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SUMMARY

Periphytic biofilms (PB) at the soil-water interface contributes 7–38% of the
methane emission from rice paddies, yet the biogeographical mechanism under-
lying and affecting the process remain elusive. In this study, rice fields along an
edapho-vclimatic gradient were sampled, and the environmental drivers
affecting distribution of methanogenic and methanotrophic communities were
evaluated. The methanogenic and methanotrophic communities at soil-water
interface showed less complex inter/intra-generic interactions than those in
soil, and their relative abundances were weakly driven by spatial distance, soil
organic carbon, soil total nitrogen and pH. The nutrient supply and buffering ca-
pacity of extracellular polymeric substance released by PB reduced their interac-
tion and enhanced the resilience on edaphic environment changes. Climate
affected soil metal content, extracellular polymeric substance content, and thus
the methane-related communities, and caused geographical variation in the im-
pacts of PB on methane emissions from rice paddies. This study facilitates our un-
derstanding of geographical differences in the contribution of PB to methane
emission.

INTRODUCTION

Rice paddies are an important source of atmospheric methane (CH4), accounting for 10% of the total

anthropogenic CH4 emission.1 Recent research has shown that 7–38% of the CH4 emitted from rice paddies

is contributed by the periphytic biofilms (PB) growing at the soil-water interface.2 The amount and propor-

tional contribution of the PB varied with the geographical location with the largest contribution observed

for the subtropics.2 PB in rice paddies consist of an intricate mixture of phototrophic, autotrophic and

heterotrophic microorganisms,3 including both methanogens and methanotrophs. Geographical environ-

ment appears to play a major role in the dynamics of these microorganisms and the resulting uptake and

emission of CH4 by the PB. Insight into the geographical distribution and environmental drivers of metha-

nogens and methanotrophs in PB facilitates our understanding of geographical differences in the

contribution of PB to CH4 emission.

Spatial distance and niche theory have been effectively applied to explain variation in the abundance and

diversity of microbes.4–6 Methanogens in rice paddies are thought to inhabit anoxic compartments espe-

cially the waterlogged soil at depths of 3–20 cm, whereas aerobic methanotrophs thrive preferentially in

oxic surface soil and oxic microhabitats of the rhizosphere.7,8 An investigation in methanotrophs in paddy

soils across China indicated a significant variation of the relative abundance of Methylococcus, and higher

rates of nitrogen fertilization could decrease methanotrophic activity.9 Wu et al. found that moderately

thermophilic methanogens are common in temperate soils,10 but the dominant methanogen group varied

with soil type.10,11 Climate, soil texture, nutrient contents, salinity and pH are also considered to be critical

drivers of methanogenic and methanotrophic communities in rice paddies.9,12 However, these critical

drivers are largely hypothetical proposed based on analyses of rhizosphere and bulk soil, as factors

influencing methanogens and methanotrophs at the soil-water interface have been little explored.

Methanogens and methanotrophs at the soil-water interface exist as multispecies aggregates with other

bacteria, algae, fungi, protozoa, and metazoan. These microorganisms produce a matrix of extracellular
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polymeric substances (EPS) to fix themselves as well as minerals and nutrients, forming biofilms at the soil-

water interface. The EPS enables biosorption of trace minerals and sequestration of organic matter and nu-

trients.13,14 The distinct physical structure of EPS acts as a buffer for microbes in the interior of aggregates

to modulate against environmental change and resist adverse environmental effects.13,15,16 This buffering

and resistance capacity of EPS raises the questions whether the current conjectures of microbial distribu-

tion also apply to the methanotrophs and methanogens at soil-water interface, and whether and to what

extent the abundance and diversity of these microbes are driven by the environmental factors, such as tem-

perature, soil organic carbon (SOC), soil total nitrogen (STN), metal ions and pH. Furthermore, microbes in

PB mostly originate from the underlying soil and constantly exchange and interact with soil microbes,3

which leads to the question whether there is any association between CH4-related microbes in soil and

at soil-water interface.

Geographical locations have shown quantitatively different impacts of PB on CH4 emissions from rice

paddies.2 To evaluate whether these differences are reflected in the methanogenic and methanotrophic

communities and compare the communities at soil-water interface from that in soil, rice fields across the

temperate, subtropic and tropic climate zones were sampled, and the composition, diversity, interaction

and environmental drivers of methanogenic and methanotrophic communities were studied in detail in

this study.

RESULTS

Composition and diversity of methanogens and methanotrophs

Methanogens and methanotrophs were detected in both PB and soil at all the sampling sites, and their

community compositions in soil and PB were similar (Figure 1). Genus Methanobacterium was the most

abundant methanogen in both PB and soil, followed by the genus Methanosarcina (Figures 1A and 1B).

The relative abundance of Methanosaeta was higher in northeastern rice paddies, whereas Methanocella

(Rice Cluster I) were more abundant in the southern rice planting region. The relative abundances of

Methanosaeta, Methanocella and Methanoregula were larger in soil than in PB. Methylobacter and

Figure 1. Composition of methanogens and methanotrophs in paddy soils and periphytic biofilm (PB) in different

rice zone of China

(A) methanogens in soils; (B) methanogens in PB; (C) methanotrophs in soils; (D) methanotrophs in PB. Number of PB and

soil samples taken in northeast, central, east and south China was 12,15, 21 and 18 each, respectively.
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Methylocaldum were the two most common genera of methanotrophs in PB and soil (Figures 1C and 1D).

The relative abundance of Methylocaldum increased from north to south in both PB and soil. Methylomi-

crobium and Methylomonas were also present in PB as well as in soil.

Though similar in community composition, PB and soil were different in richness and diversity of methano-

gens and methanotrophs (Figure 2). Chao 1 index of methanotrophic community in PB was significantly

higher than the index of soil methanotrophs and the Shannon-Weiner index of soil methanogens was

higher than that of PB methanogens (p< 0.05). Species diversity and richness also varied with rice planting

regions. Chao 1 richness of methanogens increased from northeast to south, for both of the PB and soil,

and the reverse phenomenon was observed for that of methanotrophs. Shannon diversity of methano-

trophs was highest at central rice planting regions and diversity of methanogens exhibited little difference

among the four rice planting regions.

Co-occurrence networks of methanogens and methanotrophs

Co-occurrence patterns of methanogenic and methanotrophic communities in soil and PB are shown in

Figure 3. The network of co-occurrences among methanogens and methanotrophs in soil was more com-

plex than that in PB, indicated by the number of nodes and links. A total of six positive and ten negative

significant interactions was detected in soil (Figure 3A). Specifically, one positive and three negative

intra-generic interactions were among methanogens, three negative interactions were among soil meth-

anotrophs, and there were five positive and four negative inter-generic co-occurrence relations between

methanogens and methanotrophs. The most abundant methanogenic genus, Methanobacterium, was

not observed in the soil network, indicating that competitive and mutualistic interactions between Meth-

anobacterium and other microbes were very weak. In the contrast, the dominant methanotrophs Meth-

ylobacter, as well as methanogenic genera Methanosarcina and Methylocaldum were key genera in the

interaction network illustrating their rich interplay with other genera. Weak co-occurrence relations were

observed between methanogens and methanotrophs in PB (Figure 3B), encompassing three positive and

three negative interactions involving two methanogenic genera and three methanotrophic genera.

Strong positive co-occurrence relationships were observed between the methanogens Methanocella

A B

C D

Figure 2. Species richness and diversity of methanogenic and methanotrophic community in soil and PB

(A) Chao 1 index of methanogens in soil and PB, (B) Chao 1 index of methanotrophs in soil and PB, (C) Shannon index of

methanogens in soil and PB, and (D) Shannon index of methanotrophs in soil and PB. Sample numbers of PB or soil in

northeast, central, east and south China were 12, 15, 21 and 18, respectively. The significant differences between

treatments were tested by one-way ANOVA analysis (LSD) and indicated by asterisks: *, p< 0.05; **, p< 0.01. Data are

represented as mean + SD.
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and Methanosaeta in PB, whereas the methanotrophs Methylobacter and Methylocaldum were nega-

tively associated with each other in PB.

Environmental variables related to community composition of methanogens and

methanotrophs

The correlations between different genera of methanogens and methanotrophs in PB and soil and a range

of environmental variables were tested in Table S1. The relative abundance of soil Methanocella were

negatively correlated with edaphic variables such as SOC, STN and total contents of iron (Fe) and magne-

sium (Mg) in soil. Negative correlations were also observed between Fe content and the relative abundance

of soil Methanolinea and Methanoregula. Edaphic variables showed limited influence on methanogenic

communities in PB, whereas climatic variables were crucial factors affecting periphytic methanogens.

The relative abundances of periphytic Methanolinea and Methanospirillum were positively correlated

with mean annual precipitation (MAP).Methanosaeta in both soil and PB was found to be sensitive to tem-

perature and humidity, which negatively affected its abundance. Mean annual temperature (MAT) also

positively affected the relative abundances of Methanocella and Methanolinea in soil and Methanocella

in PB.

The abundances of soil methanotrophs were mostly correlated with edaphic variables especially SOC,

STN and soil Mg contents: Abundance of Methylomicrobium increased with increasing SOC and STN,

whereas abundance of Methylobacter decreased with SOC, STN and Mg contents. Methanotrophic

communities in PB were influenced by both climatic and edaphic variables: Soil total Mg and Mn

posed negative correlations with the abundance of Methylocaldum, and MAT and MAP were positively

correlative with Methylocaldum. The Methylobacter and Methylomonas in PB, by contrary, benefited

from lower mean maximum temperature (MMT) and MAT, respectively. The annual sunshine duration

(ASD) is also an important determinant, positively affecting abundances of periphytic Methylobacter.

The significant environmental variables were selected for the redundancy analysis (RDA) to identify the

drivers influencing the structure of methanogenic and methanotrophic communities in soil and PB.

The first two axes explained more than 90% of the total variation in the community compositions

(Figure 4). MAT was the dominant variable driving changes in community structure of soil methanogens

(p< 0.001) and periphytic methanogens (p< 0.01). Similar to the result of correlation analyses,

methanogens and methanotrophs in soil are most susceptible to the edaphic variables including

STN, SOC and soil contents of manganese (Mn), Fe and Mg (Figures 4A and 4C). By contrast, community

Figure 3. The inter/intra-generic co-occurrence patterns of methanogens andmethanotrophs in (A) soil and (B) PB

based on correlation analysis (n = 66)

Each node refers to a genus of methanogens or methanotrophs, and the size of the node is proportional to its relative

abundance. The links between nodes indicate significant (p< 0.05) positive (black line) or negative (red line) correlations.

The thicker the line, the stronger the connection, the higher the correlation coefficient. The blue and orange nodes

represent methanogens in PB and soil, respectively; the yellow and green nodes represent methanotrophs in PB and soil,

respectively. Only genera having significant co-occurrence relationships with other genera (p< 0.05) are shown.
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structure of methanogens and methanotrophs in PB were mostly influenced by climatic variables

MAT, MMT, MAP and ASD (Figures 4B and 4D). In Figures 4A and 4C, points from the same rice-planting

region tend to gather together, contrast to the points in Figures 4B and 4D which were mixed

thoroughly.

Pathway by which environmental variables influence abundance of methanogens and

methanotrophs

To further identify the direct and indirect effects of the environmental variables on the relative abundance

of methanogenic and methanotrophic communities a partial least squares path modeling (PLS-PM) model

was constructed and the significant variables identified above were incorporated into the models. EPS con-

tent of PB was included in the models because it responds quickly to environmental change and affects

community composition of PB. EPS content was established to be the most important driver of methano-

gens in PB, with the strongest effect on their relative abundances (Figure 5A). Its direct path coefficient was

0.559, whereas the direct contributions of soil CN (SOC and STN), climate and soil metals had relatively

weak path coefficients of �0.178, 0.116 and 0.003, respectively. The variable climate could also indirectly

influence the methanogenic community via altering soil environment and EPS content, and consequently

had a high total effect (total path coefficient = 0.342).

Soil metal was the variable with the highest explanatory power to the relative abundance of methanotrophs

in PB, with direct and indirect path coefficients of 0.415 and 0.085, respectively (Figure 5B). Although its

direct path coefficient was lower than that of EPS (�0.212), climate (�0.168) was the secondmost important

Figure 4. Redundancy analysis (RDA) of environmental variables with the composition of (A) soil methanogens,

(B) PB methanogens, (C) soil methanotrophs and (D) PB methanotrophs in different rice planting zones of China

(n = 22)

The arrowed lines refer to the environmental variables. The red, yellow, green and orange points indicate sampling sites

from northeast, central, east and south rice zone of China, respectively, and the sampling sites from the same zone are

circled by the corresponding colors. The longer the arrowed line, the more likely the factors influenced the community

composition. The significance was indicated by asterisks: *, p< 0.05; **, p< 0.01; ***, p< 0.001. The closer a point is to

another, the more similar their microbial composition.
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driver, as it indirectly influenced periphytic methanotrophs through changing the contents of soil metals

and EPS. The indirect path coefficients of climate through soil metals and EPS were �0.267 and �0.087,

respectively. Surprisingly, the contribution of soil CN in explaining methanotrophic community traits in

PB was negligible (p< 0.001).

The mechanism by which climate affects the methanogenic and methanotrophic communities in the PBs

showed clear differences. For both communities the climate effects observed are mediated by the effect

of climate on the soil metal content. However, for the methanogens the effect was primarily modulated

via the effect of soil metal on EPS, whereas in the case of the methanotrophs the soil metal had a strong

direct effect.

DISCUSSION

Comparison of methanogenic and methanotrophic communities at soil-water interface with

those in soil

Despite living in different niches modulated by different oxygen concentrations, methanogens and meth-

anotrophs coexist in the PB. Autotrophs, such as microalgae, dominate the PB during most of its

Figure 5. Partial least squares path modeling (PLS-PM) displaying the effect of environmental variables on the

relative abundance of (A) methanogenic and (B) methanotrophic communities (n = 22)

In each panel, variables in boxes are observable variables; variables in circles are latent variables representing relevant

observable variables and the value on the arrow from blue box to circle indicates the weight of the observable variable.

The black and red arrows refer to positive and negative relationships, respectively. Numbers adjacent to these arrows are

direct (and indirect) standardized path coefficients, and the width of the arrow is in proportion with the strength of the

direct path coefficients. Models were assessed using the goodness of fit (GOF) statistic.

ll
OPEN ACCESS

6 iScience 26, 105851, January 20, 2023

iScience
Article



existence and release oxygen (O2) through photosynthesis,17,18 making PB an oxidative habitat. Metha-

nogens, which have long been considered strictly anaerobic,19 were found in PB, suggesting these

methanogens may not be exposed and adapted to oxygenic conditions but instead inhabit anoxic niches

inside the PB matrix. Catabolic processes of certain species capable of fermentative carbon metabolism

and N2 fixation create anaerobic micro zones in PB, providing anaerobes, including methanogens, with

additional niches shielded from oxygen.20

As the most abundant genus in both soil and PB, Methanobacterium has a broader substrate spectrum,

producing CH4 not only using CO2, but also methylated compounds,21–24 which should allow it to adapt

to and dominate in both soil and periphytic biofilm. The hydrogenotrophic methanogens Methanocella

and Methanoregula, which use CO2 to produce CH4,
25 were less abundant in PB than in paddy soil

(Figures 1A and 1B), which might be because photosynthetic microalgae in PB compete for CO2 with

hydrogenotrophic methanogens. Furthermore,Methanocella has a distinct preference for plant photosyn-

thates in rice rhizosphere under flooded conditions,26 and could therefore be more abundant in soil than

in PB.

The Genera Methylobacter, Methylocaldum, Methylomicrobium and Methylomonas are all Type I metha-

notrophs (Gammaproteobacteria), which are specialists and grow rapidly under optimal conditions,24,27 in

contrast to the more generalist type II methanotrophs (Alphaproteobacteria) which tolerate a wider range

of environmental conditions and utilize a variety of substrates.28,29 Type I methanotrophs tend to be more

active in environments with higher oxygen and lower CH4 levels compared to type II methanotrophs sur-

viving well in anoxic bulk soil.30 The PB and soil samples in this study were collected at about the 20th

day after rice transplantation, when the flood duration was not yet long enough to make the topsoil a thor-

oughly anaerobic environment. Therefore, the high-affinity type I methanotrophs thrived, whereas type II

methanotrophs (e.g., Methylocystis and Methylosinus) were not detected.

Interaction between methanogens and methanotrophs

There is considered to be a symbiotic interaction between methanogens and methanotrophs.31 Methano-

gens use sample substrates like formate, ethanol, acetate and CO2/H2 to produce CH4, which is consumed

by methanotrophs as their only carbon and energy source. The interaction network are modulated by

resource and substrate availability,32,33 which in turn shape microbial community assembly.34 In this study,

the less complex microbial co-occurrence network of PB (Figure 2B) implied the availability of more diverse

energy sources from the environment.35,36 In addition to immobilization and uptake of dissolved organic

carbon (DOC) from floodwater,37 the carbohydrate-rich EPS itself is also an emphatic source of carbon

and energy for the microbes in PB.38,39

Utilizing diverse substrates, Methanobacterium was dominant in methanogenic communities with little

competition or cooperation with other methanogens and methanotrophs. The higher proportions of nega-

tive correlations among methanotrophs indicated strong competition among methanotrophs in both soil

and PB,40 especially between Methylobacter and other methanotrophs. However most methanogens in

both PB and soil were positively and strongly correlated, suggesting extensive mutualistic interaction.32

In Figures 4A and 4C, aggregated distribution of points from the same rice-planting region indicated

that methanogens and methanotrophs in the soils of the same region shared similar community composi-

tions. In contrast, for PB (Figures 4B and 4D), the points were mixed thoroughly, indicating limited spatial

dependence in the composition of methanogens and methanotrophs in PB.

Relative abundance and community structure of methanogens and methanotrophs along an

edapho-climatic gradient

Temperature is one of the most important factors to define structure and diversity of the methanogenic

microbial community.41 The Methylocaldum methanotroph and Methanocella methanogen are potential

thermophiles,42–44 so their relative abundances were positively correlated with temperature (Table S1).

On the contrary, the relative abundance of Methanosaeta increased with decreasing temperature.44

Previous studies reported that increasing temperature could reduce the diversity of soil

methanotrophs.45 In this study, the Chao 1 and Shannon-Weiner indexes of methanotrophs followed a

decreasing trend from north to south rice planting regions (Figure 2), following the increasing temper-

ature gradient.
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The pH has long been recognized as a critical driver of microbial communities, including methanogenic

and methanotrophic community composition.12,40,46 Surprisingly, in this study, only a weak correlation

was observed between pH and the relative abundances of methanogens and methanotrophs in PB

(Table 1). This may be attributed to the buffering of EPS surrounding the microbes. The major component

of EPS, polysaccharide, contains multiple uronic acid moieties with numerous carboxylic acid (–COOH)

groups, which acts as a weak acid and dissociates partially (RCOOH#RCOO� + H+), buffering against

pH variation and maintaining required osmotic level for the cells.13

Meanwhile, EPS is a high-density organic carbon pool,47 consisting of polymeric components especially

polysaccharides and proteins.14 Bacteria in PB convert EPS into dissolved organic matter; hence, EPS

serves as a source of carbon and nutrients to other microbes.48 Thus, methanogens and methanotrophs

in PB were little limited by environmental carbon and nutrients availability (i.e., SOC, STN). This is indicated

by the positive correlations between the contents of polysaccharide and protein and the relative abun-

dance of methanogens and the negative correlations with that of methanotrophs (Table 1).

As indicated by the PLS-PM (Figure 5), EPS content and soil metal were the most important direct drivers

influencing the relative abundance of methanogens and methanotrophs, respectively, in PB. Metal ions

play important roles in the synthesis of enzymes involved in the oxidation of CH4, such as Fe-containing

soluble methane monooxygenase (sMMO) located in the cytoplasm of some methanotrophs.49,50 Owing

to the buffering and nutrient supply of periphytic EPS,13,38,39 methanogens and methanotrophs in PB

were less sensitive to the edaphic factors SOC, STN and pH, which are known critical drivers of soil metha-

nogens and methanotrophs.12,51,52

Climate and soil metal induced changes in soil environment and EPS content indirectly influence the

abundance of methanogens and methanotrophs in PB (Figure 5). Rice paddies in south China have

lowest metal contents and a warm and humid climate (Table S2), which promote expansion of methano-

genic community and reduce methanotrophic community in PB, and as a result, the potential to emit the

most CH4. High metal contents and low temperature in northeast China are favorable to methanotrophs

and unfavorable to methanogens in PB, resulting in the lowest contribution of PB to CH4 emissions.2 The

geographical variation of the impacts of PB on CH4 emissions from rice paddies is at least partly attrib-

uted to the differences of methanogenic and methanotrophic communities driven by the climatic and

edaphic variables.

In conclusion, the EPS and soil metal contents were the most important factors influencing their relative

abundances along the edapho-climatic gradient. Climatic variables, especially mean annual temperature,

indirectly drove changes in community composition. Low temperature, low EPS contents and high soil

metal content were favorable to methanotrophs but unfavorable to methanogens. This work enriches un-

derstanding of the geographical distribution and diversity of microbes at the soil-water interface. Our re-

sults indicate that enhancing soil metal content offers opportunities to promote methanotrophs at the soil-

water interface, thus providing prospects for CH4 mitigation.

Limitations of the study

PB and soil samples were collected once during the tillering stage of rice in this study. A monitoring of

methanogenic and methanotrophic microbe dynamics in different growth stages of rice was lacking.

The abundance and community composition of methanogens and methanotrophs were influenced by

the dissolved oxygen, redox potential, substrate and mineral availability, which vary with flooding time

Table 1. Spearman correlations between environmental variables and the relative abundance of methanogens and

methanotrophs in PB

WpH SOC STN E_polysaccharide E_protein

P_Methanogens NS NS NS 0. 439* 0.407*

P_Methanotrophs NS NS NS �0.590** �0.618**

Note: SOC, soil organic carbon content; STN, soil total nitrogen content; WpH, floodwater pH; E_polysaccharide, polysac-

charide content in extracellular polymeric substance (EPS) of PB; E_protein, protein content in EPS of PB. NS, not significant

(p> 0.05); *, p< 0.05; **, p< 0.01. n = 22.
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and rice growth. In addition, the absolute abundance of methanogens and methanotrophs should be

quantified by quantitative polymerase chain reaction (qPCR)which was not included in this study. Thus, pe-

riodic sampling and quantitative characterization of methanogens and methanotrophs are needed in

future work.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d METHOD DETAILS

B In-situ sample collection

B Chemical analyses

B Molecular analyses

B Meteorological data collection

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.105851.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China (41825021, 42177232,

41701301, 41961144010 and 31772396), the Natural Science Foundation of Jiangsu Province (BZ2019015

and BE2020731), the National Key Research and Development Program (2021YFD1700803), and the Orig-

inal Innovation Project of Chinese Academy of Sciences (ZDBS-LY-DQC024).

AUTHOR CONTRIBUTIONS

Y.W. designed the study, S.W., P.S., J.L., and Y.X. collected and analyzed samples, S.W. performed data

analyses and visualization, S.W., Y.W., and J.D. wrote the manuscript, and all authors contributed substan-

tially to revisions.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: August 29, 2022

Revised: November 15, 2022

Accepted: December 19, 2022

Published: January 20, 2023

REFERENCES
1. Sun, M., Zhang, H., Dong, J., Gao, F., Li, X.,

and Zhang, R. (2018). A comparison of CH4
emissions from coastal and inland rice paddy
soils in China. Catena 170, 365–373. https://
doi.org/10.1016/j.catena.2018.06.035.

2. Wang, S., Sun, P., Zhang, G., Gray, N.,
Dolfing, J., Esquivel-Elizondo, S., Peñuelas,
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METHOD DETAILS

In-situ sample collection

A total of 66 sampling sites in 22 counties (Figure S1) were selected in the main rice planting regions of

China; the sites were divided into four groups according to their locations (Northeast, Central, East and

South China). The environmental characteristics of the four groups of sampling sites were shown in

Table S2. In each county, three sampling sites were randomly chosen within an area of 10 km2, and the

PB, bulk soil and floodwater were collected from each site at � the 20th day after rice transplantation

(tillering stage) in 2019. Specifically, fresh PB with adherent soil particles was peeled off from soil surface

by a razor knife, and�200 g underlying soil (0-5 cm) was collected by shovels. The PB and bulk soil samples

were sealed in sampling bags. 100-mL plastic bottles were filled with floodwater. Then the PB, soil and wa-

ter samples were kept on ice and immediately transported to the laboratory for analyses.

Chemical analyses

About 100g of each soil sample was air dried, grinded, and then the chemical analyses were carried out

according to standardmethods.53 After grinding, passing through a 0.149-mm sieve, and removing the car-

bonate by adding 0.1 M hydrochloric acid (HCl), the SOC content of the soil samples was determined by an

elemental analyzer (Vario MAX CN, Elementar, Germany). The STN contents were measured using the

elemental analyzer without pretreatment with HCl. The total Mg, Fe and Mn contents were analyzed using

a inductively coupled plasma optical emission spectrometer (Avio 200 ICP-OES, PerkinElmer, USA) after

acid digestion according to Lu’s method.54 The pH of floodwater was measured by a Seven Excellence�
digital pH meter (Mettler-Toledo, Switzerland) after filtration. The EPS was extracted from fresh PB sam-

ples. Specifically, 1 g PB (dry weight, by converting fresh weight and moisture content) was re-suspended

in 2 mL 2M-NaOH solution, diluted to 10 mL, shaken (20�C, 120 rpm, 2.5 h), and centrifuged for 20 min (4�C,
10000 rpm). Then the supernatant was filtered by a filter membrane (0.45 mm), and the filtrate was mixed

with ethanol (v/v = 1:4), placed (4�C, 12 h), centrifuged again for 10 min (10000 rpm). The supernatant

was discarded and the precipitate obtained was the EPS. Protein content in EPS was measured using

the Coomassie brilliant blue staining method, and polysaccharose content was estimated using the

Anthrone method.

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Power Soil DNA Isolation Kit Mo Bio 12888-100

Deposited data

Raw Data for 16s rRNA sequencing This study NCBI: RJNA854289
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Molecular analyses

PCR amplification and sequencing were carried out to quantify the microbial composition of soil and PB.

After the PB and soil samples were freeze dried, DNA was extracted from 0.1 g PB and 0.25 g soil, respec-

tively, using a DNA isolation kit (Power Soil DNA Isolation Kit, MoBio, USA). The primer pair of 515F/806R

(50-GTGCCAGCMGCCGCGGTAA-30 and, 50-GGACTACVSGGGTATCTAAT-30) targeting the V4-V5 region

of the 16S rRNA gene were used for amplification.55 The PCR products were assessed by electrophoresis on

a 1% agarose gel, purified using a gel extraction kit (EZNA Gel Extraction Kit, Omega, USA), and then

sequenced on an Illumina Hiseq 2500 platform. The QIIME 1.6.0 pipeline software was used to analyze

the sequences. Sequences with similarity R97% were assigned to the same operational taxonomic units

(OTUs) by the Uparse software.

Meteorological data collection

Meteorological data including ASD, MAT, MMT, MAP and MAH of sampling sites were collected from the

website of China National Meteorological Data Services Center (http://data.cma.cn/site/index.html).

QUANTIFICATION AND STATISTICAL ANALYSIS

The relative abundances of methanogens and methanotrophs at the genus level were counted based on

taxonomy of methanogens and methanotrophs.22 Significance differences (p-value) between treatments

was tested by one-way ANOVA analysis using the SPSS statistics software v22.0 (International Business Ma-

chines Corp., Armonk, USA). The Spearman’s correlation coefficients between the relative abundance of

methanotrophs and methanogens and environmental variables were calculated by the SPSS statistics soft-

ware. The Chao 1 richness and Shannon diversity of methanogenic and methanotrophic communities were

calculated according to the method described before.56 Generic co-occurrence patterns were calculated

by R software and visualized on the Gephi software (http://gephi.org). Co-occurrence was defined as a cor-

relation between genera that was statistically significant (p< 0.05). The effect of environmental variables on

microbial relative abundances was visualized by RDA by R software using the ‘‘vegan’’ package. The PLS-

PM was constructed also in R using the ‘‘plspm’’ package. Specifically, an empirical model was established

based on the Pearson’s correlation analysis. Then the significantly correlated variables were put into the

empirical model to calculate the standardized path coefficients among these variables. The latent variable

Climate represents MAT, MAP andMMT/ASD, Soil metal represents soil total Mg, Fe andMn contents, and

EPS represents polysaccharide and protein contents of PB. Observable variables PB methanogens and PB

methanotrophs are the relative abundance of these communities. The structure of the empirical model was

adjusted using the best goodness of fit (GOF) statistic. Sample numbers (n) and the significance (p) were

indicated in the figure legends. The significance is indicated by asterisk: *, p< 0.05; **, p< 0.01; ***,

p< 0.001.

ll
OPEN ACCESS

iScience 26, 105851, January 20, 2023 13

iScience
Article

http://data.cma.cn/site/index.html
http://gephi.org

	ELS_ISCI105851_annotate_v26i1.pdf
	Distribution of methanogenic and methanotrophic consortia at soil-water interfaces in rice paddies across climate zones
	Introduction
	Results
	Composition and diversity of methanogens and methanotrophs
	Co-occurrence networks of methanogens and methanotrophs
	Environmental variables related to community composition of methanogens and methanotrophs
	Pathway by which environmental variables influence abundance of methanogens and methanotrophs

	Discussion
	Comparison of methanogenic and methanotrophic communities at soil-water interface with those in soil
	Interaction between methanogens and methanotrophs
	Relative abundance and community structure of methanogens and methanotrophs along an edapho-climatic gradient
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	In-situ sample collection
	Chemical analyses
	Molecular analyses
	Meteorological data collection

	Quantification and statistical analysis






