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ARTICLE INFO ABSTRACT

Handling Editor: Diego Abalos Rice paddies are important sources of atmospheric methane (CHg4), where CHy4 fluxes are determined by the
balance of production and oxidation. While the application of Fe(III) fertilizer is a proven effective strategy for
mitigating CH4 emissions from rice paddies, little is known about the role of methanogen and methanotroph
communities and their interactions. In this study, we measured the CHy flux in a rice paddy field experiment,
where the responses of methanogenic and methanotrophic activities to Fe(III) fertiliser applied at medium (Fe-M)
and high (Fe-H) levels were examined using real-time quantitative PCR coupled with co-occurrence network
analysis after Illumina MiSeq sequencing of the mcrA and pmoA genes. Relative to the control without Fe(IIl)
fertiliser application, in the Fe-M and Fe-H treatments, seasonal CH, emissions were significantly decreased by
65% and 62%, respectively. Fe(IIl) fertilisation significantly decreased the copy numbers and potential activity of
methanogens, and had an opposite effect on methanotrophs. We found Methanothrix was the predominant genus
more adaptive to grow in Fe-rich environments. Fe(IIl) fertilisation caused a shift in the methanotrophic com-
munity towards a predominance of Type II methanotrophs. Soil total Fe concentration, soil electrical conduc-
tivity, and different valences of iron were key factors in the composition of methanogenic and methanotrophic
communities. Fe(III) fertilisation led to a less complex community taxonomic structure mostly attributed to fewer
nodes and edges in both the co-occurrence and mutual exclusion networks of methanogen and methanotrophs.
Our findings suggest that adding Fe(III) fertiliser in rice paddies could mitigate CH4 emissions by regulating both
methanogens and methanotrophs.
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1. Introduction

Methane (CHy) is one of the most potent atmospheric greenhouse
gases, with a 25-fold radiative forcing than carbon dioxide (CO2) over a
100-year period (IPCC, 2013). In agriculture, CHy4 can be produced from
fermentative digestion by ruminant livestock, stored manure, and
waterlogging rice paddies. Estimated at 36 Tg yr~! globally, CH4 emis-
sions from rice paddies are one of the most important anthropogenic
sources of atmospheric CHy (IPCC, 2013).

Methane is mainly produced under anoxic conditions, where CHy
fluxes depend on the combined performance of methanogenic and
methanotrophic communities (Kong et al., 2019; Tokida et al., 2010;
Wang et al., 2018). In the past decade, many studies have been dedi-
cated to optimising agricultural practices for mitigating CH4 emissions
from rice paddies, such as crop residue incorporation, fertilisers and
water regimes (Kong et al., 2019; Qin et al., 2010; Zou et al., 2004). In
addition, it has been shown that a functional heavy metal-antagonist
such as fertilisation with Fe(IlI) has the potential to mitigate CHy
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emissions from rice paddies (Chen et al., 2017). Fertilisers containing
active Fe and Fe>*, which can act as electron acceptors, have been
shown to decrease CH4 emissions from rice paddies (Ali et al., 2008;
Arao et al., 2009; Gwon et al., 2018). Waterlogging can create an anoxic
soil environment to favour Fe reduction coupled with organic matter
mineralization, which can reduce the transfer of electrons by meth-
anogenesis and eventually decrease CH4 emissions (Fredrickson and
Gorby, 1996; Lovley and Phillips, 1987; Sun et al., 2016). Moreover, CH,4
production can be suppressed by controlling the ratio of easily oxidiz-
able organic matter to easily reducible iron. It is well documented that
methanogenic archaea can be affected by Fe(III) fertiliser application in
paddy soils. For example, Fe(III) in oxides or available Fe(III) may serve
as an electron acceptor to suppress the growth of methanogens and thus
influence the methane cycle (Bond and Lovley, 2002; Bowman et al.,
1994; Lovley and Phillips, 1987). The inhibition of methanogenesis has
been attributed to the competition between dissimilatory iron-reducing
bacteria and methanogens (i.e., Methanocella and Methanosarcina) for
the same substrate, such as hydrogen (Bodegom and Stams, 1999;
Lovley, 1987).

On the other hand, aerobic interfaces of methanogenic environments
may provide habitats for methanotrophs in rice paddies, where CH4 can
be oxidized by methanotrophs. While the studies of Fe(III) fertiliser ef-
fects on CH4 emissions have mostly focused on the CH4 production
process driven by methanogens in rice paddies (Chen et al., 2017; Zhang
et al., 2012), CHy4 oxidation, as an important link in the methane cycle,
has attracted little attention in the context of Fe(III) fertiliser application
in rice paddies. The distribution of Type I (Gammaproteobacteria) and
Type II (Alphaproteobacteria) methanotrophs is highly related to soil
physical and chemical properties, such as soil pH and salinisation, which
need to be further examined following Fe(Ill) fertiliser application in
rice paddies (Hanson and Hanson, 1996; Heyer et al., 2002; Ho et al.,
2011). Therefore, qPCR and Illumina MiSeq sequencing techniques
would provide an opportunity to simultaneously examine the abun-
dance and community composition of methanogens and methanotrophs
(Zhou et al., 2020), which would be helpful to gain insight into methane
production and oxidation processes following Fe(III) fertiliser applica-
tion in rice paddies.

Microorganisms can interact in complex communities that affect
microbial processes in the environment (Kaupper et al., 2021). Recently,
co-occurrence networks have been used to map all the relationships
between microorganisms within a community, and these interactions
can be divided into three categories: joint evolution of organisms in the
environment (positive relationship known as co-occurrence); opposite
evolution (negative relationship known as co-exclusion), and the
absence of a relationship (a true lack of interaction or a null combination
of all interactions between microorganisms) (Gross, 2008; Karimi et al.,
2017). Network analysis has been widely adopted to investigate the co-
occurrence patterns of methanogens and methanotrophs in soils (e.g.,
Fan et al., 2021; Kaupper et al., 2021). Specifically, the interaction
network in the methanotrophic community became more complex
during recovery from desiccation-rewetting, and active anaerobic
oxidation of methane (AOM) pathways compensated a fraction of CHy4
produced during ongoing methanogenesis as identified by the network
analysis (Kaupper et al., 2021; Fan et al., 2021). However, there is
limited knowledge about how Fe(IlI) fertilisation impacts methanogenic
and methanotrophic groups involved in commonly co-occurring links
between networks.

To bridge this knowledge gap, we carried out a field experiment in
the 2019 rice-growing season under different application levels of Fe(III)
fertiliser. We measured the CH4 fluxes, methane production potential
(MPP), and methane oxidation potential (MOP) following Fe(III) fertil-
iser application in rice paddies. The abundance and diversity of the
methanogens and methanotrophs were analysed by real-time quantita-
tive PCR (qPCR) and Illumina MiSeq sequencing techniques, respec-
tively. Community network analysis was adopted to describe the specific
functional composition of methanogens and methanotrophs. We
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hypothesized that the response of CH4 emissions to Fe(III) can be
explained by the combined performance of methanogenic and meth-
anotrophic communities (i.e., abundance, composition, and activity).
The main objective of this study is to examine the Fe(Ill) fertiliser-
induced decrease in CH4 emissions associated with CH4 production
and oxidation processes in terms of the abundance and community
structure of methanogens and methanotrophs.

2. Materials and methods
2.1. Site description and field experiments

The field experiment over the 2019 rice-growing season was con-
ducted in a paddy field on an ecological landscape in Xinghua city,
Jiangsu province, China (32°96'N, 120°01'E). In this rice paddy, Fe(III)
fertiliser had not been applied before the experiment. The cropping
regime of the experimental site was dominated by an annual paddy rice-
winter wheat rotation system. The site has a typical monsoonal climate,
with an average annual rainfall of 1049 mm and annual mean temper-
ature of 14.8°C. The soil of the experimental site is classified as gleyic
stagnic anthrosol, with a fine-scale soil texture (35.6% clay, 31.7% silt,
32.7% sand), a bulk density of 1.09 g cm ™3, a pH of 7.15 to 7.26, and a
total nitrogen content of 1.15 g N kg 1.

All experimental plots were managed in line with typical local
cultivation practices (e.g., rice cultivar selection, tillage, water irriga-
tion, nitrogen phosphorus and potassium fertiliser application regimes,
and pest and weed control methods). The Fe(III) fertiliser used in this
study was generally Fe(II) oxide-hydroxide hydrate, and the available
iron content was 85%. The experimental treatment included Fe(III)
fertiliser applied at three levels, namely, the control plots without Fe(III)
fertiliser application and ferric hydroxide fertiliser(Fe(OH)3) applied at
rates of 4.0 t ha™! (Fe-M) and 8.0 tha™? (Fe-H). A random block design
was adopted for the experimental plots with three replicates. Each field
plot was 4 m by 4 m in size. In accordance with the local fertiliser
regime, two chemical N fertiliser, namely, compound N fertiliser (N:
P,05:K,0) and urea (46% N), were applied at a rate of 292 kg N ha ™! per
plot, with 20% of the fertiliser applied as the base dose and the
remaining 80% applied as topdressing at three time points over the rice-
growing season. Basal fertiliser was spread and then mixed with the soil
by ploughing on June 16, 2019.

The average active and free iron concentrations ranged between 52%
and 60%; Fe(III) fertiliser application rates in the Fe-M and Fe-H treat-
ments represent the local recommended medium and high levels for rice
cultivation in Southeast China, respectively (Zhou et al., 2009). All plots
were flooded two days prior to rice sowing (15 June 2019) and remained
flooded until 29 August 2019; thereafter, the plots were drained and
remained in the drainage stage until crop harvest. The cropping period
(from planting to harvest) was roughly June-September for the 2019
rice-growing season. In the Fe(Ill)-fertilised plots, Fe(III) fertiliser
together with crop residue was incorporated at a soil depth of 10-15 cm
before flooding was initiated. Fe(III) fertiliser and crop residue were
adequately mechanically mixed prior to incorporation.

2.2. Gas sampling and flux measurement

The fluxes of CH4 were measured in situ using the static chamber-gas
chromatograph (GC) method detailed in Kong et al. (2019). Before the
fields were initially flooded, specially made aluminium flux collars (0.4
m long by 0.4 m wide by 0.15 m tall) were permanently installed in each
field plot to ensure the reproducible placement of the gas-collecting
chambers for gas sampling over the rice-growing season. The top edge
of the collar had a groove that was filled with water to seal the rim of the
chamber. The sampling chambers were made of opaque PVC materials
and were 0.4 m long by 0.4 m wide by 0.5 m tall. The chamber inside
was equipped with a circulating fan to ensure complete gas mixing, and
it was wrapped with a layer of sponge and aluminium foil to minimise
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air temperature changes inside the chamber during the sampling period.
For gas sampling, the rim of the chamber was placed into the groove of
the collar, including any vegetation growth. Soil CH4 fluxes were
measured once a week before N fertiliser application and then three
times a week. Gas samples were collected at 0, 5, 10, 15, and 20 min
after chamber closure between 09:00 and 11:00 LST on each sampling
day. Individual gas samples of 60 mL were collected from the headspace
of the chamber using gas sampling bags and then transported to the
laboratory for analysis by GC within a few hours.

The gas samples were analysed using a modified GC (Agilent 7890A)
equipped with a flame ionisation detector (FID) (Qin et al., 2010; Zou
et al.,, 2009). The oven and FID were operated at 55°C and 200°C,
respectively. The carrier gas (Np) flow rate was 30 mL min~!. A
nonlinear fitting approach based on the slope of the change in the
mixing ratio over time (measured at 0, 5, 10, 15, and 20 min) was
applied to determine the CHy flux. The average and standard deviations
of the CHy flux for each treatment were calculated from three replicates.
Seasonal total CH4 emissions were determined as the sequential accu-
mulation of the flux measurements between every-two adjacent tem-
poral intervals (Zou et al., 2005). Yield-scaled CH4 emissions were
calculated as the seasonal total of CH4 emissions divided by rice yield for
each plot.

2.3. Measurement of methane production and oxidation potentials

In each experimental plot, rhizosphere soil samples (0-20 cm) were
collected on 14 August 2019 and 2 October 2019 to investigate the ef-
fects of Fe(Ill) fertiliser on methane production potential (MPP) and
methane oxidation potential (MOP) during the waterlogging and
drainage stages. The 10 g soil samples used to measure the MPP and
MOP were homogenized before being placed into bottles. The MPP was
determined according to the method described by Singh et al. (2012)
with minor modifications. Briefly, 10 mL of anoxic sterile water was
added to 10 g of fresh soil samples in a 100 mL serum bottle to ensure the
soil was covered by a 10 mm water. To create an anaerobic environment,
we repeatedly purged the headspace of serum bottles with O,-free N gas
for 3 min to remove residual CH4 and O, before incubating them in a
dark environment at 30 °C for approximately 72 h. Before gas sampling,
the serum bottles were shaken vigorously to establish equilibrium be-
tween the liquid and gas phases. Then, gas samples (4 mL) were
collected from the headspace with a 5 mL syringe, and an equal volume
of Ny was injected back into the bottle afterwards. Gas samples were
taken at intervals of 1, 60, and 120 h. Then, the gas samples were
analysed for CH4 using a gas chromatograph.

The methane oxidation potential (MOP) was determined by adding
10 g of soil and 10 mL of deionized water into a 150 mL serum bottle,
according to the method described in Gao et al. (2020) and Kim et al.
(2016). Approximately 1.5 mL of CH4 (10 000 ppmv) was injected into
each bottle using a 10 mL syringe and then dark-incubated and shaken at
120 rpm at 30 °C for two days. Gas samples (4 mL) were collected as
described above, and an equal volume of air was injected back into the
bottles after each gas sampling. The concentration of CH4 was measured
every 2 h on the first day and every 3 h on the second day, as in Gao et al
(2020). The MPP or MOP was calculated by the following formula:
MPP or MOP (ugg 'd 1) = W,where K@ugg ld Histhe
slope of the linear curve for the accumulated CH4 concentration deter-
mined over an interval of three sampling times; V (L) is the volume of the
serum bottle; W (g) is the weight of fresh soil; and WH (g) is the weight
of Hz0 per 100 g fresh soil.

2.4. Soil sampling and analysis

Before rice sowing, soil samples from three replicate plots were
collected and mixed thoroughly to measure the soil physicochemical
properties. In addition, soil samples were collected once a week before N
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fertilisation and then twice or three times a week to examine seasonal
variations in soil properties (Table S1). Soil samples were collected from
the plough layer (0-20 cm) for each of the three replicates per treatment.
All rhizosphere soil was gently scraped from the roots before placing the
soil into a sterile sealable plastic bag, which was transported to the
laboratory in an ice box containing liquid nitrogen. The fresh soil sam-
ples stored at 4°C were used to analyze soil physicochemical properties
after undergoing air drying at 25°C within one week of sampling. The
rest of the rhizosphere soil samples were stored at —80°C to determine
microbial indicators. Prior to analysis, all soil subsamples were ground
to pass through a 2 mm sieve. The contents of soil NO3-N and NH4-N
were measured using continuous flow analysis (Skalar SANplus analy-
ser, Amsterdam, Netherlands). The methods we used for determining
soil physicochemical properties (pH, EC, TC, TN, C/N, and dissolved
organic carbon, or DOC) are described in Kong et al. (2019) and Yu et al.
(2021). The total Fe concentration was measured by digestion with HF-
HNOs-H505. The content of soil Fe?* was measured using the ferrozine-
ultraviolet absorbance method (Stookey, 1970). Grain yield was
measured at the physiological maturity stage by hand-harvesting all
plants in each 4 m x 4 m plot. Above-ground biomass, including rice
straw and grain yield, was measured at harvest time by oven drying the
samples at approximately 75°C to a constant weight.

2.5. DNA extraction and real-time PCR assays

Total genomic DNA samples were extracted using MO BIO PowerSoil
DNA Isolation Kits (MO BIO Laboratories, Carlsbad, CA, USA) according
to the manufacturer’s instructions. The concentration of DNA samples
was determined by Nanodrop (Thermo Scientific, USA). Then, DNA
samples were used for quantitative polymerase chain reaction (qQPCR)
and Illumina MiSeq sequencing analysis.

The copy numbers of the mcrA and pmoA genes were determined in a
StepOne™ real-time PCR system (Applied Biosystems, Germany) using
the primer pair mlas/mcrA-rev (Steinberg and Regan, 2008) and A189F/
Mb661R (Costello and Lidstrom, 1999), respectively. The qPCR ampli-
fications were performed in a total volume of 20 uL using SYBR® Premix
Ex Taq (Takara, China) with a reaction mixture of 10 pL of SYBR®
Premix Ex Taq™, 0.4 pL of each primer (10 pmol/L), 0.4 puL of ROX
reference dye (50 x ), 2 pL of template DNA and 6.8 pL of sterile water.
The amplified fragments for each gene were cloned in the pMD 18-T
vector and sequenced. The standard curves for both genes were pre-
pared by using triplicate 10-fold dilutions of linear plasmid DNA.
Amplification was performed in triplicate under the following cycling
conditions: 30 s at 95 °C; 40 cycles at 95 °C, 55 °Cand 72 °Cfor 5s, 30 s,
and 15 s, respectively; and a dissociation stage at 95 °C for 15 s, 55 °C for
30 s, and 95 °C for 15 s (Li et al., 2017).

2.6. Illumina MiSeq sequencing

The structures of the methanogen and methanotroph communities
were assessed by Illumina MiSeq sequencing of the mcrA and pmoA
genes, respectively. The highly conserved mcrA gene encoding the
a-subunit of methyl coenzyme M reductase has been widely used for
analysis and quantification of methanogen communities, and the pmoA
gene encoding methane monooxygenase subunit A is used as the indi-
cator for quantifying the methanotrophs from environmental samples
(Pereyra et al., 2010; Sonoki et al., 2013; Wasmund et al., 2009). The
mlas/mcrA-rev (Steinberg and Regan, 2008) and A189F/Mb661R
(Holmes et al., 1995) primers were set up for amplification of the mcrA
and pmoA genes, respectively. The Axyprep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) was used to purify the tar-
geted bands (approximately 410 bp for mcrA and 478 bp for pmoA), and
QuantiFluor™-ST (Promega, Madison, WI, USA) was employed to
quantify the targeted bands. For each sample, PCR was repeated in
triplicate, prior to mixing the three PCR products. The PCR products of
each DNA sample were evaluated by 2% agarose gel electrophoresis. The
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equimolar purified amplicons were pooled and paired-end sequenced (2
x 250) on the Illumina MiSeq platform according to the standard pro-
tocols at Shanghai BIOZERON Biotechnology Co., 1ltd. (Shanghai,
China). The Illumina MiSeq sequencing data are available in the NCBI
Sequence Read Archive (SRA) database under accession number
PRINA725635.

2.7. Illumina data analysis

According to Caporaso et al. (2010), we found three criteria for
demultiplexing and quantity filtering the raw mcrA and pmoA sequences
by Quantitative Insights Into Microbial Ecology (QIIME) (Version 1.17)
after sequencing was completed: (1) sequences with reads shorter than
200 bp and quantity scores below 25 were discarded from further
analysis; (2) sequences were clustered into operational taxonomy units
(OTUs) at a 97% identity threshold; and (3) UCHIME was used to
identify and remove chimeric sequences (Edgar et al., 2011). The mcrA
sequences were binned into species-level OTUs at 84% sequence iden-
tity, corresponding to 97% similarity based on the 16S rRNA gene by
using UCLUST (Yang et al., 2014), and pmoA sequences that shared 87%
similarity, corresponding to 97% similarity based on the 16S rRNA gene,
were binned into species-level OTUs with UCLUST (Degelmann et al.,
2010). The taxonomy of the mcrA and pmoA genes was analysed using
the Non-Redundant Protein Sequence Database. To calculate the o-di-
versity of the methanogen community, we used the abundance-based
coverage estimator (ACE), Chaol estimator, Shannon diversity and
Good’s coverage.

2.8. Construction of the microbial co-occurrence network

Co-occurrence network analysis was performed based on the pro-
portionally normalized OTU tables with Cytoscape (v3.8.2) software
using the CoNet plug-in (v1.1.1). Prior to network construction, mcrA
and pmoA relative abundance matrices were grouped into a single ma-
trix so that links could be computed between OTUs of the same variant
(i.e., pairs of mcrA-mcrA or pmoA-pmoA) and between OTUs of different
variants (i.e., mcrA-pmoA). To reduce false-positive predictions, the taxa
represented in above one-third of the samples were reserved for network
analysis. Copresence and exclusion links were identified with an
ensemble-based approach, including two measures of correlation
(Pearson and Spearman) and dissimilarity (Bray-Curtis and Kullback-
Leibler) to increase the robustness of the analysis (Faust and Raes,
2016). The interaction sign was used to distinguish between co-presence
and exclusion links, which were considered undirected because of the
nature of the correlation or dissimilarity measures used. Statistical sig-
nificance was tested by obtaining the link- and measure-specific p value
as the mean of the permutation distribution under the bootstrap distri-
bution, using 1000 iterations for each distribution. Probability values for
different correlation or dissimilarity measures supporting the same link
were merged using Brown’s method and corrected for multiple testing
using the Benjamini-Hochberg procedure. Finally, to reduce the detec-
tion of false positives, we included only those links supported by at least
two measures of correlation or dissimilarity and having an adjusted
merged p value below 0.05. The correlation results were then imported
into Gephi (v0.9.2), and the microbial co-occurrence network was
visualised using the Fruchterman Reingold algorithm. The network to-
pological parameters, including the degree of each node, clustering co-
efficient, network density and average path distance were calculated in
Gephi (v0.9.2).

2.9. Statistical analysis

Two-way analysis of variance (ANOVA) was used to examine the
main and interaction effects of Fe(III) fertiliser treatment and flooding or
drainage stages on the abundance and activity of methanogens and
methanotrophs. The correlations of CHy4 fluxes with methanogenic and
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methanotrophic abundance and activities were fitted by a linear model
with ordinary least squares (OLS). A t test was used to examine the
statistical significance of parameter estimates in the simulated OLS
model. Spearman correlation coefficients were employed to test the
relationships between soil properties and the relative abundance of
genera in R. Statistical significance was determined at the 0.05 proba-
bility level. A permutational multivariate analysis of variance (PER-
MANOVA) was conducted using the Adonis function in the R vegan
package with 999 permutations to test the significance of independent
variables that accounted for the divergence in communities of metha-
nogens and methanotrophs (standard Mantel test). Redundancy analysis
(RDA) of OTUs was performed to summarize the variations in meth-
anogenic and methanotrophic communities that could be explained by
the soil properties using the ggbiplot package in R. The means of
different relative abundance of methanogenic genera from The Fe(III)
fertilised treatment (X,) and control (X,) groups were used to evaluate
effect size in the form of the natural log-transformed response ratio
(InR). The standard deviations of both treatment and control groups
were included as a measure of variance:
InR = In ()ﬁ)

Xa
where X, and X, are means in the Fe(III) fertilised treatment and control
groups, respectively. The mean response ratio (RR ) is calculated from
the individual InR of each paired comparison between control and
treatment groups with the weight of each InR using a categorical random
effect model (Zheng et al.,, 2020). Fe-M and Fe-H treatments were
merged to assess the effects of the methanogen community composition
on the paddy soil. The effects of different methanogenic genera were
considered significant if the 95% CI did not overlap with the line InR =
0.

3. Results
3.1. CHy fluxes

The seasonal pattern of CH, fluxes did not differ with Fe(III) fertiliser
application while being sensitive to the water regime (Fig. 1). During
initial flooding the CH,4 fluxes remained at low levels within 35 days of
broadcast sowing. Thereafter, the CH, fluxes increased to the largest
values in the following two-three weeks. The CH4 fluxes rapidly
decreased because of the midseason drainage episode, followed by
relatively low flux rates until harvesting.

A two-way ANOVA indicated that CH4 emissions were significantly
affected by Fe(Ill) fertiliser, flooding or drainage episodes and their
interaction (Table 1 and 2). The average seasonal CHy fluxes from the
control plots were 33.33 mg m~2 day !, 186% and 166% greater than
those from the Fe-M and Fe-H treatments, respectively. Substantial CH4
emissions occurred mostly during flooding episodes for all treatments.
Relative to the control, in the treatment, Fe(Ill) fertiliser application
significantly decreased yield-scaled CH4 emissions; these did not differ
between the Fe-M and Fe-H treatments (Table 2).

3.2. Soil physicochemical properties

Fe(III) fertiliser application significantly increased soil EC and pH (p
< 0.05) over the rice-growing season (Fig. S1). Soil NHZ-N showed a
significant and positive relationship with CH4 fluxes (Fig. S1 and
Table S1). The concentrations of total Fe and Fe(II) in the soil were
measured to gain insight into the transformation of Fe during two typical
periods of rice growth (Fig. S2). Relative to the control, soil total Fe and
Fe(II) concentrations were significantly greater in the Fe(II)-fertilised
treatments in the flooding episode (p < 0.05). However, this differ-
ence was not pronounced in the late drainage stage of rice cultivation,
suggesting there were unique anoxic conditions favourable for the
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80 Fig. 1. Seasonal dynamics of CH4 fluxes and cumulative CH4
Seeding stage Flooding stage Drainage stage emissions as affected by different levels of Fe fertiliser in the 2019
(flooding) rice season. The control group corresponds to no Fe(III) fertiliser
addition; the Fe-M treatment corresponds to a medium concen-
tration of Fe(IIl) fertiliser; the Fe-H treatment corresponds to a
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Table 1

Two-way analysis of variance (ANOVA) of methane production potential (MPP), methane oxidation potential (MOP), and log copy numbers of mcrA and pmoA genes;

df: degree of freedom, MS: mean square, and F: F value. *, **

*** denote p < 0.05, p < 0.01, and p < 0.001, respectively.

Source of variance df CHy fluxes MPP MOP mcrA pmoA

MS F MS MS F MS F MS F
Fe(III) fertiliser levels 2 1412.2 66.181 4.46 x 10* 18.65%** 0.812 0.273 7.54**
Flooding/Drainage 1 2063.4 23.029 1.28 x 10° 53.33%** 0.486 3.446 95.023***
Fe(III) fertiliser levels x Flooding/Drainage 2 1317.4 12.545 4.35 x 10° 1.82 0.031 0.017 0.477

Table 2

Seasonal CH,4 emissions (kg ha ), grain yield (t/ha), and yield-scaled CH4 (kg
CH,4 t™! yield) from rice paddies treated with different concentrations of Fe
fertiliser regimes over the 2019 season. Control: no Fe fertiliser; Fe-M: medium
concentration of Fe fertiliser; Fe-H: high concentration of Fe fertiliser. Different
letters (a, b) indicate a significant difference between treatments at p < 0.05.

Treatments Seasonal CH,4 emissions Grain yield Yield-scaled
CHy4
Flooding (kg Drainage (kg ( t/ha) (kg CH4t™!
ha™1) ha™1) yield)
Control 170.92 + 12.68 +2.23 a 10.26 + 18.24 +2.61a
22.32a 0.62 a
Fe-M 57.78 + 6.90b 5.84 £ 0.77 a 10.39 + 6.20 + 0.36b
0.60 a
Fe-H 54.77 + 3.29b 12.85 +2.03 a 10.03 + 7.06 + 1.07b
0.78 a

conversion between Fe>* and Fe?* in rice paddies.

3.3. Methane production potential (MPP) and methane oxidation
potential (MOP)

A two-way ANOVA showed that the Fe(Ill) fertiliser and flooding or
drainage episodes significantly altered the MPP and MOP, while their
interaction, to a large extent, affected the MPP (Fig. 2 and Table 1).
Relative to the control plots, the MPPs of the Fe-M and Fe-H treatments
were significantly decreased by 60% and 72% during the flooding period
and by 34% and 59% during the drainage period, respectively (Fig. 2a).
In contrast, the MOPs were significantly greater in the Fe-M and Fe-H
treatments than in the control (p < 0.05), suggesting that Fe(III) fertil-
iser application can facilitate soil CH4 oxidation. Moreover, a significant
positive correlation was found between the MPPs and CHy4 fluxes, in

contrast to a negative correlation between the MOPs and CHj4 fluxes (p
< 0.01; Fig. S3).

3.4. The response of methanogenic population size and community
composition to Fe(IIl) fertilisation

Both methanogenic population size and community composition
were significantly affected by Fe(IIl) fertiliser application. The mcrA
absolute abundance is significantly lower, by 67% and 86%, respec-
tively, in the Fe-M and Fe-H treatments than in the control (p < 0.05)
(Fig. S4a). In the methanogenic community, the top eight most abundant
methanogenic genera were identified. Together, they account for almost
85% of the relative abundance of all methanogenic groups. Methanothrix
(15.03%-34.46%), Methanocella (17.97%-25.95%), and Meth-
anobacterium (24.41%-29.17%) are the three most abundant genera
(Fig. 3a). Fe(Ill) fertiliser application significantly altered the meth-
anogenic community composition. Specifically, the relative abundance
of Methanothrix increased by 77%, and that of Methanocella and Meth-
anobacterium decreased by 32% (95% Cl, 37-22%) and 13%, respec-
tively (Fig. 4a). Furthermore, both the Fe(IIl) fertiliser-increased and Fe
(1) fertiliser-decreased genera were significantly related to CHy4 fluxes,
but the regression line has a steeper slope (4.71) for the decreased
genera than for the increased genera (2.79) (ANOVA, p < 0.01, Fig. 4b).

Redundancy analysis (RDA) and the standard Mantel test were used
to investigate the relationship between the soil microbial composition of
methanogens and methanotrophs (OTUs data) and soil properties. The
RDA biplot revealed that 95% of the total variability is explained by the
first two axes of the RDA (Fig. 5a). In general, the MPPs, NH}-N, EC,
total Fe and Fe?" concentrations show a significant relationship with the
methanogenic community (p < 0.01). The methanogenic communities
in the Fe-M and Fe-H treatments are separated from those in the control
along the x-axis of the RDA plots. In the Fe-M and Fe-H treatments, the
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methanogenic composition is negatively related to MPPs but positively
related to EC, total Fe, and Fe?* concentration. Indeed, the dominant
genera (Methanothrix and Methanocella) are both significantly related to
the Fe(I) concentration, and MPPs (p < 0.05; Fig. 6a). Therefore, Fe(III)
fertiliser application stimulated the electrovalence of Fe, leading to
changes in methanogenic abundance and structure that affected CHy
production potentials.

3.5. The response of methanotrophic population and community
compositions to Fe(IIl) fertilisation

The results show a trade-off between the absolute abundances of
mcrA and pmoA over the flooding and drainage episodes (Fig. S4). Fe(III)
fertilisation had a positive effect on pmoA absolute abundance during
flooding period and no significant effect difference during the drainage
stage (Fig. S4b). A negative correlation R?2= 0.68, p < 0.01) was found
between the CH4 flux and pmoA absolute abundance across different
levels of Fe(III) fertilisation over the rice-growing season (Fig. 6b).

The overall distribution pattern and a-diversity of the
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methanotrophic community at the genus level were not significantly
affected by Fe(IIl) fertilisation, flooding or drainage episodes, or their
interactions (Table S2). However, adding Fe(III) fertilisation altered the
relative abundance of methanotrophic genera. The methanotroph
community consisted of Type I genera, including Methylosarcina, Meth-
ylomonas, Methylobacter, Methylocaldum, Methylogaea, Methylomicrobium
and Methylococcus, and Type II genera, including Methylocystis and
Methylococcus (Fig. 3b). Methylosarcina and Methylomonas of Type I
methanotrophs and Methylocystis of Type II methanotrophs were iden-
tified as the main methanotrophs, accounting for 72-82% of the total
abundance. Fe(III)-fertilised plots were dominated by the Methylocystis
genus in Type II methanotrophs (44-50%), which were more abundant
than in the control (33%). In contrast, the relative abundance of Meth-
ylomonas (Type I methanotrophs) was lower in the treatments than in
the control. Therefore, the application of Fe(Ill) fertiliser could have
altered the methanotrophic community composition, mainly by
increasing Type II methanotrophs (Methylocystis genus) and decreasing
Type I methanotrophs (Methylomonas genus).

Unlike for methanogens, for methanotrophs, the three treatments are
clustered on the redundancy analysis biplot (Fig. 5b). MOPs, EC, pH,
total Fe and Fe?' concentration show a significant relationship with
methanotrophic composition (p < 0.01), and are especially positively
correlated with Fe-M and Fe-H treatments. Furthermore, the pairwise
correlation revealed that soil properties such as the EC and the elec-
trovalence of Fe contributed most to the difference in key methano-
trophic genera between treatments.

3.6. Microbial co-occurrence network

The integrated co-occurrence networks across methanogens and
methanotrophs were compared between the control and Fe-H treat-
ments in the flooding stage. The network of the control is more complex
than that of the Fe-H treatment, consisting of more nodes and edges (97
nodes and 854 edges in the control vs 95 nodes and 741 edges in the Fe-
H treatment) (Fig. 7, Table 3). In the control group, Methanocella and
Methylocystis are the most dominant genera in the methanogenic and
methanotrophic networks, respectively. However, in the Fe-H treat-
ment, the proportion of Methanothrix is higher than that of the other
genera (Tables S3 and S4). Relative to the control, the Fe-H treatment
has a lower average path distance (2.167 vs 2.367 in the control), lower
average degree (15.6 vs 17.608 in the control), lower clustering coeffi-
cient (0.518 vs 0.633 in the control) and lower network density (0.166
vs 0.183 in the control) (Table 3).

Additionally, the co-occurrence networks of methanogens and
methanotrophs were also analysed (Fig. 7b). Although in both

treatments the nodes are largely comparable, there are fewer network
edges in the Fe-H treatment (for methanogens, 289 vs 329 in the control,
and for methanotrophs, 130 vs 144 in the control) (Fig. 7b; Table 4).
Moreover, the average degree, clustering coefficient, and network den-
sity in the Fe-H treatment are lower than those in the control (Table 4).
The most obvious difference was observed in the methanogenic mutual
exclusion networks (49 nodes and 47 edges vs 48 nodes and 109 edges in
the control).

4. Discussion

In agreement with previous studies, our results show the rice grain
yields were not significantly affected by Fe(Ill) fertiliser application
(Table 2) (He et al., 2013; Xu et al., 2018). The effects of the two Fe(III)
fertilisation treatments on CH4 emissions in paddy soils are not signifi-
cantly different, which can be explained by the absence of the difference
in the concentration of soil total Fe and Fe?>*. The seasonal CH, emis-
sions from the control totalled 184.73 kg CHy4 ha’l, and Fe(III) fertiliser
application significantly decreased the seasonal CH4 emissions by
62-65%.

The mitigation of CH4 emissions by Fe(IIl) fertiliser amendment
could be attributed to changes in the abundance and composition of
methanogen and methanotroph communities. Generally, iron oxides
and their biological reduction processes directly or indirectly affect
anaerobic methanogenesis and methane oxidation processes in an
anoxic environment (Beal et al., 2009; Weber et al., 2006). The addition
of Fe(Ill) fertiliser can promote the reduction of Fe(IlI) and lead to a
decrease in methanogen abundance (Figs. S2a and S4a). This inhibition
is primarily explained by the competition between methanogens and
dissimilatory Fe(IlI)-reducing bacteria (DIRB) for the common sub-
strates acetate and hydrogen, together with the direct inhibition of
methanogenesis by amorphous Fe(OH)3 at some concentrations (Van
Bodegom et al., 2004). Recently, more attention has been paid to the
anaerobic oxidation of methane (AOM) coupled with alternative elec-
tron acceptors (AEAs) because of its potential activity of consuming CH4
in different environments, such as freshwater sediments (Beal et al.,
2009), peatlands (Reumer et al., 2018), tropical soils (Blazewicz et al.,
2012) and rice paddies (Fan et al., 2019). However, Fan et al. (2020)
reported that adding Fe>" did not support AOM and even partially
suppressed the AOM rates. In this study, amendment with Fe(III) fer-
tiliser (Fe-M and Fe-H) significantly stimulated the absolute abundance
of aerobic methanotrophs during the flooding stage (p < 0.05) by about
62% and 68%, respectively. Moreover, we found soil salinity can induce
an increase in pmoA gene abundance in the Fe(IIl) fertilised treatment,
because different methanotrophic genera may show distinct degrees of
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respectively. Features of nodes and edges are the same as described in panel A.

resistance to salt stress (Osudar et al.,, 2017). In our study, Type II
methanotrophs (e.g., Methylocystis) were more abundant and active,
while Type I methanotrophs (e.g., Methylomonas) were relatively sup-
pressed by Fe(III) fertiliser addition (Fig. 3b). Type II methanotrophs
exhibit lower methane yields than Type I methanotrophs, a fact attrib-
uted to a serine pathway (Kalyuzhnaya et al., 2015). Han et al (2017)
revealed that Type II methanotrophs are resistant to relatively low salt
stress. Moreover, when the available substrate level is limited, Type II
methanotrophs can alter their survival strategy (Ho et al., 2013).
Importantly, Type II methanotrophs, such as Methylocystis, strain SB2
may contain two enzymes with low and high levels of affinity for
adapting to various CH4 concentrations, and consume ethanol and ac-
etate for growth (Im et al., 2011). In this study, the relative abundance of
Methylocystis was greater in the treatments than in the control. More-
over, the relative abundance of Methylocystis increased by 33% and 16%
in Fe-M and Fe-H treatments, respectively, compared to the control in

the drainage stage (Fig. 3b). Thus, the superiority of Type II methano-
trophs over Type I methanotrophs at low-methane concentrations may
also be a selective advantage in rice paddies, where growth is periodi-
cally restricted because of fluctuations in the methane supply (Baani and
Liesack, 2008).

In contrast to methanotrophs being affected by soil salinity, metha-
nogens can be affected by Fe(IIl) oxides more directly. In our study we
divided methanogenic genera into two groups according to their re-
sponses to Fe(Ill) fertiliser application (Fig. 4a). Among the positive
response genera were Methanothrix, whose relative abundance increased
in Fe(III) fertilised treatments. Importantly, this increase can be attrib-
uted to the direct interspecies electron transfer (DIET) (Rotaru et al.,
2014), and Fe(IIl) oxides may serve as electron conduits to stimulate
DIET (Cruz Viggi et al., 2014). However, an increase in the relative
abundance of Methanothrix indicates a decrease in other methanogenic
genera that may have a stronger capacity for CH4 production (e.g.,
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Table 3
Topological parameters of the integrated microbial co-occurrence networks in
the control and Fe-H treatments.

Control Fe-H
Nodes
Number of nodes 97 95
Percentage of mcrA nodes (%) 49.48 51.58
Percentage of pmoA nodes (%) 50.52 48.42
Average degree 17.608 15.6
Edges
Number of edges 854 741
Percentage of mcrA-mcrA edges (%) 38.52 39.00
Percentage of pmoA-pmoA edges (%) 16.86 17.54
Percentage of mcrA-pmoA edges (%) 44.61 43.45
Positive edges (%) 64.64 79.76
Negative edges (%) 35.36 20.24
Average path distance (GD) 2.367 2.167
Network
Clustering coefficient 0.633 0.518
Network density 0.183 0.166

Table 4
Topological parameters of the separate microbial co-occurrence networks in the
control and Fe-H treatment.

Methanogens Methanotrophs
Control Fe-H Control Fe-H
Nodes
Number of nodes 48 49 47 46
Average degree 13.708 11.796 6.128 5.652
Edges
Number of edges 329 289 144 130
Percentage of positive edges (%) 66.87 83.74 63.89 70.77
Percentage of negative edges (%) 33.13 16.26 36.11 29.23
Average path distance (GD) 2.265 1.976 2.884 2.89
Network
Clustering coefficient 0.666 0.568 0.603 0.541
Network density 0.292 0.246 0.133 0.126
Methanocella and Methanobacterium). Methanocella are hydro-

genotrophic methanogens known as rice cluster I and play a key role in
CH4 production in rice soil (Lu and Conrad, 2005). Many Ha-utilising
methanogens can transfer electrons to poorly crystalline Fe(IIl) oxide,
and this can be one explanation for the inhibition of methanogenesis in
Fe(II)-rich ecosystems (Bond and Lovley, 2002; van Bodegom et al.,
2004). In Fig. 4b, the steeper slope of the regression line of negatively
responsive genera implies that the mitigation of CH4 emissions could be
due to a decrease in the CH,4 production efficiency of the predominant
methanogens caused by Fe(IIl) fertiliser addition. Therefore, Fe(III)
fertiliser-decreased CH4 emissions can also be achieved through the
change in methanogenic community composition.

Overall, according to our results, Methanothrix became the most
obviously changed genus in the paddy soils and grew better in Fe-rich
environments. However, in this study, adding Fe(IIl) fertiliser
decreased the CH,4 production efficiency from predominant methanogen
genera (e.g. Methanocella and Methanobacterium). This finding is
consistent with the results of MPPs, showing that Fe(IlI) amendment
suppressed the soil CH4 production capacity. On the other hand, the
relative abundance of Methylocystis (Type II) was significantly and
negatively related to CHy fluxes (Fig. 6b). Methylomonas (Type I) varied
with treatments and is significantly negatively correlated to MOPs,
showing that Type I methanotrophs’ activity was inhibited by Fe(IIl)
fertiliser addition.

Taken together, these results show the methanotroph community
plays an important role in CHy4 oxidation. After Fe(III) fertiliser addition,
Type II methanotrophs were more adaptive and active, while Type I
methanotrophs were relatively suppressed.

Methanogens and methanotrophs responded to Fe(III) fertiliser
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addition not only at the genus level but also at the OTU level, and this
response was further reflected by microbial co-occurrence networks.
Network modelling allows incorporating the complex relationships
among microbes into an integrated pattern (Bascompte, 2007). There-
fore, we constructed a microbial co-occurrence network to evaluate the
effects of Fe(IIl) fertilisation on paddy soils and to explore the potential
relationships among specific taxa (Fig. 7). Comparing the integrated co-
occurrence networks between the control and Fe-H treatments showed
that Fe(Ill) fertiliser application reduced the network complexity
contrast of the control, which contained fewer nodes and edges
(Table 3). The topological features of the control, such as average de-
gree, clustering coefficient, and network density, indicate a more con-
nected and robust network. This result suggests that the methanogenic
and methanotrophic interactomes in the control are characterized by
relatively higher metabolic exchange and competition among commu-
nity members, which likely increased their co-occurrence (Bissett et al.,
2013; Faust and Raes, 2012). On the other hand, the average path dis-
tance in the Fe-H treatment is smaller than that in the control, which
means faster communication between methanogens and methano-
trophs. However, in this case, local perturbations reached the whole
network quickly, possibly altering the system (Kitano, 2004; Zhou et al.,
2010). Thus, our results indicate that adding Fe(Ill) fertiliser can
decrease the co-occurrence of methanogens and methanotrophs, and
methanogenic and methanotrophic communities can respond more
quickly to environmental changes.

By comparing the separate methanogenic and methanotrophic co-
occurrence networks between the control and Fe-H treatments, we
found that the network of methanogens and methanotrophs in the Fe-H
treatment contains fewer edges than that in the control. This result
further proves that Fe(IlI) fertilisation can decrease the complexity of
both methanogenic and methanotrophic networks. Methanocella and
Methylocystis, belonging to methanogens and methanotrophs, respec-
tively are the network hubs in the control, while in the Fe-H treatment,
Methanothrix dominates the methanogenic network (Table S3). More-
over, the fewer edges in the Fe-H treatment (6.34%) compared to the
control (12.76%) are mostly due to the lower proportion of mutual
exclusion among methanogens. This difference might reflect eased
competition among methanogens after Fe(IIl) fertilisation. According to
Bond and Lovley (2002), methanogenesis can be inhibited because of
the diversion of electrons from CH4 production to Fe* reduction. Thus,
it is possible that Fe, as a density- independent factor, competes with
methanogens for electrons, and then some special methanogens may
lose their competitiveness in the system.

This study attempted to build a linkage between the activity, abun-
dance and composition of methanogens and methanotrophs and sea-
sonal CH,4 emissions in response to Fe(Ill) fertiliser addition in a rice
paddy in southeast China. However, although we studied the abundance
and composition of methanogens and methanotrophs and further
explored the relationship between the CH4 fluxes and community
composition, the interaction between methanogens and methanotrophs
remains unclear. In future studies, dominant genera and specific primers
of methanogens and methanotrophs should be detected after Illumina
MiSeq sequencing, to further quantify the absolute abundance and make
community composition analysis more convincing. Importantly, in our
study, microbial co-occurrence networks were constructed to evaluate
methanogens and methanotrophs’ response to Fe(IIl) fertilisation at the
OTU level. However, to explore and clarify the potential connection by
analysing microbial co-occurrence networks, more data on the compo-
sition of methanogen and methanotroph communities should be
collected. Moreover, regarding the connection between methanogens
and methanotrophs, confirmatory experiments such as incubating
dominant genera belonging to methanogenic and methanotrophic
communities should be conducted to find the potential relationship
between them.
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5. Conclusion

This study showed that the application of Fe(Ill) fertiliser had no
adverse effect on rice yield but significantly decreased CH4 emissions.
Applying Fe(IIl) fertiliser significantly decreased the abundance and
activity of methanogens while increasing the populations and activity of
methanotrophs. Moreover, where Fe(III) changed the composition of
methanogenic archaea and methanotrophic bacteria, there was a shift
from Type I methanotrophs to Type II methanotrophs in their relative
abundance after Fe(III) fertiliser application. Suppression of CH4 emis-
sions from rice paddies was associated with the conversion between
Fe®" and Fe2+, and soil salinity was attributed to Fe(III) fertilisation. The
application of Fe(III) fertiliser mitigated CH4 emissions by decreasing
CH4 production from predominant methanogen genera and stimulating
methane oxidation potentials. Our results suggest that a less complex
microbial network structure within the Fe-H treatment can be associated
with additional Fe(IIl) fertiliser, possibly reducing competition among
methanogens.
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