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Methane production during solid waste decomposition is a typical methanogen-mediated and enzyme-catalyzed anaerobic digestion (AD). Methanogen community dynamics and metabolic diversity during the decomposition are not known. In this study, we investigated methanogen community dynamics and methanogenic pathways during solid waste decomposition in a bioreactor using high-throughput Illumina MiSeq sequencing and phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt), respectively. We also related the methanogen community differences with solid waste and leachate physiochemical parameters. Results showed that the percentage of biodegradable matter (BDM) in solid waste decreased from 55 ± 5% in aerobic phase (AP) to 30 ± 2% in anaerobic acid phase (ACP), and to 13 ± 11% in methanogenic phase (MP), resulting in 76% BDM consumption by microbes. Methanogen community structure varied in AP, ACP, and MP, showing that Methanomicrobiales and Methanosarcinales were dominant in AP and MP and archaea E2 was abundant in ACP. Each phase had abundant core methanogen orders, genera, and species with significant difference (p < 0.05). Redundancy analysis showed that biochemical oxygen demand (BOD5) and nitrate significantly influenced methanogen community composition, suggesting that methanogen community structure is nutrient-dependent. Two methanogenic pathways including acetoclastic and hydrogenotrophic pathways with associated functional genes differed at three phases. ACP had the lowest abundance of these genes, indicating that methanogenesis was inhibited in acidogenesis. Abundant hydrogenotrophic and acetoclastic methanogenesis functional genes in MP and AP are in response to the abundance of Methanomicrobiales and Methanosarcinales. The findings provide previously unidentified insight into the mechanism of methanogen community structure and function during solid waste bioconversion for methane.
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GRAPHICAL ABSTRACT |




INTRODUCTION

The world is facing the challenges of energy shortage and climate change. Various innovation techniques are developing to produce and recover clean energy such as methane (Niu et al., 2014; Li et al., 2017b). Municipal solid waste (MSW) landfills are an important methane resource, representing 22% of global anthropogenic emissions (IPCC, 2013). Recently, Powell et al. (2016) investigated 850 landfills in the United States and found that the CH4 emissions from landfills are largely underestimated (262 million tons vs. 121 million tons estimated by United States EPA), suggesting that more bioenergy is stored in landfills.

Methane production (methanogenesis) in solid waste decomposition is a typical methanogen-mediated and enzyme-catalyzed anaerobic digestion. Methanogenesis uses carbon such as acetic acid and carbon dioxide as the terminal electron acceptor to produce methane. The reaction involves a series of enzymes and coenzymes. Understanding the underlying mechanism of methanogen community dynamics and metabolic diversity during solid waste decomposition is critical for methane production and recovery.

Methanogens are the predominant archaea in landfills (Song et al., 2015a) and perform the terminal step of methane conversion (Garrity and Holt, 2001). According to the metabolic precursors consumed, methanogens are classified into three groups as acetoclastic methanogens (acetate), hydrogenotrophic methanogens (H2, formate, and CO2), and methylotrophic methanogens (methylated compounds) (Garrity and Holt, 2001; Vanwonterghem et al., 2016). Both acetoclastic and hydrogenotrophic methanogens in solid waste have been reported (Barlaz, 1997; Song et al., 2015a; De la Cruz et al., 2021; Zhao et al., 2021), and their abundance varied under different conditions. Few studies have investigated the methanogen community dynamics during solid waste decomposition. Monitoring changes in δ13CH4 during the mesophilic fermentation of MSW showed that methanogenic metabolism changed with increasing incubation times (Qu et al., 2009). Conversely, automated ribosomal intergenic spacer analysis (ARISA) and fluorescence in situ hybridization (FISH) observation showed that the methanogen community is kept stable. Fei et al. (2015) studied the methanogen community changes at the methane production phase and found that Methanobacteriaceae was dominant throughout the phase. In contrast, we previously investigated the methanogen community in Chinese landfills and results showed that hydrogenotrophic methanogens Methanomicrobiales and/or Methanobacteriales were dominant (Song et al., 2015a). This discrepancy may reflect different components in solid waste in various regions. In addition, the study of Qu (Qu et al., 2009) only identified the methanogenesis phase and we only investigated methanogens in limited time points rather than the entire process.

Solid waste decomposition is a typical anaerobic digestion (AD), a multiphase complex biological process (Zhao et al., 2019). Methane production by AD depends on the stability and biological activity efficiency of the reaction. Core parameters such as volatile fatty acids (VFAs), pH, gas composition, and production have been used to indicate the stability of reaction (Boe et al., 2010; Polag et al., 2015). Most parameters, however, have deficiencies due to limited available conditions in responding to the actual condition. A stable carbon isotope shows potential for AD reaction monitoring with high-resolution and fast-responding characteristics (Polag et al., 2015). This technique will benefit from the succession of methanogens and methanogenic pathways during the entire process.

Methanogens’ metabolic function plays an essential role in methane production during solid waste decomposition. Methyl coenzyme M reductase, including two alpha (mcrA), two beta (mcrB), and two gamma (mcrG) subunits, catalyzes heterodisulfide formation between coenzyme M and coenzyme B and subsequent release of methane (Dhillon et al., 2005). Gene mcrA has been widely used to investigate methanogens in solid waste (Tang et al., 2016). However, methanogenic pathways and their associated functional genes during solid waste decomposition are not known. The recently developed PICRUSt using 16S rRNA homology analysis has shown great potential for metabolic function prediction (Langille et al., 2013).

In this study, the changes in methanogen community composition and functional genes relevant to methanogenic pathways during solid waste decomposition were investigated in a bioreactor by Illumina MiSeq sequencing and PICRUSt, respectively. The impact of the physiochemical parameters of solid waste and leachate on the methanogen community structure was then assessed by multivariate analysis. Study on the methanogen community dynamics and methanogenic pathways during solid waste decomposition not only provides direct evidence for methane production mechanism but also shows potential for the development of monitoring indicators in AD stability.



MATERIALS AND METHODS


Bioreactor Operation and Solid Waste Sample Collection

Solid waste samples were collected from a long-term-run (265-day) bioreactor (1.0 m height and 0.2 m inner diameter) made of polymethyl methacrylate. The bioreactor was initially compacted with typical Chinese MSW (57.1% food waste, 16.8% plastic, 13.4% paper, 9.1% branches and leaves, and 3.6% fabric and cloth; wet mass) and was recirculated by leachate. The details of reactor construction and operation were previously reported (Liu et al., 2018). Twenty-gram solid waste samples were obtained monthly from three sampling ports with 20 cm inter-distance along the bioreactor. For leachate, 50-ml samples were collected weekly. Analyses of solid waste physiochemical parameters (TN: total nitrogen, nitrate, ammonia, BDM: biodegradable matter, and OM: organic matter) and leachate (COD: chemical oxygen demand, BOD5: biological oxygen demand, pH, TN, TP: total phosphorus, nitrate, and ammonia) were carried out as indicated in American Public Health Association (APHA) standard methods (APHA, 1998).



DNA Extraction

The solid waste samples extracted from three sampling ports were mixed well to represent the entire microbial community. DNA of solid waste samples was extracted by EZNA® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States). Extracted DNA quantification and quality assessment followed a previously reported method (Song et al., 2016). DNA extraction was performed in triplicate for each sample.



Illumina MiSeq Sequencing and Data Treatment

Illumina MiSeq sequencing and data analyses were used to characterize methanogen community composition through primers Arch334F–Arch915R (Raskin et al., 1994). The PCR amplification, purification, and sequencing were described previously (Song et al., 2017). The raw pyrosequencing data were deposited in the NCBI Sequence Read Archive (accession number: SPR118850). Analysis of raw data was carried out as in a previously published procedure (Song et al., 2017). In brief, chimeras were detected by UCHIME. Operational taxonomic units (OTUs) at 97% identity were classified by USEARCH (Edgar, 2010). OTUs were aligned to the SILVA database (version SSU 119) to calculate the bacterial diversity index. Taxonomic classification was performed with the Ribosomal Database Project (RDP) naïve Bayesian rRNA classifier.



Methanogen Community Composition and Structure Analysis

Hierarchical clustering was used to evaluate the similarity of methanogen community structures. RDA was used to assess the important factors on the methanogen community structure by forward model selection in linear model (Song and Li, 2016). The sum of the eigenvalue score derived from detrended correspondence analysis (DCA) for the methanogen community was 1.3, lower than 3.0. Therefore, RDA was selected in this study. Hierarchical clustering was conducted with the R program (R Core Team, 2013) with the Vegan package (Oksanen et al., 2013). DCA and RDA were performed by CANOCO (ter Braak and Smilauer, 2002).



Functional Profiling of the Methanogen Community

Methanogenic metabolism functional genes were predicted by PICRUSt (Langille et al., 2013). PICRUSt showed COG and KEGG Ortholog (KO) based on the OTU matrix. EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups1) and Kyoto Encyclopedia of Genes and Genomes2 were used to annotate the functional genes. Methanogenic pathways were constructed on the KEEG database.



Statistical Analysis

One-way analysis of variance (ANOVA) was used to test the significance of difference. The value of p < 0.05 was significant. Statistical analyses were performed using PAST version 3.0 (Hammer et al., 2001). Data were expressed as the mean ± standard error.



RESULTS


Solid Waste Decomposition Phase Separation

A three-stage MSW decomposition model, including aerobic phase (AP), anaerobic acid phase (ACP), and methanogenic phase (MP), was chosen as a phase separation model for solid waste decomposition in this study (Barlaz et al., 1989; Kjeldsen et al., 2002). In AP, microorganisms rapidly consumed the oxygen in MSW and this period usually lasts 1–2 weeks. In ACP, large amounts of carboxylic acids were produced. In MP, carboxylic acids were converted to methane and carbon dioxide. Accordingly, the pH value and BOD5/COD ratio in leachate have typical value ranges in three stages, which were defined as the key parameters for the three-stage model (Kjeldsen et al., 2002). In this study, three stages were successfully separated according to the pH value and BOD5/COD ratio in leachate as the key parameters in Liu et al. (2018). However, other physiochemical parameters of leachate except the BOD5/COD ratio and pH value varied with those in Liu et al. (2018).

Solid waste physiochemical parameters (TN, nitrate, ammonia, BDM%, and OM) varied with solid waste decomposition (Figure 1). The trends of these variations are consistent with previously reported solid waste decomposition characteristics (Youcai et al., 2000; Kjeldsen et al., 2002). The values of OM, TN, BDM%, and nitrate were lower in the later part of AD than in the beginning. Conversely, the concentrations of ammonia were higher in the later part of AD than in the beginning due to the accumulation (Kjeldsen et al., 2002). In addition, the values of OM peaked at day 120 due to the macromolecule (e.g., cellulose) decomposed into micromolecule (e.g., sugars) (Youcai et al., 2000).


[image: image]

FIGURE 1. Changes in solid waste key physiochemical parameters during solid waste decomposition. (A) Organic matter (OM) of solid waste. (B) Percentage of biodegradable matter (BDM %) of solid waste. (C) Total nitrogen (TN) of solid waste. (D) Nitrate and ammonia of solid waste. Each sample was determined in triplicate (n = 3). Error bar is the standard deviation of triplicate determination.


The percentage of BDM decreased from 55 ± 5% in AP to 30 ± 2% in ACP, and further to 13 ± 11% in MP, resulting in 76% BDM loss by microorganism consumption. This significant BDM% loss (p = 0.001) indicated that solid waste biodegradation occurred.



Richness and Diversity of the Methanogen Community

In total, we obtained 320,215 valid sequences with an average length of 526 bp. Each sample had an average of 35,579 ± 4,594 sequence reads. Rarefaction curves showed that all samples reached the plateau phase by 20,000 sequence reads (Figure 2A). Richness (OTUs and Chao 1) and diversity (Shannon) of the methanogen community are shown in Figure 2. The highest richness of the methanogen community in solid waste was ACP, followed by AP and MP. Additionally, ACP has significant (p = 0.03) high diversity indicated by the Shannon index than AP.
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FIGURE 2. Sequence rarefaction curve and archaeal diversity of solid waste samples. (A) Sequence rarefaction curve. (B) Observed OTU numbers. (C) Chao richness index. (D) Shannon diversity index. Each sample was determined in triplicate (n = 3). Data were shown as average ± SD. AP: aerobic phase (n = 3); ACP, anaerobic acid phase (n = 3); MP, methanogenic phase (n = 3). Values with different letters were significantly different (p < 0.05).




Dynamics of Taxonomic Composition at Order Levels

The orders of methanogen abundant in solid waste decomposition were Methanomicrobiales, Methanosarcinales, Methanococcales, and archaea E2 (Figure 3A). Among them, Methanomicrobiales, Methanosarcinales, and E2 were the three most dominant groups, accounting for 93.5–95.9% of the total.
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FIGURE 3. Methanogen community composition in order level (A) and genus level (C) and main order (B) and genus (D) changed in solid waste samples during solid waste decomposition. Phylogenetic groups accounting for ≥0.50% of the sequences are summarized in the artificial group “others.” AP, aerobic phase (n = 3); ACP, anaerobic acid phase (n = 3); MP, methanogenic phase (n = 3). Values with the different letters were significantly different (p < 0.05).


These three most dominant groups varied at three phases of solid waste decomposition (Figure 3B). The abundance of Methanosarcinales in AP was significantly high than in ACP (p = 0.005) and MP (p = 0.02). The abundance of Methanomicrobiales in AP (p = 0.0004) and MP (p = 0.0003) was significantly high than in ACP. The abundance of E2 in ACP was significantly high than in AP (p = 0.0002) and in MP (p = 0.0002). The abundance of Methanococcales in AP (2.8 ± 0.2), ACP (6.5 ± 0.7), and MP (8.6 ± 0.8) was relatively low, and the differences were not significant.



Dynamics of Taxonomic Composition at Genus Level

Genera Methanosarcina (affiliated to Methanosarcinales), unclassified Methanomicrobiaceae (affiliated to Methanomicrobiales), vadinCA11 (affiliated to E2), and Methanocorpusculum (affiliated to Methanomicrobiales) were the dominant genera during solid waste decomposition (Table 1 and Figures 3C,D). The abundance of Methanosarcina was significantly high in AP than in ACP (p = 0.005) and MP (p = 0.02). Similarly, the abundance of unclassified Methanomicrobiaceae was significantly high in AP than in ACP (p = 0.0002) and in MP (p = 0.0002). However, the abundance of Methanocorpusculum was significantly higher in MP than in AP (p = 0.0002) and in ACP (p = 0.0002).


TABLE 1. Main methanogen genus during solid waste decomposition phases.
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Dynamics of the Core Operational Taxonomic Units

The 30 top abundant OTUs clearly separated solid waste decomposition into three groups, namely, AP, ACP, and MP, suggesting their core function in shaping methanogen community structure (Figure 4A). A total of 11 core OTUs were significantly (p < 0.05) different between AP, ACP, and MP. OTUs with IDs 497, 105, 518, 16, and 17 were assigned to hydrogenotrophic methanogen (Figure 4B). OTUs with IDs 170 and 153 were assigned to acetoclastic methanogen (Figure 4C). OTUs with ID 104 were assigned to mixotrophic methanogen (Figure 4D). OTUs with IDs 84, 304, and 173 were assigned to methylotrophic methanogen (Figure 4E).
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FIGURE 4. The 30 most abundant OTUs (A) and main abundant OTUs (B–E) in response to solid waste decomposition. *The difference between the three phases was significant (p < 0.05). AP, aerobic phase (n = 3); ACP, anaerobic acid phase (n = 3); MP, methanogenic phase (n = 3).




Methanogen Community Structures and Their Linked Impact Factors

Network analysis (Figure 5A) and hierarchical clustering analysis (Figure 5C) based on OTU separated the methanogen communities of AP, ACP, and MP. This is consistent with the observed difference between methanogen community composition and core OTUs during solid waste decomposition. AP, ACP, and MP shared 25 common OTUs (Figure 5B). Nine of 11 core OTUs (OTU 83 and 173 excluded) that derived from the top 30 OTUs were also within 25 common OTUs, suggesting their vital role in methanogenesis.
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FIGURE 5. OTU profiles in response to solid waste decomposition phases and the impact of parameter factors on the methanogen community structure based on OTU distribution. (A) Network analysis of OTUs in solid waste samples between aerobic phase (AP), anaerobic acid phase (ACP), and methanogenic phase (MP). (B) The shared OTUs in solid waste samples among AP, ACP, and MP. (C) Hierarchical clustering analysis on bacterial community composition (OTUs level) based on Bray–Curtis distance. (D) Redundancy analysis (RDA) of the link between methanogen community structures and physiochemical parameters of leachate and solid waste. The variables significantly influencing methanogen community structure selected by the forward selection procedure were fitted to the ordinations with red color. AP, aerobic phase (n = 3); ACP, anaerobic acid phase (n = 3); MP, methanogenic phase (n = 3). STN, TN of solid waste; Snitrate, nitrate of solid waste; Sammonia, ammonia of solid waste; SOM, organic matter of solid waste.


The link among the methanogen community structure and leachate and solid waste physiochemical parameters was analyzed by RDA (Figure 5D). COD, BOD5, pH, TN, TP, nitrate, and ammonia of leachate and TN, nitrate, ammonia, biodegradable matter (BDM), and organic matter of solid waste were chosen as environmental variables by forward selection in the RDA model to explain the variation of community. Among them, BOD5 (F-ratio, 42.2; p = 0.001) and nitrate (F-ratio, 11.7; p = 0.01) of leachate showed a significant impact on shaping the methanogen community.



Predicted Functional Enzyme-Encoding Genes of Methanogenic Pathways

Functional enzyme-encoding genes involved in the three main methanogenic pathways (acetoclastic, hydrogenotrophic, and methylotrophic pathways) during solid waste decomposition were extracted from the KEGG database (Song et al., 2017; Buhlmann et al., 2019).

In the hydrogenotrophic pathway (Li et al., 2017a), carbon dioxide is reduced to methane via a series of intermediate substances (formyl, methylene, and methyl). The methyl group is converted by Coenzyme M to form methyl-CoM, which is reduced to methane through methyl coenzyme M reductase (Mcr) (red line in Figure 6A). In the acetoclastic pathway (Li et al., 2017a), methanogen Methanosarcina utilizes the low-affinity acetate kinase (AK)-phosphotransacetylase (PTA) system to convert acetate to acetyl-CoA, whereas Methanosaeta uses the high-affinity adenosine monophosphate (AMP)-forming acetyl-CoA synthetase. Acetyl-CoA is converted to a methyl group and subsequently to methane through the key enzymes of Cdh, Mtr, and Mcr (blue line in Figure 6A). In the methylotrophic pathway (Li et al., 2017a), the methylated compounds are converted to methanol-specific corrinoid protein. Methyl-CoM subsequently reduces the protein to methane via Mcr reductase (green line in Figure 6A).
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FIGURE 6. Hit reads of genes involved in the hydrogenotrophic (red line), acetoclastic (blue line), and methylotrophic (green line) methanogenesis pathways during solid waste decomposition (A). (B) The hit reads of relevant genes. (C) The relative abundance of the core mcrG gene. The methanogenesis pathway figure (Yang et al., 2021) was modified based on Li et al. (2017a). FdhA, glutathione-independent formaldehyde dehydrogenase; EchA, hydrogenase subunit A; FmdE, formylmethanofuran dehydrogenase subunit E; FTR, formylmethanofuran-tetrahydromethanopterin N-formyltransferase; MCH, methenyltetrahydromethanopterin cyclohydrolase; MTD, methylenetetrahydromethanopterin dehydrogenase; MER, coenzyme F420-dependent N5, N10-methenyltetrahydroethanopterin reductase; MtrA, tetrahydromethanopterin S-methyltransferase; MtaA, [methyl-Co(III) methanol-specific corrinoid protein]: coenzyme M methyltransferase; McrG, methyl-coenzyme M reductase gamma subunit; AckA, acetate kinase; ACSS, acetyl-CoA synthetase; PTA, phosphate acetyltransferase; HdrA, heterodisulfide reductase subunit; CdhC, acetyl-CoA decarbonylase/synthase complex subunit beta.


The detected enzyme-encoding genes involved in the acetoclastic pathway include acetate kinase (AckA), phosphate acetyltransferase (PTA), acetyl-CoA synthetase (ACSS), and tetrahydromethanopterin S-methyltransferase (MtrA) (Figure 6B). MP (298866/119947) had higher hit reads of ACSS and MtrA than AP (247,206/115,896) and MP (198,132/70,546). AP (17385/17075) had higher hit reads of AckA and PTA than ACP (13,230/12,875) and MP (13,270/12,855).

The detected enzyme-encoding genes involved in the hydrogenotrophic pathway include glutathione-independent formaldehyde dehydrogenase (FdhA), formylmethanofuran dehydrogenase subunit E (FmdE), formylmethanofuran-tetrahydromethanopterin N-formyltransferase (FTR), methenyltetrahydromethanopterin cyclohydrolase (MCH), methylenetetrahydromethanopterin dehydrogenase (MTD), coenzyme F420-dependent N5, and N10-methenyltetrahydroethanopterin reductase (MER) (Figure 6B). Except FdhA, the rest of the five genes had higher abundance in MP than those in AP and ACP.

The enzyme-encoding gene involved in the methylotrophic pathway is [methyl-Co(III) methanol-specific corrinoid protein]: coenzyme M methyltransferase (MtaA) (Figure 6B), which is not detected in this study. The abundance of methylotrophic methanogen E2 in ACP might express other functions than methylotrophic methanogenesis.

In addition, the percentage and hit reads of McrG were lower in ACP (0.18%/36,927) than in AP (0.38%/66,069) and MP (0.40%/77,301) (Figure 6C), further demonstrating that methane production was inhibited in ACP.



DISCUSSION

Landfills are the most commonly used site for MSW disposal. Large amounts of organic matter in landfills undergo a series of decomposition processes. The decomposition process has been modeled, and the three-stage (AP, ACP, and MP) MSW decomposition model is one of the most classic phase separation models (Barlaz et al., 1989; Kjeldsen et al., 2002). In this study, these three stages were successfully separated according to the physicochemical parameters of leachate (Liu et al., 2018). In addition, the values of OM, TN, BDM%, and nitrate decreased along the decomposition. There was 76% BDM lost by microorganism consumption. The combination of these physicochemical parameters’ variation showed that solid waste undergoes decomposition.

Landfills harbor highly diverse and dynamic microbial communities. Within them, the methanogen community plays a vital role in methane production. Obviously, the methanogen community responds to the variation in the decomposition condition. In this study, the methanogen community richness and diversity differed at three solid waste decomposition phases (e.g., ACP had the highest richness of methanogen community). Taxonomically, Methanomicrobiales, Methanosarcinales, and E2 were the three most dominant groups. Domination of Methanomicrobiales and Methanosarcinales was also detected in other studies on solid waste decomposition (Bareither et al., 2013; Fei et al., 2015; Song et al., 2015a), whereas the dominance of E2 was for the first time detected. This is probably due to most of the previous studies investigating the methanogen community in specific time points rather than the whole solid waste decomposition process. These three most dominant groups varied at the three phases of solid waste decomposition. Methanomicrobiales and Methanosarcinales were initially the dominant populations in AP, E2 became the dominant group in ACP, and Methanomicrobiales and Methanosarcinales dominated in MP again. High VFAs produced by high food waste (57.1%, mass percent) in this study probably cause the decrease in Methanomicrobiales and Methanosarcinales in ACP due to VFA inhabitation (Song et al., 2015a). E2 (affiliated to class Thermoplasmata) was abundant in ACP as well as in other AD (Godon et al., 1997; Leclerc et al., 2004), owing to their resistance ability on acidophilic and thermophilic conditions. Thermoplasmata in bovine rumen has been proved to be methylotrophic methanogens by metatranscriptomic analysis (Poulsen et al., 2013). Dominant methylotrophic methanogen E2 was detected in ACP of solid waste decomposition, highlighting the critical role of this group in acidogenesis. In addition, the methanogen community in solid waste differs from that in landfill leachate (Yang et al., 2021). For landfill leachate, E2 (32.2%) and Methanomicrobiales (35.3%) dominated in AP, E2 predominated in ACP (98.7%), and Methanomicrobiales predominated in MP (92.4%). The difference might be the microorganisms’ different dispersal in solid and liquid phases.

Studies on the methanogen community dynamics during methane production showed that hydrogenotrophic methanogens [Methanomicrobiales (Bareither et al., 2013) or Methanobacteriaceae (Fei et al., 2015)] were dominant throughout the phase, which is consistent with this study that hydrogenotrophic methanogen Methanomicrobiales was dominant in MP. However, our study showed that the methanogen community composition changed during solid waste decomposition. Two reasons might contribute to the difference. First, these two studies sampled in-place solid waste for approximately 3–4 months (Bareither et al., 2013) and 2–3 years (Fei et al., 2015), respectively. Therefore, the aerobic phase is absent due to AP occurring in a short term (usually 1–2 weeks) (Kjeldsen et al., 2002; Song et al., 2015b). Second, the abundance of food waste in tested solid waste was low (1.1%) or zero, much lower than that in this study (57.1%). In this study, AP was separated during solid waste decomposition based on previously published results (Kjeldsen et al., 2002) and under in situ bioreactor operation conditions. Abundances of Methanosarcinales and Methanomicrobiales were detected in solid waste samples of AP and MP. Acidic and thermal conditions in ACP favor the growth of archaea E2 (Godon et al., 1997; Leclerc et al., 2004), likely leading to abundant E2 occurring in solid waste.

Methanogen genera varied according to the variation of the methanogen order. Although methanogen Methanomicrobiales were dominant in AP and MP, their affiliated genera changed, showing that unclassified Methanomicrobiaceae was abundant in AP and Methanocorpusculum was dominant in MP. Hydrogenotrophic methanogens Methanomicrobiaceae and Methanocorpusculum have been reported in AD (Carballa et al., 2015) and molasses wastewater anaerobic reactor (McHugh et al., 2004) due to their tolerance to environmental stress. Acetoclastic methanogens such as Methanosarcina sp. have also been reported in AD (McHugh et al., 2003; Laloui-Carpentier et al., 2006; Langille et al., 2013), indicating that acetoclastic methanogenesis pathways extensively exist in AD. Genus vadinCA11 (affiliated to E2) was also abundant in AD (Godon et al., 1997; Leclerc et al., 2004), owing to its acidophilic and thermophilic adaption characters.

The 30 core top abundant OTUs clearly separated solid waste decomposition into three groups AP, ACP, and MP. At the same time, network analysis and hierarchical clustering analysis separated the methanogen community into three groups AP, ACP, and MP. The combination of these analyses showed that methanogen composition dramatically varied during solid waste and had unique patterns at each phase of decomposition.

RDA analysis showed that BOD5 and nitrate of leachate were the significant impact factors in shaping the methanogen community. BOD5 contains methane metabolic precursors, which are used with methanogen to produce methane. Nitrate has been found as the important factor associated with the methanogen community in landfill (Song et al., 2015a). However, the underlying mechanism of nitrate in driving the methanogen community is unknown. The link between methanogen community structure and important parameters (BOD5 and nitrate) reflected that methanogen community variation accords with changes in physiochemical parameters.

Functional enzyme-encoding genes involved in acetoclastic, hydrogenotrophic, and methylotrophic pathways during solid waste decomposition were determined. For all detected genes in the acetoclastic pathway, AP and MP had higher hit reads than ACP, suggesting that the acetoclastic pathway was inhibited in acidogenesis. The high stress of acidogenesis such as high VFA inhabitation on acetoclastic methanogen has been observed in AD (Karakashev et al., 2006). Except FdhA, the rest of the five genes (FmdE, FTR, MCH, MTD, MER) of the hydrogenotrophic pathway were more abundant in MP than those in AP and ACP. This observation accords with the function of MP that methane production mainly occurs at this phase. The combination of the abundant genes’ involvement in the hydrogenotrophic pathway and our observation on dominant hydrogenotrophic methanogens in Chinese landfills (Song et al., 2015a) indicates that hydrogenotrophic methanogen and its methanogenic pathways significantly contribute to the methane production in solid waste decomposition. In theory, acetate and hydrogen contribute 67% and 33% of total methanogenesis, respectively (Conrad, 1999). However, increasing evidence showed that hydrogenotrophic methanogenesis contributes more CH4 production than previously considered (Karakashev et al., 2006; Krakat et al., 2010; Nettmann et al., 2010), likely due to the higher stress tolerance ability of hydrogenotrophic methanogen than acetoclastic methanogen (Song et al., 2015a). The MtaA gene of the methylotrophic pathway was not detected in this study. The abundance of methylotrophic methanogen E2 in ACP might express other functions than methylotrophic methanogenesis. In response to the variation of the metabolic pathways and the McrG genes, involvement in methane production was inhibited in ACP.

In this study, methanogenesis functional enzyme-encoding genes were predicted based on 16S rRNA homology analysis, showing the potential for methanogenesis. The detected abundant hydrogenotrophic and acetoclastic methanogenesis functional genes in MP and AP were in response to the abundance of Methanomicrobiales and Methanosarcinales. Further studies based on RNA and protein high-throughput analysis are necessary to investigate the activated functions.



CONCLUSION

Methanogen community composition varied at AP, ACP, and MP, which is driven by BOD5 and nitrate. Methanomicrobiales and Methanosarcinales were dominant in AP and MP, while E2 was abundant in ACP. The main methanogen orders and genera were significantly different during solid waste decomposition. The detected abundant hydrogenotrophic and acetoclastic methanogenesis functional genes in MP and AP are in response to the abundance of Methanomicrobiales and Methanosarcinales. The findings provide information on the methanogen community and methanogenesis functional genes in methane production in solid waste decomposition.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

SY, LS, and XP conceived of and designed the research. SY, LL, and RZ conducted the research. SY, LL, XP, and LS contributed to discussions and suggestions. SY analyzed the data. SY and LS wrote the manuscript. All authors read and approved the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (52000016 and 51578642), Natural Science Foundation of Chongqing (Grant No. cstc2018jcyjA3746), and Open Fund of Guangdong Provincial Key Laboratory of Petrochemical Pollution Process and Control, Guangdong University of Petrochemical Technology (No. 2018B030322017).



ACKNOWLEDGMENTS

We would like to thank Erick Song and Ethan Song for their love to support us to conduct this work.


FOOTNOTES

1
http://eggnog.embl.de/

2
http://www.genome.jp/kegg/


REFERENCES

APHA (1998). Standard Methods For The Evaluation Of Water And Wastewater. Washington DC: American Public Health Association Publishing.

Bareither, C. A., Wolfe, G. L., McMahon, K. D., and Benson, C. H. (2013). Microbial diversity and dynamics during methane production from municipal solid waste. Waste Manag. 33, 1982–1992. doi: 10.1016/j.wasman.2012.12.013

Barlaz, M. A. (1997). “Microbial studies of landfills and anaerobic refuse decomposition,” in Manual for Environmental Microbiology, eds J. Hurst, G. R. Knudsen, M. J. McInerney, L. D. Stetzenbach, and M. V. Walter (Washington, DC: American Society for Microbiology), 541–557.

Barlaz, M. A., Schaefer, D. M., and Ham, R. K. (1989). Bacterial population development and chemical characteristics of refuse decomposition in a simulated sanitary landfill. Appl. Environ. Microbiol. 55, 55–65. doi: 10.1128/aem.55.1.55-65.1989

Boe, K., Batstone, D. J., Steyer, J.-P., and Angelidaki, I. (2010). State indicators for monitoring the anaerobic digestion process. Water Res. 44, 5973–5980. doi: 10.1016/j.watres.2010.07.043

Buhlmann, C. H., Mickan, B. S., Jenkins, S. N., Tait, S., Kahandawala, T. K. A., and Bahri, P. A. (2019). Ammonia stress on a resilient mesophilic anaerobic inoculum: methane production, microbial community, and putative metabolic pathways. Bioresour. Technol. 275, 70–77. doi: 10.1016/j.biortech.2018.12.012

Carballa, M., Regueiro, L., and Lema, J. M. (2015). Microbial management of anaerobic digestion: exploiting the microbiome-functionality nexus. Curr. Opin. Biotechnol. 33, 103–111. doi: 10.1016/j.copbio.2015.01.008

Conrad, R. (1999). Contribution of hydrogen to methane production and control of hydrogen concentrations in methanogenic soils and sediments. FEMS Microbiol. Ecol. 28, 193–202. doi: 10.1016/S0168-6496(98)00086-5

De la Cruz, F. B., Cheng, Q., Call, D. F., and Barlaz, M. A. (2021). Evidence of thermophilic waste decomposition at a landfill exhibiting elevated temperature regions. Waste Manag. 124, 26–35. doi: 10.1016/j.wasman.2021.01.014

Dhillon, A., Lever, M., Lloyd, K. G., Albert, D. B., Sogin, M. L., and Teske, A. (2005). Methanogen diversity evidenced by molecular characterization of methyl coenzyme m reductase a (&It;em&gt;mcrA&It;/em&gt;) genes in hydrothermal sediments of the guaymas basin. Appl. Environ. Microbiol. 71:4592. doi: 10.1128/aem.71.8.4592-4601.2005

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461.

Fei, X., Zekkos, D., and Raskin, L. (2015). Archaeal community structure in leachate and solid waste is correlated to methane generation and volume reduction during biodegradation of municipal solid waste. Waste Manag. 36, 184–190. doi: 10.1016/j.wasman.2014.10.027

Garrity, G. M., and Holt, J. G. (2001). “Phylum AII: euryarchaeota phy. Nov,” in Bergey’s Manual® of Systematic Bacteriology, eds D. R. Boone, R. W. Castenholz, and G. M. Garrity (New York, NY: Springer), 211–355.

Godon, J.-J., Zumstein, E., Dabert, P., Habouzit, F., and Moletta, R. (1997). Molecular microbial diversity of an anaerobic digestor as determined by small-subunit rDNA sequence analysis. Appl. Environ. Microbiol. 63, 2802–2813. doi: 10.1128/Aem.63.7.2802-2813.1997

Hammer, Ø, Harper, D., and Ryan, P. (2001). PAST: paleontological statistics software package for education and data analysis. Palaeontol. Electronica 4, 1–9.

IPCC (2013). IPCC Climate Change, The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the IPCC 2013. Cambridge: Cambridge University Press.

Karakashev, D., Batstone, D. J., Trably, E., and Angelidaki, I. (2006). Acetate oxidation is the dominant methanogenic pathway from acetate in the absence of methanosaetaceae. Appl. Environ. Microbiol. 72, 5138–5141. doi: 10.1128/aem.00489-06

Kjeldsen, P., Barlaz, M. A., Rooker, A. P., Baun, A., Ledin, A., and Christensen, T. H. (2002). Present and long-term composition of MSW landfill leachate: a review. Crit. Rev. Environ. Sci. Technol. 32, 297–336. doi: 10.1080/10643380290813462

Krakat, N., Westphal, A., Schmidt, S., and Scherer, P. (2010). Anaerobic digestion of renewable biomass: thermophilic temperature governs methanogen population dynamics. Appl. Environ. Microbiol. 76, 1842–1850. doi: 10.1128/aem.02397-09

Laloui-Carpentier, W., Li, T., Vigneron, V., Mazéas, L., and Bouchez, T. (2006). Methanogenic diversity and activity in municipal solid waste landfill leachates. Antonie Van Leeuwenhoek 89, 423–434. doi: 10.1007/s10482-005-9051-9

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31:814. doi: 10.1038/nbt.2676

Leclerc, M., Delgènes, J.-P., and Godon, J.-J. (2004). Diversity of the archaeal community in 44 anaerobic digesters as determined by single strand conformation polymorphism analysis and 16S rDNA sequencing. Environ. Microbiol. 6, 809–819. doi: 10.1111/j.1462-2920.2004.00616.x

Li, N., Xue, Y., Chen, S., Takahashi, J., Dai, L., and Dai, X. (2017b). Methanogenic population dynamics regulated by bacterial community responses to protein-rich organic wastes in a high solid anaerobic digester. Chem. Eng. J. 317, 444–453. doi: 10.1016/j.cej.2017.02.098

Li, N., He, J., Yan, H., Chen, S., and Dai, X. (2017a). Pathways in bacterial and archaeal communities dictated by ammonium stress in a high solid anaerobic digester with dewatered sludge. Bioresour. Technol. 241, 95–102. doi: 10.1016/j.biortech.2017.05.094

Liu, X., Yang, S., Wang, Y., Zhao, H.-P., and Song, L. (2018). Metagenomic analysis of antibiotic resistance genes (ARGs) during refuse decomposition. Sci. Total Environ. 634, 1231–1237. doi: 10.1016/j.scitotenv.2018.04.048

McHugh, S., Carton, M., Collins, G., and O’Flaherty, V. (2004). Reactor performance and microbial community dynamics during anaerobic biological treatment of wastewaters at 16–37 C. FEMS Microbiol. Ecol. 48, 369–378. doi: 10.1016/j.femsec.2004.02.012

McHugh, S., Carton, M., Mahony, T., and O’Flaherty, V. (2003). Methanogenic population structure in a variety of anaerobic bioreactors. Fems Microbiol. Lett. 219, 297–304. doi: 10.1016/s0378-1097(03)00055-7

Nettmann, E., Bergmann, I., Pramschüfer, S., Mundt, K., Plogsties, V., Herrmann, C., et al. (2010). Polyphasic analyses of methanogenic archaeal communities in agricultural biogas plants. Appl. Environ. Microbiol. 76, 2540–2548. doi: 10.1128/aem.01423-09

Niu, Q., Hojo, T., Qiao, W., Qiang, H., and Li, Y.-Y. (2014). Characterization of methanogenesis, acidogenesis and hydrolysis in thermophilic methane fermentation of chicken manure. Chem. Eng. J. 244, 587–596. doi: 10.1016/j.cej.2013.11.074

Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., et al. (2013). Community Ecology Package (Vegan). R Package Version, 2.0-7. Available online at: https://CRAN.R-project.org/package=vegan

Polag, D., May, T., Müller, L., König, H., Jacobi, F., Laukenmann, S., et al. (2015). Online monitoring of stable carbon isotopes of methane in anaerobic digestion as a new tool for early warning of process instability. Bioresour. Technol. 197, 161–170. doi: 10.1016/j.biortech.2015.08.058

Poulsen, M., Schwab, C., Jensen, B. B., Engberg, R. M., Spang, A., Canibe, N., et al. (2013). Methylotrophic methanogenic Thermoplasmata implicated in reduced methane emissions from bovine rumen. Nat. Commun. 4:1428. doi: 10.1038/ncomms2432

Powell, J. T., Townsend, T. G., and Zimmerman, J. B. (2016). Estimates of solid waste disposal rates and reduction targets for landfill gas emissions. Nat. Clim. Change 6, 162–165. doi: 10.1038/Nclimate2804

Qu, X., Mazéas, L., Vavilin, V. A., Epissard, J., Lemunier, M., Mouchel, J. M., et al. (2009). Combined monitoring of changes in δ13CH4 and archaeal community structure during mesophilic methanization of municipal solid waste. FEMS Microbiol. Ecol. 68, 236–245. doi: 10.1111/j.1574-6941.2009.00661.x

R Core Team (2013). R: A Language And Environment For Statistical Computing. Vienna: R Foundation for Statistical Computing.

Raskin, L., Stromley, J. M., Rittmann, B. E., and Stahl, D. A. (1994). Group-specific 16S rRNA hybridization probes to describe natural communities of methanogens. Appl. Environ. Microbiol. 60, 1232–1240. doi: 10.1128/aem.60.4.1232-1240.1994

Song, L., and Li, L. (2016). Variations in bacterial community in a temperate lake associated with an agricultural watershed. Microb. Ecol. 72, 277–286. doi: 10.1007/s00248-016-0783-z

Song, L., Li, L., Yang, S., Lan, J., He, H., McElmurry, S. P., et al. (2016). Sulfamethoxazole, tetracycline and oxytetracycline and related antibiotic resistance genes in a large-scale landfill, China. Sci. Total Environ. 551-552, 9–15. doi: 10.1016/j.scitotenv.2016.02.007

Song, L., Wang, Y., Tang, W., and Lei, Y. (2015a). Archaeal community diversity in municipal waste landfill sites. Appl. Microbiol. Biotechnol. 99, 6125–6137. doi: 10.1007/s00253-015-6493-5

Song, L., Wang, Y., Zhao, H., and Long, D. T. (2015b). Composition of bacterial and archaeal communities during landfill refuse decomposition processes. Microbiol. Res. 181, 105–111. doi: 10.1016/j.micres.2015.04.009

Song, L., Yang, S., Liu, H., and Xu, J. (2017). Geographic and environmental sources of variation in bacterial community composition in a large-scale municipal landfill site in China. Appl. Microbiol. Biotechnol. 101, 761–769. doi: 10.1007/s00253-016-7917-6

Tang, W., Wang, Y., Lei, Y., and Song, L. (2016). Methanogen communities in a municipal landfill complex in China. FEMS Microbiol. Lett. 363:fnw075. doi: 10.1093/femsle/fnw075

ter Braak, C. J. F., and Smilauer, P. (2002). CANOCO Reference Manual and CanoDraw for Windows User’s Guide: Software for Canocical Community Ordination. version 4.5. Ithaca, NY: Canoco.

Vanwonterghem, I., Evans, P. N., Parks, D. H., Jensen, P. D., Woodcroft, B. J., Hugenholtz, P., et al. (2016). Methylotrophic methanogenesis discovered in the archaeal phylum Verstraetearchaeota. Nat.e Microbiol. 1:16170. doi: 10.1038/nmicrobiol.2016.170

Yang, S., Li, L., Peng, X. Y., and Song, L. (2021). Leachate microbiome profile reveals bacteria, archaea and eukaryote dynamics and methanogenic function during solid waste decomposition. Bioresour. Technol. 320:124359. doi: 10.1016/j.biortech.2020.124359

Youcai, Z., Jianggying, L., Renhua, H., and Guowei, G. (2000). Long-term monitoring and prediction for leachate concentrations in shanghai refuse landfill. Water Air Soil Pollut. 122, 281–297. doi: 10.1023/a:1005235714688

Zhao, R., Liu, J., Feng, J., Li, X., and Li, B. (2021). Microbial community composition and metabolic functions in landfill leachate from different landfills of China. Sci. Total Environ. 767:144861. doi: 10.1016/j.scitotenv.2020.144861

Zhao, X., Li, L., Wu, D., Xiao, T., Ma, Y., and Peng, X. (2019). Modified Anaerobic Digestion Model No. 1 for modeling methane production from food waste in batch and semi-continuous anaerobic digestions. Bioresour. Technol. 271, 109–117. doi: 10.1016/j.biortech.2018.09.091

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yang, Li, Peng, Zhang and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Methanogen Community Dynamics and Methanogenic Function Response to Solid Waste Decomposition



		INTRODUCTION



		MATERIALS AND METHODS



		Bioreactor Operation and Solid Waste Sample Collection



		DNA Extraction



		Illumina MiSeq Sequencing and Data Treatment



		Methanogen Community Composition and Structure Analysis



		Functional Profiling of the Methanogen Community



		Statistical Analysis







		RESULTS



		Solid Waste Decomposition Phase Separation



		Richness and Diversity of the Methanogen Community



		Dynamics of Taxonomic Composition at Order Levels



		Dynamics of Taxonomic Composition at Genus Level



		Dynamics of the Core Operational Taxonomic Units



		Methanogen Community Structures and Their Linked Impact Factors



		Predicted Functional Enzyme-Encoding Genes of Methanogenic Pathways







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-743827-t001.jpg
Order Genus
Methanosarcinales Methanosarcina

E2 vadinCA11
Methanomicrobiales Methanocorpusculum
Methanomicrobiales Unclassified Methanomicrobiaceae
Methanomicrobiales Methanoculleus

AP (%)

33.9% (£2.2)
0.03? (+0.06)
ND
56.6% (+1.4)
2.8% (£0.2)

ACP (%)

19.0° (+4.8)
54.1° (£7.1)
0.02% (+0.02)
13.20 (+£8.9)
6.5° (+0.7)

MP (%)

23.6° (£2.9)
2.22 (+1.4)

61.0° (+2.7)

0.02° (+0.01)
8.6° (+£0.8)

ND, not detected.
Values with the same letters were not significantly different (o < 0.05).





OPS/images/cover.jpg
, frontiers
in Microbiology

Methanogen
CommunityDynamics
and Methanogenic Function
Response to Solid Waste
Decomposition









OPS/images/fmicb-12-743827-g001.jpg
A 800 B 100
- OM - BDM%
600- 75 -
. P |
Q 400- }/} } %\+ ~2 50- §\§ }
=3 %/ \} ' \Q/\+
' ~ 25. ~
. - \+/¥
N : 0
0 60 ;I__1éo 'd1éo 240 300 60 120 180 240 300
¢ op ime (days) 0 800 Time (days)
- TN {1 Nitrate
15-
! il\} }\§ _!
g . \$/ \+\¢\ /
(@)) I o l/ll
' Ammonla
° 60 120 180 240 300 60 __ 120 180 240
Time (days) Time (days)





OPS/images/fmicb-12-743827-g002.jpg
A

160-

120-
-  80-
I_
O

40-
O_
0 10000 20000 30000 40000
Sequences
¢ 200
—

. 150- T

()]

©

<

O

2 100- B

O

50 - @
AP ACP MP

OTU number

O

Shannon index

B 200+
150- B
B
50
AP ACP MP
2.9 -
b
2.0- -
1.5 a |
— —
1.0-
0.5-
AP ACP MP






OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-743827-g003.jpg
>
—_—
o
o

I others

I Vethanococcales
I Euryarchaeota*
15 Archaea*
> I 2
o, [ ] Methanomicrobiales
e 50 [ Methanosarcinales
5
c ,
a2 25
<
0
B 75 : ——
Methanosarcinales Methanomicrobiales
50:;
2 a b b
25;
0- 0-
AP ACP MP AP ACP MP
75 = 75
|Methanococcales
50 50
Q2 a da N ]
" 25. ° 95
0 Ol o mm s
AP ACP MP AP ACP MP

(@
—
o
S

B others
B Unclassified Euryarchae
15 Il Archaea*
X I Methanoculleus
o I Methanocorpusculum
2 50 [ ] vadinCA11
ke [ ] Methanomicrobiaceae*
c [ | Methanosarcina
-
o 25
<
0
IS =
D 75 Methanosarcina 7"_Methanomicrobiaceae*
50 90
Y X
o o
25 251 °
' c
0- 0
AP ACP AP ACP MP
IS
75 vadinCA11 75 Methanocorpusculum b
50 50-
2 X
o o
25; 25;
a
0; 0;
AP ACP AP ACP MP





OPS/images/fmicb-12-743827-g004.jpg
OTu ID
OTU84
OTU497
OTU170
OTU260
OTU511
OTU93
OTU257
OTU233
OTU201
OTU101
OTU519
OTU105
OTU518
OTU104
OoTuU227
OoTU219
OTU411
OoTuU218
OTU401
OTu16
OTU468
OTU17
OTU141
OTU304
OTU133
oTU132
OTU173
OTU153
OTU502
OTU208

Taxonomy

E2

Methanomicrobiales sp.
Methanosarcina sp.
Methanofollis sp.
Crenarchaeofta sp.
Archaea

Euryarchaeota sp.
Methanocaldococcaceae sp.
Archaea

Archaea

Archaea

Methanoculleus sp.
Methanocorpusculum sp.
Methanosarcina mazei
Archaea

Archaea

Methanomassiliicoccaceae sp.

Archaea
Archaea
Methanoculleus bourgensis

Methanomassiliicoccaceae sp.

Methanoculleus sp.
Archaea

E2

Archaea
Nitrososphaerales sp.
E2

Methanosaeta sp.
Archaea

Archaea

Hydrogenotrophic methanogen
Acetoclastic methanogen
Mixotrophic methanogen
Methylotrophic methanogen

p <0.05

0.6

0.5

0.4

0.3

0.2

Relative abundance of taxa (%) Relative abundance of taxa (%) Relative abundance of taxa (%) Relative abundance of taxa (%)

OTU497
60+ oTU105
—O0TU518
—O0UT16
40+ -~ oTu1?
204
0_ V3
AP ACP MP
40
OTU170
OTU153
204
0-
AP ACP MP
30
OTU104
20
10-
O-
-10 : : .
AP ACP MP
OTU84
60 OTU304
—O0TU173
40-
20-
0-
AP ACP MP






OPS/images/fmicb-12-743827-g005.jpg
‘@ Y
=
"(}J

o

N

>

N
W)

0.4 03 02 01 0.0

Distance bar

RDA2 (32.9%)

AP (174

ACP(206)

xeps, TN BODs

COD

Ammonia

BDM

. STN
A’%E)zs Snitrate

‘Ap.q Sammonia

-4 -2 0 2 4 6
RDA1(66.5%)






OPS/images/fmicb-12-743827-g006.jpg
A

H2
FdhA EchA
 Formate | > CO2 Formyl-MFR |
FmdE —
MCH L/
' 5,10-Methenyl-THMPT |«—— " — N5-Formyl-THMPT |

MTD ‘ Coenzyme M

5,10-Methylene-THMPT |

MER

Coenzy
me M B

COM-S-
S-CoB

| 5-Methyl-THMPT [

3 Methyl-CoM |

1\

)«

A

cdhc |

[ Acetyl-CoA ‘(—
PTA |,

TAcetyphbsphate ‘
AckA |

MtrA

ACSS

V

McrG

MtaA

‘ Acefate ‘(—

‘ Methanol ‘

——> Hydrogenotrophic methanogenesis

—> Acetoclastic methanogenesis

——> Methylotrophic methanogenesis

Genes
FdhA
FmdE
FTR
MCH
MTD
MER
PTA
AckA
ACSS
MtrA

O
o))

Relative abundance (%) ©

O
o

AP
6736
199738
12801
22027
12753
13291
17075
17385
247206
115896

ACP
4686
115426
7356
12310
7352
7603
12875
13230
198132
70546

MP
4622
221377
14057
16689
14045
14185
1 28k888
13270
298866
119947

0.4+

0.2+

McrG






OPS/images/fmicb-12-743827-g007.jpg
Methanogen [ PR
Community: |\ gz (&
Succession ~

AP

Decomposition Time





