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Various carbon sources as substrates and electron donors can produce methane via different metabolic pathways. In
particular, the methane produced by rice cultivation has a severe impact on climate change. However, how Fe3+,
the most abundant oxide in paddy soil, mediates the methanogenesis of different carbon sources is unknown. In this
study, we investigated the effect of four carbon sources with different chain lengths (acetate, glucose, nonanoate,
and starch) on CH4 production and associated methanogens in iron-rich paddy soil over 90 days of anaerobic incuba-
tion. We found that glucose and starch were the more preferential substrates for liberating methane compared to
acetate, and the rate was also faster. Nonanoate was unable to support methane production. Methanosarcinales and
Methanobacteriales were the most predominant methanogenic archaea as shown by 16S rRNA gene sequencing,
though their abundance changed over time. Additionally, a significantly higher content of iron-reducing bacteria
was observed in the glucose and starch treatments, and it was significantly positively correlated with the copy number
of the methanogenic mcrA gene. Together, we confirmed the methanogenic capacity of different carbon sources and
their related microorganisms. We also showed that iron oxides play a central role in regulating methane emissions
from paddy soils and need more attention to be paid to them.
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1. Introduction

Methane (CH4) is considered an important greenhouse gas. It has a
global warming potential that is 84-fold greater than carbon dioxide
(CO2) over a 20-year period, and its continuous increase in the atmosphere
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is a global climate threat (Pachauri et al., 2014). Rice is one of the most im-
portant crops that feeds more than half of the world's population (Xu et al.,
2020a). However, rice paddies are the largest source of anthropogenic CH4

emissions and contribute 7 to 17% of the global methane sources (Su et al.,
2015). It is generally believed that CH4 is produced by the decomposition of
organic carbon in strictly anaerobic soils and sediments (Gütlein et al.,
2018). The CH4 emission in paddy soil is regulated by microbial processes,
including the balance between CH4-producing archaea (methanogens) and
CH4-consuming bacteria (methanotrophs) (Liechty et al., 2020).

Iron is the fourth most abundant element, representing 4.2% of Earth's
crust (Lanquar et al., 2005). The biogeochemical cycle of iron is closely
linked to the cycling of carbon, nitrogen, and other elements (Bryce et al.,
2018). Insoluble Fe3+ is the most common form of iron in natural habitats
and influences electron transport processes as the most abundant mineral
oxide in flooded anaerobic paddy habitats (Wandersman and Delepelaire,
2004; Weber et al., 2006). However, the influence of C compounds within
the soil on CH4 production from soil organic carbon (SOC) decomposition
has been little studied and results so far are inconclusive. In our recent
study, we found that iron oxides could effectively promote methane oxida-
tion by iron-reducing bacteria (Luo et al., 2021). In addition, Fe3+ can act
as a conductor in direct interspecies electron transfer (DIET) and therefore
affect methanogenesis (Summers et al., 2010). Likewise, earlier studies
pointed out that Fe3+ as an electron acceptor in flooded paddy fields can
inhibit CH4 emissions through its reduction to Fe2+, but the complex phys-
ical environment makes it difficult to quantify the interrelationship be-
tween the two processes (Hanke et al., 2013). Gwon et al. (2018) found
that the addition of Fe3+ decreased the abundance of methanogens in a
paddy field, thus reducing CH4 emissions. For this phenomenon, some re-
searchers believe that iron reducers compete with methanogenic archaea
for electron acceptors, i.e., the carbon source of the reaction substrate,
thereby inhibiting the growth of methanogens (Marquart et al., 2019; Xu
et al., 2020b). Furthermore, Lovley et al. (2004) indicated that the transi-
tion process of Fe3+/ Fe2+has a specific impact on the soil electron transfer
and organic carbon utilization, but the effect of the Fe3+ reduction process
on the retention and decomposition of the carbon source is still unclear
(Peng et al., 2015). In addition, Chen et al. (2020) simply stated that iron
plays dual roles in promoting and inhibiting SOC decomposition due to
its structure and nature.

All known methanogens belong to the strictly anaerobic phylum
Euryarchaeota, domain archaea, and are divided into seven distinct orders:
Methanosarcinales,Methanocellales,Methanobacteriales,Methanococcales,
Methanomicrobiales, Methanomassiliicoccales, andMethanopyrales (Borrel
et al., 2014). Methanogens fall into three metabolically distinct lineages
depending on the substrate used: hydrogenotrophic, acetoclastic, and
methylotrophic (Liu and Whitman, 2008). Some studies have found that
SOC content mainly influenced the rate of CH4 production and that CH4

emissions increase with higher SOC degradation (Guérin et al., 2008;
Kosugi et al., 2020). On the one hand, the carbon sources in flooded rice
fields provide substrates for soil methanogens, and on the other hand, it
promotes the decline of soil redox potential (Eh) and forms suitable condi-
tions for the proliferation of methanogens (Rago et al., 2015). Methano-
genic rate varies depending on the carbon source. For example, cellulose
as a carbon source effectively promoted CH4 emissions in peatlands,
followed by glucose and acetate, and the degradation of acetate was the
last (Bachoon and Jones, 1992). Meanwhile, Bridgham and Richardson
(1992) found that glucose also can effectively promote CH4 production in
peatlands, while acetate inhibited CH4 production. In addition, Peng
et al. (2015) indicated that glucose significantly increased the cumulative
CH4 fluxes and revealed that Fe3+ reduction is vital in regulating the car-
bon cycle in paddy soils.

Currently, most studies usually focus on the response of straw and bio-
char as the substrate for CH4 emission (Nan et al., 2020; Fu et al., 2021). Lit-
tle is known about how foundational carbon sources affect CH4 emission in
paddy soil and requires further research. Considering the ubiquity and crit-
icality of iron oxides in paddy fields system, we added four carbon sources
with different chain lengths to an iron-rich paddy soil forflooded anaerobic
2

incubation. The effect of carbon sources on CH4 emission from iron rich
paddy soils was investigated by measuring the dynamic changes of CH4

and CO2 emissions and the values of physicochemical factors. Furthermore,
the community composition and abundance of archaea and bacteria were
investigated using IlluminaMiSeq high-throughput sequencing and quanti-
tative PCR.

2. Materials and methods

2.1. Soil sampling and microcosm setup

The soil used for this experiment was sampled from the surface layer
(0 to 20 cm) at a rice paddy field of Ningbo city, Zhejiang province,
China in August 2019 (29°47′N, 121°22′E). Mean annual temperature and
precipitation are 17.8 °C and 2020 mm, respectively. The specific sampling
process was as described in (Luo et al., 2021). Soil samples were air-dried,
homogenized, passed through a 2mmsieve, anddivided into two parts: one
part was stored at 4 °C for soil physicochemical analysis and the other
stored at −20 °C for the later experiment. The soil pH, organic carbon,
total nitrogen, phosphorus, potassium, and HCl-extractable Fe were 5.5,
24.6, 4.8, 0.6, 8.7 and 1.52 g kg−1, respectively.

We set up an anaerobic microcosm by adding 15 g of air-dried soil to
sterile 120 ml serum bottles and mixed in sterile anaerobic distilled water
at a ratio of 1:1.5 (w/v). Each bottle was amended with 5 g C kg−1 dry
soil and with five treatments: (i) Control (the negative control without ad-
dition of carbon), (ii) Glucose, (iii) Acetate, (iv) Starch, (v) Nonanoate,
with three replicates. Then, homogeneously mixed with the soil slurries,
sealed with sterile neoprene septa, secured by an aluminum cap, and
flushed with He gas until an anaerobic environment was formed, all anaer-
obic serum bottles were incubated at 25 °C in the dark for 90 days.

2.2. Gas and physicochemical properties measurements

The headspace gases in the serum bottles were sampled (about 100 μl)
at 1, 2, 3, 4, 5, 6, 7, 9, 13, 20, 30, 44, 60, and 90 days for the measurement
of CH4 and CO2 concentration by using an Agilent 7890A gas chromato-
graph (Palo Alto, CA, USA) equipped with a flame ionization detector
(FID) and thermal conductivity detector (TCD). The temperatures of the in-
jection port, detector and oven were 250, 250 and 60 °C, respectively. On
days 1, 44, and 90, the soil physicochemical properties were measured.
Soil pH was measured with a pH meter (soil/water ratio of 1:2.5). Soil Eh
was measured using an Ag/AgCl electrode (Thermo Fisher Scientific, MA,
USA). Soil dissolved organic carbon (DOC) was determined by a total or-
ganic carbon analyzer (Vario TOC, Germany). Soil microbial carbon
(MBC) was measured by the fumigation–extraction method (Vance et al.,
1987). Soil ammonium (NH4

+-N) and nitrate (NO3
−-N) were determined

using an autoanalyser (SEAL-AA3, Germany). Available phosphorus (AP)
was analyzed by the molybdenum‑antimony color method (Crouch and
Malmstadt, 1967). Available potassium (AK) was determined by the
flame photometry method (Lazcano et al., 2008). The concentration of
Fe3+ and Fe2+ were measured using a ferrozine method (Achtnich et al.,
1995). Fe2+ and total Fe concentrations were measured directly, and Fe3
+ concentration was calculated by subtracting Fe2+ concentration from
the total Fe concentrations.

2.3. DNA extraction and quantitative PCR analysis

Soil slurry samples at 1, 44, and 90 days were freeze-dried and extracted
for total DNA using the FastDNA® SPIN Kit for Soil (MP Biomedicals,
Solon). DNA concentration and quality were determined by a NanoDrop
2000 UV–vis spectrophotometer (Thermo Fisher Scientific, MA, USA).
Real-time quantitative PCR (qPCR) was performed with a Light Cycler
Roche 480 instrument (RocheMolecular Systems, Switzerland). The primer
pairs McrA159F (5’-AAAGTGCGGAGCAGCAATCACC-3′) and McrA345R
(5′ -TCGTCCCATTCCTGCTGCATTGC-3′) were used to quantify the methyl
coenzyme M reductase (mcrA) gene (Vaksmaa et al., 2017). The primer
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pairs cmo182F (5′- TCACGTTGACGCCGATCC-3′) and cmo568R (5’-GCAC
ATACTCCATCCCCATC-3′) were used to quantify the partial CH4

monooxygenase (pmoA) gene (Luesken et al., 2011). Sterile distilled
water was used as a negative control. The standard curve was established
using a 10-fold serial dilution of standard plasmid DNA. The standard
DNA concentration for the mcrA gene was 4.26 × 109 copies·μl−1 and
5.20 × 109 copies·μl−1 for the pmoA gene. The qPCR mixtures were
20 μl, containing 10 μl 2× GoTaq® qPCR Master Mix (Promega), 0.4 μl
of each primer, 2 μl of 10-fold diluted DNA template, and 7.2 μl of nuclease
free water. The PCR conditions were 50 °C for 2 min, 95 °C for 5 min,
followed by 40 cycles of 95 °C for 30 s, 56 °C for 40 s and 72 °C for 45
s, and then 72 °C elongation for 5 min. PCR amplification efficiencies
of 87–92% were obtained for the mcrA gene and 82–91% for the
pmoA gene, and the correlation coefficient (R2) values were greater
than 0.99.

2.4. Miseq sequencing of 16S rRNA gene

DNA samples were transported on dry ice to the Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) for MiSeq sequencing of 16S rRNA
gene amplicons. Amplification of archaeal 16S rRNA gene targeted the V4–
V5 regions used the universal primers Arch524F (5’-TGYCAGCCGCCGCGGT
AA-3′) and Arch958R (5’-YCCGGCGTTGAVTCCAATT-3′) (Liu et al., 2016).
For the V3–V4 regions of bacterial 16S rRNA gene, primers 338F (5’-ACTC
CTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′)
were used (Caporaso et al., 2011). Sequencing was performed on Illumina's
MiSeq-PE250 platform. The raw sequences were deposited into the
NCBI Sequence Read Archive (SRA) database with accession number
PRJNA 706862.

2.5. Statistical analysis

Daily CH4 flux was calculated as follows:

F ¼ ρ� V=m� dc=dt � 273= 273þ Tð Þ � 12=16

Daily CO2 flux was calculated as follows:

F ¼ ρ� V=m� dc=dt � 273= 273þ Tð Þ � 12=44

where F (mg C kg−1 day−1) is the CH4 or CO2 flux; ρ is the density of
CH4 (0.717 kg m−3) or CO2 (1.977 kg m−3) at standard temperature
and pressure (STP); V (m3) is the headspace volume of the serum bottle;
m (kg) is the dry soil weight of the serum bottle; dc/dt (ppm d−1) is the
changed concentration of CH4 or CO2 in the unit time (d); T is the incu-
bation temperature.

All general statistical analyses were conducted using SPSS 26.0 (SPSS,
Inc., Chicago, IL). The differences between treatments were analyzed
using the one-way analysis of variance (ANOVA), and Duncan's tests at a
probability of P < 0.05 was regarded as being statistically significant. The
correlations between different parameters were assessed using Pearson's
correlation analysis. Possible chimeras of the sequences were checked
using the QIIME platform (version 1.9.0). Downstream processing and Op-
erational Taxonomic Units (OTUs) were clustered at 97% identity (Edgar,
2013). Taxonomy was assigned to each sequence using the Ribosomal Da-
tabase Project (RDP) Classifier (version 2.2, 80% confidence threshold)
based on the SILVA 132 reference database (https://www.arb-silva.de/)
(Quast et al., 2012). Alpha diversity indices (Shannon, Chao1) were calcu-
lated using alpha_diversity.py in QIIME. For estimating community dissim-
ilarities, the Bray–Curtis dissimilarity was calculated using beta_diversity.
py. Principal Coordinate of Analysis (PCoA) plot was performed using the
vegan package and ade4 package in R based on the Bray-Curtis distances
at the OTU level. Significant differences were tested by using amultivariate
PERMANOVA, and permutations were set to 999. Redundancy analysis
(RDA)was carried out using the vegan package in R based on the order tax-
onomy level of archaea. Archaeal biomarkers were identified using the
3

LEfSe method (Logarithmic LDA > 3; alpha value < 0.05) (Segata et al.,
2011). The correlations between archaeal genus composition and physico-
chemical parameters, including functional genes, environmental factors,
and gas emissions, were analyzed using a heatmap.

3. Results

3.1. Fluxes of CH4 and CO2

The influence of carbon sources on CH4 and CO2 emissions are shown in
Fig. 1. In the absence of added carbon, no CH4 emissions were observed
throughout the entire incubation period. CH4 emissions were significantly
increased with glucose, acetate, and starch addition (P < 0.05), but with
no apparent effect after the application of nonanoate (Fig. 1A). With starch,
the CH4 emissions increased rapidly from day 13 and began to decrease
from day 44. With glucose, the CH4 emissions mainly started from day
44, and the maximum emission was 79.56 mg C kg−1 day−1 on day 60,
followed by a sharp decline. However, with acetate, significant CH4 was
not emitted until day 60, and then decreased by day 90. Regarding the ac-
cumulation of CH4 emissions, the ranking was glucose>starch>acetate,
with the nonanoate and control treatments close to zero (Fig. 1B).With glu-
cose, the CO2 emissions mainly occurred in the first 7 days, reaching amax-
imum of 1150 mg C kg−1 day−1 and then decreasing, with a short
secondary emission process apparent at day 44 (Fig. 1C). The overall
trend of the CO2 emissions with the starch treatment was similar to that
of the glucose treatment, but the emission in the early stage of glucose ad-
dition was significantly higher than that of starch (P < 0.05). Moreover, the
trend of CO2 emissions with control, acetate, and nonanoate in the early
stage of incubation were the same and very low (< 28.5 mg C kg−1

day−1), but began to rise slightly with the acetate addition after day 44.
The cumulative CO2 emissions of the different carbon sources exhibited
similar trends with the cumulative CH4 emissions (Fig. 1D). The relation-
ship between environmental factors and CH4 emission has been identified
by the correlation analysis (Table 1). CH4 emissions were significantly
negatively correlated with the concentration of Fe3+ (P < 0.001), and
positively correlated with the relative abundance of the mcrA gene
(P < 0.001).

3.2. mcrA and pmoA genes copy numbers and soil physicochemical properties

We determined the copy number of the genes methanogen mcrA and
methanotroph pmoA with different carbon sources at 1, 44, and 90 days
(Fig. 2). On the first day of anaerobic incubation, we found a small but sig-
nificant increase in the number of mcrA gene copies with glucose, acetate,
and starch compared to the control (P < 0.05). The number of mcrA gene
copies in all treatments increased to varying degrees from day 44. On
days 44 and 90, there was a significant increase in the copy number of
the mcrA gene between the treatments of glucose and starch compared to
other treatments (P < 0.05). Also, the copy number of the mcrA gene was
significantly increased with acetate compared to the control on days 90
(P < 0.05). Meanwhile, the copy number of the pmoA gene with different
treatments did not show an obvious pattern during the incubation. On
days 1 and 44, the copy number of the pmoA gene with the acetate treat-
ment was the highest, and there was a significant difference from the
other treatments (P < 0.05). However, on days 90, the copy number of
the control was the highest, and there was a significant difference with
the carbon source treatments (P< 0.05). Pearson analysis (Table 1) explains
the relationship between themcrA and pmoA genes and other environmen-
tal variables. Among the explanatory variables, CH4 emissions and Fe2+

had significantly positive effects (P < 0.001), while pH, DOC, and Fe3+

had significantly negative effects (P < 0.001) with the mcrA gene. At the
same time, pH and CH4 emissions had significant effects on the number
of pmoA gene copies with the coefficients 0.32, and − 0.32, respectively.
Additionally, the concentration of Fe3+ was significantly positively corre-
lated with pH, DOC and NH4

+ (P < 0.001), and negatively correlated with
AK (P < 0.001).

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


Fig. 1. The variation in CH4 and CO2 concentrations with time with different carbon sources. The error bars show standard error (n = 3).
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3.3. Microbial community structure with different carbon sources

Microbial community analysis was carried out through 16S rRNA gene
sequencing, and the relative distribution of bacteria and archaea were de-
rived from the OTUs at three incubation times (1, 44, and 90 days). A
total of 1,988,331 and 1,370,809 reads were monitored in the bacterial
and archaeal communities, respectively. There were three dominant ar-
chaeal phyla: Euryarchaeota, Crenarchaeota, and Thaumarchaeota in all
treatments. At the archaeal order level (relative abundance >1%), six dom-
inating categories were found in all treatments (Fig. 3A). In the control, the
abundance of order Bathyarchaeia gradually increased and became
Table 1
Correlation analysis for functional genes and physicochemical factors.

pH Eh DOC MBC N

Eh – – – – –
DOC 0.48⁎⁎⁎ – – – –
MBC 0.48⁎⁎⁎ – 0.69⁎⁎⁎ – –
NH4

+ 0.47⁎⁎ 0.68⁎⁎⁎ 0.49⁎⁎⁎ 0.32⁎ –
NO3

− – 0.66⁎⁎⁎ – – 0
CH4 −0.37⁎ – −0.33⁎ – –
AP – – 0.51⁎⁎⁎ 0.45⁎⁎ –
AK −0.37⁎ −0.50⁎⁎⁎ −0.40⁎⁎ −0.36⁎ −
Fe2+ −0.68⁎⁎⁎ – −0.45⁎⁎ −0.37⁎ −
Fe3+ 0.83⁎⁎⁎ −0.31⁎ 0.53⁎⁎⁎ 0.43⁎⁎ 0
mcrA −0.72⁎⁎⁎ −0.44⁎⁎ −0.50⁎⁎⁎ −0.33⁎ −
pmoA 0.32⁎ – – – –

The significant correlation (P < 0.05) were shown in this table.
⁎ P < 0.05.
⁎⁎ P < 0.01.
⁎⁎⁎ P < 0.001.

4

dominant throughout the anaerobic incubation. With glucose, the main
order was Bathyarchaeia at the initial stage (1 day), changed entirely to
the order Methanosarcinales at the middle stage (44 days), and became
Methanobacteriales dominant at the later stage (90 days). With starch,
the order composition was similar to that of glucose, except that
Methanosarcinales and Methanobacteriales dominated on day 44. With
acetate, as the culture proceeded, the proportions of Methanosarcinales
and Methanobacteriales gradually increased and became dominant
by day 90. With nonanoate, the proportion of Methanocellales gradually
increased as the incubation progressed.Methanobacterium andMethanosarcina
were the dominant archaea in the glucose and starch treatments at the
H4
+ CH4 AK Fe2+ Fe3+

– – – –
– – – –
– – – –
– – – –

.48⁎⁎⁎ – – – –
– – – –
– – – –

0.69⁎⁎⁎ – – – –
0.35⁎ 0.46⁎⁎ 0.54⁎⁎⁎ – –
.50⁎⁎⁎ −0.49⁎⁎⁎ −0.56⁎⁎⁎ −0.92⁎⁎⁎ –
0.43⁎⁎ 0.58⁎⁎⁎ 0.47⁎⁎ 0.86⁎⁎⁎ −0.88⁎⁎⁎

−0.32⁎ – – –



Fig. 2. McrA and pmoA genes copies with different carbon sources. The error bars
show standard error (n = 3). Different letters represent significant differences
(P < 0.05).
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taxonomic genus level (Fig. S1). Through the sequencing of the bacteria, we
found that the iron-reducing bacteria (Clostridium sensu stricto andGeobacter)
was significantly increased in the glucose and starch treatments (Fig. 3B).

We used alpha diversity (Chao1 diversity and Shannon index) to ex-
plore the richness and diversity of each sample (Fig. 4). On days 44, the
Chao1 diversity and Shannon index of bacteria and the Chao1 diversity of
archaea with glucose and starch treatments decreased significantly com-
pared to the control (P < 0.05). The Chao1 diversity and Shannon index
of bacteria with the acetate and nonanoate treatments increased signifi-
cantly compared to the control (P < 0.05), and the Chao1 diversity and
Shannon index of the archaea with the acetate treatment increased signifi-
cantly compared to the control (P < 0.05). Principal Coordinate of Analysis
(PCoA) plot showed the microbial community differences of archaea
among the different carbon sources (Fig. 5A). We found the archaeal com-
munity structures for all carbon sources were significantly different (P =
0.001). The layout of the PCoA plot divided into two areas: the lower
right and the upper left. The treatments for CH4 emissions were located at
the lower right (glucose and starch on 44 days; glucose, acetate, and starch
on 90 days). However, the treatmentswith no CH4 emissionswere gathered
at the upper left. Furthermore, RDA was used to study the relationship
among functional genes, CH4 emission, physicochemical factors, and me-
thanogenic archaeal communities at the order level (Fig. 5B). The RDA
plot displayed 20 environmental and microbial parameters and explained
83.88% of the total variation for the first two axes. From the plot, we
observed that the relative abundance of Methanobacteriales was possibly
correlated with glucose and starch, and the relative abundance of
Methanosarcinales was possibly correlated with acetate. To study the dif-
ference in the methanogenic microbiota among the various treatments,
5

the LEfSe method was performed. From the cladogram (Fig. 6), we found
27 biomarkers identified at three different time points. Nomatterwhich pe-
riod we choose, Euryarchaeota contributed to the most significant differ-
ences. The microbial taxa showing difference were similar on 44 and
90 days, but different treatments had different microorganisms. The class
ofMethanobacteria was themost abundant biomarker identified in the con-
trol treatment on day 1, and in the starch treatment on days 44 and 90. The
class of Thermoplasmata was significantly enriched in the glucose treat-
ment on day 1, in the control treatment on day 44, and in the nonanoate
treatment on day 90. The orders of Nitrosospaerales, Methanosaetaceae,
Rice_Cluster_II, and Methanosarcinales were abundant in the acetate treat-
ment for the whole culture period. We plotted a heatmap to display the cor-
relation of genus level of archaea (top 15) with physicochemical properties
and found Methanobacterium and Methanosarcina showed a significantly
positive correlation with CH4 emissions (P < 0.001) (Fig. 7). We also ob-
served that Methanosarcina was closely related to the iron reduction
process.

4. Discussion

4.1. CH4 and CO2 emission with different carbon sources

Our results showed that the carbon sources glucose and starch have a
significant influence on CH4 production capability, but the addition of ace-
tate produced less methane and much later. The organic acids (other than
acetate) produced by the oxidation of glucose are used as substrates for
methane production (Horvath et al., 2019), but glucose itself does not pro-
ducemethane (Vadlani and Ramachandran, 2008). In addition, glucose can
be quickly absorbed and converted into various organic acids, mainly lactic
acid under anaerobic conditions (Ferguson et al., 2018), and different acids
have different methane production capabilities. Related studies have found
that the process of interspecies electron transfer promotes the metabolism
of butyric acid and benzoic acid to methane (Zhuang et al., 2015). In our
study, Fe3+ as an electron acceptor may also promote this process and in-
hibit acetate utilization. Furthermore, glucose is the most abundant carbon
source in the soil, and most microorganisms can use glucose as an energy
substrate for metabolism (Nazarko et al., 2008). The methanogenic ability
of starch is similar to that of glucose, since starch is composed of glucose
monomers linked by α-(1,4) glycosidic bonds (Meier et al., 2018).

4.2. mcrA and pmoA genes with different carbon sources

mcrA and pmoA genes have been confirmed to be related to CH4 metab-
olism and responsible for the production and oxidation of CH4, respectively
(Freitag et al., 2010). We have found that the mcrA gene copy number was
positively correlated with CH4 concentration (P < 0.001) in flooded paddy
fields, which agrees with other studies (Wang et al., 2018; Jiang et al.,
2019). Moreover, during the anaerobic incubation, the copy number of
the mcrA gene increased significantly with the carbon source treatments
glucose, acetate, and starch, which would also be associated with the de-
composition of soil organic matter. Methanogens can obtain energy for
growth and reproduction by anaerobic degradation of small organic matter
to methane (Cai et al., 2019). In addition, we also observed that the copy
number of the mcrA gene was closely related to pH and iron reduction.
This could be explained by recent reports that iron can promote the decom-
position of soil organic matter under anaerobic conditions (Chen et al.,
2020). Additionally, Chen et al. (2020) suggest that when predicting iron
oxide-mediated greenhouse gas emissions from the environment, the criti-
cal impact of pH on the entire reaction system should be considered. Our re-
sults confirmed that pH could significantly affect the reduction of Fe3+ in
flooded paddy fields. This result is very similar to the reported by
(Marquart et al., 2019), who observed that the reduction of iron decreased
by 85% during pH changing from 6 to 7.5. Meanwhile, we found that DOC,
as a natural energy substance, influenced soil microbial activity and func-
tional gene diversity (Shen et al., 2016). In our study, a significant negative
correlation was detected between DOC concentrations and the abundance



Fig. 3. The community composition of Archaea at the order level (A) and Bacteria at the genus level (B) on days 1, 44, and 90 (Average relative abundance >1%). Data are
means ± SD (n = 3).
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ofmcrA at the end of the incubation, suggesting the increase ofmcrA copies
relates to the consumption of DOC. Likewise, the same trend was detected
between the mcrA gene copy number and the DOC concentrations in
paddy fields (Wang et al., 2021). However, some studies have demon-
strated that soil DOC can limit the growth of methanogens and promote
the utilization of methane by methanotrophs (Bossio et al., 1999; Wang
et al., 2020). These findings indicate that CH4 fluxes might be controlled
by the availability of carbon substrates (Seo et al., 2013).

4.3. Methanogenic community structure with different carbon sources

We characterized archaea and bacteria using high-throughput DNA se-
quencing and the orders of Methanobacteriales and Methanosarcinales were
the dominant methanogens with the addition of different carbon sources.
These twomethanogens orders are dominant in paddy soil, as reported previ-
ously (Hernández et al., 2017; Yuan et al., 2018). Generally, methane is
formed via hydrogenotrophic, methylotrophic, and acetoclastic pathways.
When glucose or starch was used as the carbon source, the dominant
6

methanogen was methylotrophic and acetoclastic Methanosarcinales at
the initial stage of incubation (Beckmann et al., 2011), then became
Methanobacteriales (hydrogenotrophic methanogenesis) at the later stage
of incubation (Yin et al., 2020). The strict anaerobic environment of this ex-
periment provided the optimum conditions for the growth and activity of
methanogens. Methanobacterium and Methanosarcina were detected as the
prominent methanogens at the genus level. Methane production began
at the later stage of incubation in the acetate treatment, and the main
methanogen was detected as Methanosarcina, which was also found to
be enriched on acetate from Italian paddy soil (Fetzer et al., 1993).
Methanobacterium and Methanosarcina were dominant in the glucose and
starch treatments and positively correlated with CH4 emissions (Fig. S1 and
Fig. 7),which is consistentwith the result that CH4 emissionsmainly occurred
with the glucose and starch treatments (Fig. 1).

This study showed a significant negative correlation between Fe3+ con-
centration and CH4 emission (P < 0.001), and the iron-reducing bacteria
(Geobacter, Clostridium sensu stricto) were enriched mainly in the glucose
and starch treatments. This may be because the glucose serves as an



Fig. 4. Boxplot of alpha-diversity analyses (Chao1 richness and Shannon index) of Bacteria and Archaea. Data are means ± SD (n = 3).
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electron donor facilitating the binding of the electron acceptor (Fe3+). Sim-
ilarly, iron-reducing bacteria can couple to the oxidation of organic carbon
and obtain energy to maintain their own metabolism (Liu et al., 2015).
Rotaru et al. (2014) found that the co-cultures of Geobacter metallireducens
(iron-reducing bacteria) andMethanosaeta harundinacea (methanogen) fur-
ther enhanced DIET and the reduction of CO2 to CH4. Likewise, Liu et al.
(2010) found the addition of glucose could facilitate the reduction of Cr
(VI) due to its ability to be an electron donor. Similarly, Kwon et al.
(2011) added 2 mM acetate to aquifer sediment and found the reduction
of Fe3+ was significantly enhanced. Therefore, carbon sources serve as
electron donors with different abilities to couple to terminal electron accep-
tors in different habitats. Fe3+ is the most abundant mineral oxide in paddy
Fig. 5. Principal Coordinate Analysis (PCoA) of different carbon sources on days 1, 4
functional genes, CH4 emission, and physicochemical factors on day 90 (B).

7

soil and plays an important role in the storage and stability of SOC (Porras
et al., 2017; Luo et al., 2021).We found the order ofMethanobacteriales and
the genus ofMethanosarcina gave a significant correlation with Fe2+ concen-
tration. Interestingly, Zhang et al. (2012) reported thatMethanosarcina mazei,
a mesophilic methanogen, could reduce Fe3+ to Fe2+. All these suggest that
DIET between cometabolism microbes of iron-reducing bacteria and
methanogens plays a key role in the anaerobic methanogenesis.

This study was performed in a laboratory setting. However, the changes
in methanogens and iron-reducing bacteria in iron-mediated paddy soil
should be further verified by carrying out in-situ experiments. Moreover,
the anaerobic methane oxidation process is a crucial player for reducing
CH4 emissions. While we only evaluated the methanogenic process and
4, and 90 (A), and redundancy analysis (RDA) displaying the relationship among



Fig. 6. Archaeal biomarkers among different treatments at three distinct periods by the analysis of the LEfSe.

Fig. 7. Hierarchical clustering heatmap of the genus level of Archaea (top 15) and functional genes, CH4 emission, and physicochemical properties based on the Pearson
correlation. * P < 0.05; **P < 0.01; ***P < 0.001.
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the capacity of CH4 production with different carbon sources, this can also
be explored to assist inmitigating CH4 emissions from paddy soil. We found
the number of iron-reducing bacteria and the content of CH4 were signifi-
cantly increased in the glucose and starch treatments. Whether that is be-
cause glucose acts as an electron donor to reduce iron or the regulation of
the iron reduction process on CH4 production is involved is unclear. Further
studies are required to investigate this issue. In addition, whether the iron
reduction process affects CH4 emissions by changing soil organic matter
characteristics or electron transfer processes will need to be studied in the
future.

5. Conclusion

The methane production rate differed with several carbon sources from
flooded paddy soil. Glucose and starch with higher methane production
rates than acetate, and acetate has a certain degree of delay in reaction
time, and nonanoate, as a higher carbon chain length substrate, cannot
play a role in methane production. Glucose and starch can produce meth-
ane through a series of reactions and the main related methanogens are
Methanosarcinales and Methanobacteriales. In contrast, the dominant
methanogen is Methanosarcinales under acetate amendment condition.
The anaerobic incubation time influences the composition and abundance
of methanogenic communities but has no obvious effect on bacterial com-
munities. Notably, the iron reduction process and pH are significantly cor-
related with the methanogenic gene (mcrA) and methane production, and
suggested the role of ferric oxides and pH should be considered when in-
volved in methane emission from flooded paddy soil.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153636.
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