in denitrification or act as nitrate-reducing bacteria (Green
et al., 2012; Chen et al., 2016; Latham et al., 2019), were found to be
enriched in the AOM process following nitrate addition. In the LEfSe
analysis, the distinguishing bacteria in the biochar treatment was
Lysinibacillus, which is reported to have significantly improved the solu-
bilization of phosphorus in biochar (He et al., 2014). However, biochar
reduced the abundance of iron-reducing bacteria and nitrate-reducing
bacteria, which may be due to the adsorption of Fe3+ and NO3

− by the
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biochar. Different from the bacterial communities, changes in archaeal
communities were not evident. It is important to bear in mind that the
DNA-SIP discrimination of 12C and 13C is only partial and there is some
overlap (Fig. 3). Thus, some 12C-derived organisms could be present in
the heavy fractions analyzed.

We were able to confirm the key roles of iron and nitrate in AOM in
paddy soil. Ferric iron is the most abundant mineral oxide and nitrate-
based fertilizers are prevalent in paddy soil (Xu et al., 2019). Both of
them can act as terminal electron acceptors and promote AOM through
their reduction, thus mitigating methane emissions and playing an im-
portant role in the geochemical cycle and global climate improvement.
Previous studies on the AOMprocess mostly focused on the description
of the correlation between the AOM rates and the number of microor-
ganisms However, it is difficult to directly locate the active microorgan-
isms. In this study, we used DNA-SIP combined with high-throughput
sequencing technology tomore specifically identify themicroorganisms
that participate in the AOM process with different electron receptors. It
provides feasible guidance for the study of other processes within AOM.
Although this study confirmed the activemicroorganisms of ferric iron-
dependent AOM and nitrate-dependent AOM in paddy soils, further
studies (e.g., isolation experiments, high-throughput sequencing of

Image of Fig. 6
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mcrA and pmoA genes related to the production and consumption of
CH4) could be considered to substantiate this view.

5. Conclusions

In this paper, we have found ferric iron and nitrate act as terminal
electron acceptors that can promote the oxidation of CH4 to CO2 and
thus effectively mitigate the greenhouse gas emission in paddy soil.
Furthermore, this work provides DNA-SIP based evidence that ferric
iron-dependent AOM and nitrate-dependent AOM are mainly driven
by iron-reducing bacteria and nitrate-reducing bacteria, respectively.
Our results also suggest that biochar can be applied to paddy soil with-
out causing changes to anaerobic methane oxidation. For future work,
the exploration of other potential electron acceptors and related active
microorganisms may be helpful to understanding the global geochemi-
cal cycle and the regulation of methane emissions.
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