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	Summary The practice of co-incorporating rice straw and leguminous green manure (such as Chinese


	milk vetch) to paddy soils has become increasingly popular in the last ten years, although its effect on


	soil CH4 emissions and microbial community structure is poorly understood. In this study, data from a


	2-year pot experiment were used to reveal the effects of the co-incorporation of rice straw and Chinese


	milk vetch on CH4 emissions and methanogenic and methanotrophic communities in paddy soil. Five


	treatments were chosen: CK (unamended control), CF (inorganic fertilizer), FM (inorganic fertilizer


	and Chinese milk vetch, 20 g 10 kg-1 dry soil, 4.5 t ha-1), FR (inorganic fertilizer and rice straw, 20 g 10


	kg-1 dry soil, 4.5 t ha-1), and FMR (inorganic fertilizer and Chinese milk vetch and rice straw mixture,


	5+15 g 10 kg-1 dry soil, 1.125+2.375 t ha-1). Overall, the soil CH4 emissions in the two years under all


	residue treatments (104.4–122.8 and 83.3–133.3 g CH4 m-2) were higher than those in CK (57.0 and


	20.7 g CH4 m-2) and CF (71.8 and 21.9 g CH4 m-2). The FMR treatment decreased CH4 emissions when


	compared with FM and FR, especially in the second year. A higher abundance of methanogens (mcrA

gene copies) was found under the plant residue-treated soils (4.35×108  g-1  dry soil on average), and FM


	increased the abundance of methanotrophs (pmoA gene copies, 2.68×106 g-1  dry soil). Application of


	plant residues changed the methanogenic and methanotrophic community structures in comparison


	with CF, e.g., markedly increased the populations of Methanobacteriales and Methylomonas and


	suppressed Methanomicrobiales and Methylobacter populations. Methane emissions were significantly


	and positively related to the mcrA and pmoA gene copy numbers, as well as the mcrA/pmoA ratio.


	Partial least squares path model (PLS-PM) indicated that the rice plant biomass (path coefficient =


	0.64), the abundance of methanogens (path coefficient = 0.57), and the community structure of


	methanotrophs (path coefficient = -0.59) were determinants of CH4 emissions. Among the three


	residue-treated soils, FMR showed the lowest CH4 emission and was associated with a slight decrease


	in mcrA/pmoA ratio and a significant increase in the Type I/Type II methanotrophs ratio. Thus, we


	recommend the co-incorporation of Chinese milk vetch and rice straw as a sustainable fertilization


	pattern to improve the growth of rice and minimize CH4 emissions.
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51	Highlights:
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53	1) Residue application improves rice productivity (except for FR), soil fertility, and CH4 emissions.

54

	2) Co-incorporation of MV and RS reduces CH4 emissions in comparison with pure MV or RS


	addition.


57

58	3) Residue application changes the community structure of methanogens and methanotrophs.

59

	4) The methanogenic abundance and the methanotrophic community structure determine the CH4


	emissions.
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63	Introduction
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	Methane (CH4) is the second-largest contributor to radiative forcing of the earth’s climate system


	after carbon dioxide (CO2). It has a global warming potential 25 times higher than that of CO2 over a


	100-year period and causes approximately 15-20% of the observed global warming (IPCC 2007, 2013).


	Rice ecosystems are an important source of CH4, producing emissions of 25.6 Tg CH4 year-1  and


	accounting for 10% of the global (anthropogenic) CH4 budget (Yan et al., 2009; Nazaries et al., 2013).


	However, rice is a staple human food crop, and the land area used for rice production to feed the


	growing human population is predicted to increase in the coming decades (Nguyen and Ferrero, 2006).


	Therefore, strategies for mitigating CH4 emissions from paddy fields have attracted much interest in


	recent years.


	Generally, CH4 fluxes from soils depend on the balance between production by methanogens and


	consumption by methanotrophs. In rice paddy soils, methane is produced by two major physiological


	guilds, the acetotrophic and hydrogenotrophic methanogens. To date, only Methanosarcina and


Methanosaeta have been identified as acetotrophic methanogens that utilize acetate for CH4 production

	(Jetten et al., 1992; Costa and Leigh, 2014). Hydrogenotrophic methanogens consist of the orders


Methanobacteriales, Methanomicrobiales, and Rice Cluster I, all of which have commonly been

	reported in paddy fields (Vaksmaa et al., 2017; Han et al., 2018). Methanotrophs have traditionally


	been divided into Gammaproteobacteria (Type I) and Alphaproteobacteria (Type II; Semrau et al.,


	2010). Type I methanotrophs are further subdivided into Type Ia, which includes the genera


Methylosarcina, Methylobacter, Methylomonas, and Methylomicrobium, and Type Ib, which includes

	the genera Methylococcus, Methyloparacoccus, and Methyloterricola (Dedysh and Knief, 2018). Type


	II methanotrophs include Methylosinus and Methylocystis (Sengupta and Dick, 2017). In addition, it is


	known that Type I methanotrophs are more active in CH4 assimilation than Type II methanotrophs


	(Shrestha et al., 2008; Qiu et al., 2008; Ma et al., 2013). Although studies on the community


	composition of the methanogens and methanotrophs have become more common over the last decade


	(Conrad et al., 2012; Ma et al., 2013; Vaksmaa et al., 2017), the link between soil CH4 emissions and


	specific microorganisms and communities remains unclear.


	Recent studies have indicated that methanogenic and methanotrophic community structures can


	be influenced by the application of crop residues to paddy soil (Seghers et al., 2003; Conrad and Klose,


	2006; Zhang et al., 2018). Conrad et al. (2012) suggested that the size of the methanogenic


	communities generally increased during incubation with straw. However, the composition of


	methanogens changed in a different way (Serrano-Silva et al., 2014). For instance, rice straw addition


	selectively enhanced the growth of Methanosarcinaceae and Methanobacteriales while suppressing


	Rice Cluster I and Methanomicrobiales in Italian and Chinese paddy soils (Conrad and Klose, 2006;


	Peng et al., 2008). The application of residues also enhanced the abundance of methanotrophs due to


	increased substrate availability (CH4) in residue-treated soils (Yan et al., 2005; Seghers et al., 2005;


	Zhang et al., 2018). Seghers et al. (2003) reported that Type I methanotrophic communities might


	increase more rapidly than Type II communities when residues are applied to soils. This difference


	occurs due to the competitive advantage that Type I methanotrophs have when occupying niches in


	which resources are more abundant, as occurs after the addition of anoxic manure and the subsequent


	increase in CH4 concentrations.


	Returning rice straw into the paddy fields is a critically important fertilization practice (Xia et al.,


	2018). However, a significant enhancement of CH4 emissions has been observed after applying rice


	straw due to an increased availability of C substrates for the methanogens present in paddy soils (Zou


	et al., 2005). Moreover, there is a large area of winter fallow paddy fields during the period from


	November to the following March in southern China. The cultivation of Chinese milk vetch in these


	fields can serve as a substitute for some of the chemical N by fixing the atmospheric N with rhizobia


	(Xie et al., 2016). Hence, the cultivation of Chinese milk vetch has been recommended to improve rice


	productivity in southern China. However, this practice also increases CH4 emissions (Liu et al., 2016;


	Raheem et al., 2019; Zhou et al., 2019). Lauren et al. (1994) reported that slightly higher percentages of


	added C were recovered as CH4 with leguminous green manure (purple vetch) relative to rice straw, as


	the leguminous green manure application favoured more volatile fatty and isovaleric acids formation


	than rice straw.


	In addition, the practice of co-incorporating rice straw and Chinese milk vetch to paddy soils has


	become increasingly popular recently (Yang et al., 2019; Zhou et al., 2020). Studies have shown that


	the co-incorporation of rice straw and leguminous straw decreased the total CH4 emission per unit of  C


	applied (Bhattacharyya et al., 2012; Liu et al., 2016). However, Kaewpradit et al. (2008) and Zhou et al.


	(2019) showed opposite results, which were caused by non-additive synergistic effects. Although they


	provided reasonable explanations for these phenomena, few studies have explored how the addition of


	mixed organic residues affected CH4 emissions by impacting the CH4-related microbial community.


	Hence, more research is needed to assess the effects of co-incorporation practices on CH4 emissions. In


	the present study, we conducted a pot experiment involving the application of pure Chinese milk vetch,


	pure rice straw, and a mix of both to answer the following questions: (1) How does the type of residue


	affect the soil CH4 emissions? (2) Do different types of residue applications result in different


	CH4-related microbial communities? (3) How do CH4 emissions respond to the CH4-related microbial


	community?


	


	Materials and methods




Experimental soil, rice straw, and Chinese milk vetch



	The soil was collected from 0 to 20 cm in a rice paddy field that had been intensively cultivated


	with rice for more than 20 years at the Dengjiabu rice cropping farm (28°15′N, 116°55′E, 37.8 m


	altitude) in the Yujiang county, Jiangxi province, China. The soil was a Stagnic Anthrosol (FAO


	classification), derived from river alluvium deposits, with 345 g kg-1 sand, 359 g kg-1 silt, and 296 g


	kg-1 clay. Fresh soil samples with an initial water content of 12% (w/w) were ground to pass through a


	2-mm stainless steel sieve and remove stones for the pot experiments. The main properties of the soil


	were as follows: pH (1:2.5 H2O) 5.5, 16.5 g kg-1 organic C, 1.48 g kg-1 total N, 0.30 g kg-1 total P, 23.6


	g kg-1 total K, 87.0 mg kg-1 mineral N, 21.6 mg kg-1 available P, and 103.2 mg kg-1 available K.


	The following residues were collected from the same location as the soil: rice straw (hereafter


	abbreviated as RS) and Chinese milk vetch (hereafter abbreviated as MV). Each residue was collected


	from ten points and pooled. The collected material was dried and cut into 2 cm pieces. The main


	properties of the residues were as follows: RS, 40.8% total C, 0.6% total N, 0.05% total P, and 3.2%


	total K; MV, 40.4% total C, 2.5% total N, 0.3% total P, and 2.1% total K.


	


Experimental design



	A two-year pot experiment was conducted at the Chinese Academy of Agricultural Sciences,


	Beijing. The pot experiment was performed over two growth periods running from 29 May to 20


	October in 2016 and from 25 May to 20 September in 2017. The pots were kept outside in a netted


	enclosure so that they would reflect the outside air temperature and environment. Between the two rice


	cultivation periods, pots were moved into a greenhouse (5–10 °C) and soil water contents were kept


	roughly consistent at 60% water holding capacity (Zhao et al., 2014).


	Five treatments, each with three replicates, were compared: unamended (CK), inorganic fertilizer


	treatment (CF), inorganic fertilizer and MV (FM), inorganic fertilizer and RS (FR), and inorganic


	fertilizer and an RS and MV mixture (FMR). To directly compare the effects of each type of plant


	residue on CH4 emissions, equal volumes of crop residues (20 g 10 kg-1 dry soil) were applied in each


	residue-treated pot. The addition of 20 g dry plant residues per 10 kg dry soil corresponded to a field


	application rate of 4.5 t ha−1. Specifically, considering that there were symptoms of nutrient deficiency


	observed in a pre-experiment where the pot received common amounts of inorganic fertilizer, the


	application rates of the inorganic fertilizer and Chinese milk vetch were doubled relative to the most


	common levels observed in the fields (150 kg N ha-1, 75 kg P2O5 ha-1 and 120 kg K2O ha-1, and 2.25 t


	dry-weight Chinese milk vetch ha-1). The use of MV and RS in the FMR treatment was based on the


	most common levels employed in typical farms, using a ratio of approximately 1:3 (2.25 t dry-weight


	Chinese milk vetch ha-1, 6.75 t dry-weight rice straw ha-1). Plant residues, 50% N fertilizer (urea), and


	total P (superphosphate) and K (potassium chloride) fertilizers were mixed throughout the soil as the


	basal fertilizer on the day the incubation was set up. An additional 50% N fertilizer was top-dressed at


	the ear differentiation stages of rice (Yang et al., 2019). The volumes of plant residue and inorganic


	fertilizer applied in each year of the experiment are shown in Table 1.


	The pots were constructed with PVC pipes 30 cm high and 23 cm in diameter. The top edge of the


	pot had a groove that could be filled with water to seal the rim of the gas-collecting chamber. The PVC


	chamber (90 cm in height and 27 cm in diameter) was equipped with a battery-driven fan, a


	thermometer, and a sampling septum (see Zhao et al., 2014 for detailed information). A total of 10 kg


	of soil (dry-weight basis, 2-mm sieved) was packed into each pot to a depth of 20 cm and a density of


	1.20 g cm-3. The rice plants were transplanted 15 days after the fertilizer and residues were applied,


	placing four seedlings (20-day-old) in each pot on 29 May 2016 and 25 May 2017. The rice was


	harvested on 20 October 2016 and 20 September 2017. Deionized water was added to each pot to


	maintain a 2-cm depth of water above the soil surface during the entire growth period. The rice


	cultivars used in 2016 and 2017 were Jiahe 218 and Tianlong NO. 1, respectively.


	


Sampling and measurement



	Methane was measured once weekly between 9:00 and 11:00 a.m. during the entire rice-growing


	season in 2016 and 2017 by taking samples of the headspace gas in an open-bottom cylindrical


	chamber (Zhao et al., 2014). To collect the gas samples, a chamber was placed over the plants for a


	period of 60 min with the rim of the chamber fitted into the groove of the pot. Four gas samples from


	the chamber air were collected with a 20-ml syringe from each chamber at 15 min intervals. The


	samples were injected into evacuated vial bottles (18 mL) sealed with butyl rubber septa stoppers for


	analysis at the laboratory. The air temperature within the chamber during gas sampling was recorded.


	The CH4 concentration was determined using a gas chromatograph (Agilent 7890A, Agilent


	Technologies, USA) equipped with a flame ionization detector (FID). The carrier gas for the CH4


	analysis was N2 (99.999%) at a flow rate of 40 ml min-1. The temperatures of the oven and FID were


	50 °C and 300 °C, respectively. The CH4 flux was calculated based on a linear regression of the change


	in CH4 concentration over time (Zou et al., 2005):


V      Δc	273
	

 𝐹 = 𝜌 × (A × Δt × T + 273)
 (1)

	where F is the CH4 flux (mg CH4 m−2 h−1), 𝜌 is the gas density of CH4 under a standardized state (mg


	cm−3), V is the volume of the chamber (m3), A is the chamber area (m2),

 Δc/Δt
 is the rate of change in

	the concentration of CH4 (ppm h-1), and T is the average temperature in the chamber (℃).


	The total CH4 emissions during the entire growing period were calculated by the formula by


	Singh et al. (1999):


	Total CH emission = ∑𝑛(𝑅𝑖 × 𝐷𝑖)

 


(2)
4	𝑖

	where Di indicates the number of days, Ri indicates the measured flux in the ith sampling interval, and


n is the number of sampling intervals.

	Rice plants were harvested each season at the soil surface. The aboveground straw and grain were


	dried and weighed for biomass analysis. Soil samples were collected during rice harvesting in 2017.


	Three cores were sampled from each pot (2–3 cm away from the rice plant) using a soil auger (3 cm in


	diameter and 20 cm in depth) and thoroughly mixed to make a composite sample. Soil samples were


	subsequently transported to the laboratory on ice and stored either at 4 °C for mineral N, dissolved


	organic C, and Fe2+/Fe3+ analyses (within 1 week), at −80 °C for microbiological analysis, or air-dried


	at room temperature for other chemical analyses.


	Soil and plant C and total N were measured using a CHN elemental analyser (Elementar


	Analysensysteme GmbH, Hanau, Germany). Soil dissolved organic C was determined using a


	procedure described by Jones and Willett (2006). The soil was extracted with 2 mol L-1 KCl, and the


	mineral nitrogen concentration of the extract was measured using a continuous flow analyser (AA3,


	SEAL, Germany). The available phosphorus was assayed according to the method described by Olsen


	et al. (1954) and the available potassium was determined by the ammonium acetate method (Helmke


	and Sparks, 1996). The Fe2+ and Fe3+ concentrations were determined by the ultraviolet


	spectrophotometric method described by Gao et al. (2017). Soil pH was measured with a compound


	electrode at a soil-to-water ratio of 1:2.5.


	


DNA extraction and quantitative real-time PCR



	Genomic DNA was extracted from 0.5 g moist soil using the E.Z.N.A.® Soil DNA Kit (Omega


	Bio-tek, Norcross, GA, USA), according to the manufacturer’s instructions. The quality of the DNA


	was examined by electrophoresis in 1.0% agarose gel and the concentration was measured with a


	Nanodrop ND-2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA). The extracted DNA was


	eluted in 100 μL Elution Buffer and stored at -20 °C for qPCR and MiSeq Illumina analyses.


	For the analysis of methanogenic communities, the primer set MLf/MLr was used to target the


mcrA gene (Table S1), which encodes the alpha subunit of methyl-coenzyme M reductase and catalyses

	the final step in methanogenesis (Luton et al., 2002). This approach has been widely used for the


	detection of the methanogenic diversity in paddy soils (Lee et al., 2014; Zhang et al., 2018). The


	analysis of the methanotrophic communities was based on the pmoA gene, which encodes the beta


	subunit of particulate methane monooxygenase, an enzyme that catalyses the first step in the CH4


	oxidation pathway (Sengupta and Dick, 2017). The primer pair used for the amplification was


	A189F/mb661R (Table S1). These primers have been shown to provide the best coverage of the


	methanotrophic diversity in soil samples (Bourne et al., 2001).


	The mcrA and pmoA genes copy numbers were measured via quantitative real-time PCR with


	primers MLf/MLr and A189F/mb661R, respectively, using the Line-Gene 9600 Plus Real-time PCR


	system (Bioer, Hangzhou, China). The reaction mixture (20 μL) included 16.5 μL of ChamQ SYBR


	Color qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China), 0.8 μL of forward primer (5


	μM), 0.8 μL of reverse primer (5 μM), and 2 μL of template DNA (10 ng). The thermocycling


	procedures for qPCR amplification for the mcrA and pmoA genes included an initial hold for 5 min


	at 95 °C, followed 40 cycles of melting for 5 s at 95 °C, annealing for 30 s at specific temperature,


	and an extension for 40 s at 72 °C.


	


Illumina MiSeq sequencing



	The methanogenic mcrA and methanotrophic pmoA genes were amplified by PCR using the


	primers MLf/MLr and A189F/mb661R, respectively. The forward primer of each combination


	contained a unique barcode used to tag each sample. The PCR reactions were performed in triplicate


	for each sample using a 20-μl reaction mixture, containing 4 μl of 5 × FastPfu Buffer, 0.4 μl of


	TransStart FastPfu Polymerase (Transgen Biotech, Beijing, China), 2 μl of dNTPs (2.5 mM), 0.8 μL of


	forward  primer  (5  μM), 0.8  μL of  reverse  primer  (5  μM), and  10 ng  of  template  DNA. The PCR


	conditions are described in Table S1. Amplicons were extracted from 2% agarose gels and purified


	using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), according to


	the manufacturer’s instructions, and quantified using QuantiFluor™-ST (Promega, USA). The purified


	amplicons were pooled in equimolar amounts and paired-end sequenced (2 × 250) on an Illumina


	MiSeq platform according to standard protocols. The raw reads were deposited in the NCBI Sequence


	Read Archive database under the accession numbers PRJNA506649 and PRJNA506680.


	


Processing of sequencing data



	Raw fastq files were demultiplexed and quality-filtered using QIIME (version 2.0) with the


	following criteria: (i) the 300-bp reads were truncated at any site, receiving an average quality score <


	20 over a 50-bp sliding window (the truncated reads that were shorter than 50 bp were discarded); (ii)


	exact barcode matching, 2-nucleotide mismatch in primer matching, and removal of reads containing


	ambiguous characters; and (iii) only sequences that overlapped by more than 10 bp were assembled


	according to their overlap sequence. Reads that could not be assembled were discarded. Chimeric


	sequences were removed using the UCHIME algorithm (Edgar et al., 2011). After the quality control,


	218,318 and 209,237 high-quality raw sequence reads were obtained for methanogens and


	methanotrophs, respectively.


	Valid sequences were clustered into operational taxonomic units (OTUs) using Usearch (version


	7.1 http://drive5.com/uparse/), with a sequence identity threshold of 93% for the methanogenic mcrA

and methanotrophic pmoA genes (Lüke and Frenzel, 2011). In total, 98 and 132 OTUs were obtained


	for methanogens and methanotrophs, respectively. The representative OTUs were compared against the


	Fungene database (http://fungene.cme.msu.edu/). Then, taxonomic identities were assigned to all OTUs


	using the RDP classifier in QIIME with a confidence of 0.7 and the reference dataset. The same


	number  of  sequences  in  each  Illumina  sequencing  library  were  subsampled  randomly  by Mothur


	(Schloss et al., 2009; http://www.mothur.org/wiki/Schloss_SOP), and the alpha diversity indices were


	calculated. Good’s coverage (Good, 1953), Chao1 estimator (Chao, 1984), Shannon index (Chao and


	Shen, 2003), and Heip index (Heip, 1974) values were calculated to describe the community’s


	coverage, richness, diversity, and evenness.


	


Statistical analysis



	Statistical analyses were performed using SAS version 8.1. The mean values of each variable (e.g.,


	soil properties, methane emission, mcrA and pmoA gene copy numbers, alpha diversity, and relative


	abundance of methanogens and methanotrophs) measured in the different treatments were compared by


	one-way ANOVA using Duncan’s test (P < 0.05). The correlations between methane emissions, alpha


	diversities of methanogens and methanotrophs, and soil properties were assessed by Spearman’s test,


	and significance was accepted at a probability level of P < 0.05. We used nonmetric multidimensional


	scaling (NMDS) based on Bray-Curtis dissimilarities to reveal changes in soil methanogenic and


	methanotrophic community structures. The significance of the observed clustering of samples in the


	ordination plot was assessed by the ANOSIM test (999 permutations; Clarke, 1993). Redundancy


	analysis (RDA) with the Monte Carlo permutation test (499 permutations), as implemented in Canoco


	for Windows version 5.0, was performed to determine whether soil methanogenic and methanotrophic


	community composition was correlated with methane emission and soil properties (Edwards et al.,


	2007). The relationships between fertilization regimes, soil properties, methanogenic and


	methanotrophic communities, and soil CH4 emissions were explored using partial least squares path


	modelling (PLS-PM), a statistical method that is particularly useful for demonstrating cause-and-effect


	relationships among observed and latent variables (Tenenhaus et al., 2005). The estimates of path


	coefficients and the coefficients of determination (R2) in our path model were validated in R (v. 3.4.1)


	with the package plspm (1000 bootstraps).


	


	Results




Rice plant biomass, Soil properties, and CH4 emissions



	The application of MV (FM and FMR) significantly increased rice plant biomass in comparison


	with the no-residue control (CF; Table S2). The application of MV and RS resulted in several


	significant changes in soil physicochemical properties over the two years (Table S2). Compared with


	the CF, application of plant residues (FM, FR, and FMR) contributed to significant (P < 0.05) increases


	in soil organic C (SOC) and dissolved organic C (DOC) concentrations. Moreover, MV treatments (FM


	and FMR) significantly (P < 0.05) increased soil mineral nitrogen (Nmin) concentrations, and the RS


	treatment (FR and FMR) significantly (P < 0.05) increased soil available P (AP) and K (AK)


	concentrations in comparison with CF.


	During the two rice-growing seasons, similar temporal trends, with varying magnitudes of CH4


	fluxes in different treatments, were observed (Figure 1). The CH4 fluxes exhibited distinct seasonal


	variations, reaching a peak approximately one month after the rice seedlings were transplanted and then


	declining and stabilizing prior to harvest. Compared with CF, the application of plant residues


	significantly (P < 0.05) increased soil CH4 emissions (Figure 1). The CH4 emissions from plant


	residue-treated soils were approximately 112 g CH4 m-2 in 2016 and 107 g CH4 m-2 in 2017, 1.6 and 4.9


	times those observed for CF, respectively (Figure 1). Furthermore, the FMR treatment resulted in lower


	CH4 emission than the FM and FR treatments, and the differences among the three treatments were


	significant (P < 0.05), with the exception of the difference between FR and FMR in 2016.


	


Abundance of methanogens and methanotrophs



	The analysis of the community abundance of methanogens and methanotrophs based on the copy


	numbers of mcrA and pmoA genes, respectively, showed that the gene copy number of mcrA was 100


	to 200 times higher than that of pmoA in all treatment groups (P < 0.05; Figure 2). Residue amendment


	significantly (P < 0.05) increased the mcrA gene copy number compared with CF. The highest mcrA

gene copy number was observed after FM treatment, being significantly (P < 0.05) higher than those


	observed after FMR and FR treatment (the FMR treatment elicited the next highest level; Figure 2A).


	In contrast, the application of plant residues had little effect on the pmoA gene copy number except in


	the  case of  FM (Figure  2A).  The mcrA/pmoA  ratios  were significantly  (P  < 0.05)  increased by the


	application of residues (Figure 2B). The Spearman analysis revealed that the copy numbers of mcrA

and pmoA genes and the mcrA/pmoA ratios correlated well with the cumulative CH4 emissions and rice


	plant biomass (Table S3). Moreover, the mcrA gene copy number was positively correlated with SOC,


	Nmin, DOC, and pH. The pmoA gene copy number was positively correlated with TN, Nmin, and pH,


	while the mcrA/pmoA ratio was positively associated with SOC, Nmin, and AK (Table S3).


	


Alpha diversity analysis of methanogens and methanotrophs



	The sequencing depth indicator (Good’s coverage) of the mcrA and pmoA genes in all 15


	samples exceeded 99.9% (Table S4), indicating that these libraries can accurately reflect the diversity


	of methanogens and methanotrophs. With respect to the alpha diversity of methanogens, the


	Observed OTUs, Shannon, and Heip indices were lower than those of CF for all residue-treated soils,


	especially  FR,  confirming  that  application  of  plant  residues  decreased  the  alpha  diversity  of


	methanogens. For methanotrophs, the application of plant residues also decreased the diversity of


	methanotrophs based on the Shannon and evenness (Heip) estimators.


	The relationship between alpha diversity indices and individual soil properties is shown in Table


	S5. For methanogens, the Observed OTUs, Chao1, Shannon, and Heip indices were significantly and


	negatively associated with soil CH4 emissions, SOC, and AP concentrations. In addition, the


	Observed OTUs index increased significantly at higher soil Fe2+/Fe3+ ratios. For methanotrophs, the


	Observed OTUs and Chao1 indices were significantly and positively correlated with the soil


	Fe2+/Fe3+ ratio but negatively correlated with soil Nmin and AP concentrations. Moreover, the


	Shannon and Heip indices significantly decreased as the soil DOC concentration and the Fe2+/Fe3+


	ratio increased.


	


Community structures of methanogens and methanotrophs



	To determine whether fertilization is associated with alterations in soil methanogenic and


	methanotrophic community structures, we profiled the overall structural changes in the methanogenic


	and methanotrophic microbiotas using NMDS based on Bray-Curtis dissimilarities. The NMDS


	ordination revealed a fertilization-dependent structural rearrangement of soil methanogenic (stress =


	0.065) and methanotrophic (stress = 0.043) microbiota (Figure 3). The ANOSIM test showed that there


	were significant differences between the treatments in the methanogenic (R = 0.938, P = 0.001) and


	methanotrophic (R = 0.898, P = 0.001) communities (Figure 3).


	The community structures of methanogens were characterized by Illumina-based MiSeq


	sequencing analysis of methanogenic mcrA genes. The numbers of detected OTUs in the 15 samples


	ranged from 69 to 87. Taxonomic profiling revealed that the methanogenic community in this paddy


	soil was dominated by members of Methanobacteriales, Methanosarcinales, Methanomicrobiales, Rice


	Cluster I, and Methanomassiliicoccales (Figure 4A, Table S6), accounting for 38.8%, 35.8%, 7.9%,


	7.2%, and 3.2% of the total reads, respectively. Compared with CF, the application of plant residues


	significantly (P < 0.05) enhanced the abundance of Methanobacteriales by 60.4% (FM), 90.7% (FR)


	and 68.6% (FMR), but decreased the abundance of Methanomicrobiales by 92.6% (FM), 92.2% (FR),


	and 96.7% (FMR; Table S7).


	For methanotrophic pmoA genes, the numbers of detected OTUs ranged from 54 to 79.


	Taxonomic profiling indicated that the most abundant OTUs (relative abundance > 1%) could be


	classified as members of Methylomonas (22.9%), Methylobacter (7.5%), Methylosarcina (0.6%; Type


	Ia), Methylococcus (5.8%; Type Ib), Methylocystis (47.8%), and Methylosinus (9.3%; Type II; Figure


	4B). The CK treatment resulted in the highest abundance of Type II methanotrophs (72.8%), whereas


	the fertilization treatments resulted in significantly (P < 0.05) lower numbers of Type II methanotrophs


	(46.7–57.5%; Table S7). Furthermore, the abundance of Methylocystis (Type II) was lower after the


	FMR treatment than after the FM or FR treatments (Table S7). In contrast, the treatment of the soil


	with plant residue amendments significantly (P < 0.05) increased the abundance of Type Ia


	methanotrophs (especially Methylomonas, with the exception of Methylobacter) to 31.9–42.1%, with


	the largest increase occurring after the FMR treatment (Table S7).


	The relationships of methanogenic and methanotrophic communities and environmental factors


	were investigated by RDA analysis (Figure 5). The first and second axes explained 87.5%, 78.7% and


	4.5%,  7.3%  of  the  variance  of  methanogenic  and  methanotrophic  communities  from  different


	treatments, respectively. Specifically, the SOC, Nmin, AP, and AK concentrations showed positive


	impacts on the Methanobacteriales and negative impacts on the Methanomicrobiales (Figure 5, Table


	S8).  For  methanotrophs,  soil  nutrients  (including  Nmin  and  AP)  and  rice  plant  biomass  showed


	positive effects on the predominant Type I methanotrophs (e.g., Methylomonas) and negative effects on


	the Type II methanotrophs (e.g., Methylosinus; Figure 5, Table S8).


	


Relationship between soil environment factors, CH4-related microbial communities, and CH4 emissions



	To better integrate the complex interrelationships among treatments, rice plant biomass, soil


	properties, microbial communities, and CH4 emissions, we constructed a partial least squares path


	model (PLS-PM; Figure 6, Table S9). The model showed that the rice plant biomass (path coefficient =


	0.64), abundance of methanogens (path coefficient = 0.57), and community structure of methanotrophs


	(path coefficient = -0.59) had important direct effects on soil CH4 emissions. Overall, RS and MV had


	larger indirect effects (0.59 and 0.60) than inorganic fertilizer (0.18) on soil CH4 emissions (data not


	shown). These indirect effects were mediated by the soil nutrient status (a combination of SOC, TN,


	Nmin, AP, AK, and DOC) and soil pH, and subsequently affected the abundance of methanogens and


	the community structure of methanotrophs. In addition, inorganic fertilizer had direct effects on the soil


	Fe2+/Fe3+ ratio (path coefficient = -0.95) that indirectly affected soil CH4 emission by influencing the


	community structure of methanotrophs.


	


	Discussion




Co-incorporation of Chinese milk vetch and rice straw minimizes CH4 emissions



	In this study, the cumulative CH4 emissions (20.7–133.3 g CH4 m2) during the rice-growing


	season were higher than those observed in the field experiment, e.g., 5.0–82.8 g CH4 m2 in Ma et al.


422	(2009), 6.1–44.9 g CH4 m2 in Liu et al. (2016), and 3.2–14.5 g CH4 m2 in Yuan et al. (2018). In part,

	this may have been due to the practice of continuously flooding the pot soil during the experiment,


	since anaerobic conditions are favourable to the growth of methanogens (Zou et al., 2005). Another


	possible reason is a higher planting density of rice (4 seedlings per pot) in the pot experiment than in


	field experiment (seedling spacing: about 0.25 m × 0.17 m), which would increase root exudate


	concentrations and aerenchyma channels, thereby magnifying CH4 emissions (Khalil et al., 1998;


	Zhang et al., 2013). Moreover, the highest CH4 fluxes were found at the tillering and jointing stages


	(Figure 1). This might have resulted from the increased concentration of soil dissolved organic carbon


	(DOC) and root exudates (Inubushi et al., 2003; Ye and Horwath, 2017), as well as the enhanced


	conductivity of CH4 through rice aerenchyma channels (Zhang et al., 2013) that occurred at these


	stages. As rice reaches maturity, soil CH4 emissions decrease in parallel with the decreases in soil DOC


	and exudation rate of the roots (Ye and Horwath, 2017).


	The application of organic manure can not only improve crop yields and soil quality, but also


	inevitably increase CH4 emissions by increasing the availability of CH4-producing precursors (Ma et al.,


	2009; Yuan et al., 2018). In this study, the rate of MV and/or RS applied in the soil was 4.5 t ha-1. The


	high level of organic input provided substantial methanogenic substrates and improved the growth of


	rice (Table S2), favouring CH4 production (Figure 1, Table S3, Figure 6). Moreover, the type of plant


	residue affected the amount of CH4 emissions. Lauren et al. (1994) reported that high C/N ratio RS


	applications favoured phenolic acid formation, whereas a volatile fatty acid, isovaleric acid,


	accumulated with the addition of a low C/N ratio leguminous green manure (purple vetch) in anaerobic


	condition. This could cause a significantly higher flux of CH4 emitted from the FM treatment in


	comparison with the FR treatment (Figure 1). In addition, it is noteworthy that the mixed MV and RS


	treatment reduced the CH4 emissions in comparison with pure MV and RS treatments, especially in


	2017 (Figure 1). This finding may be attributable to the fact that the mixed MV and RS treatment


	shaped a special CH4-related microbial community, that is, a slightly lower mcrA/pmoA ratio and a


	significantly higher Type I/Type II methanotrophs ratio relative to the FR and FM treatments (Figure 2,


	3, 4; Table S7). This was evidenced by the significant effects of the abundance of methanogens and the


	methanotrophic community structure on CH4 emissions (Figure 6).


	


Effects of plant residue application on methanogenic and methanotrophic communities



	Application of plant residues increased the abundance of methanogens based on mcrA gene copy


	numbers (Figure 2A). This may occur because the application of plant residues provides more DOC


	directly or indirectly. These available carbon substrates supply an energy source and consequently


	enhance the methanogenic abundance (Zou et al., 2005; Zhang et al., 2018). Moreover, significant


	differences in mcrA gene copy number were found in the plant residue-treated soils in the order FM >


	FMR > FR (Figure 2A). This finding may be attributable to differences in DOC concentration in the


	plant residue-treated soils that were driven by differences in the C/N ratios of the plant residues (Wang


	et al., 2013). This was confirmed by the significantly positive relationship between the mcrA gene copy


	number and DOC concentration (Table S3).


	However, plant residues addition reduced the α-diversity of the methanogenic community when


	compared to the CF treatment, especially for the Observed OTUs, Shannon, and Heip indices (Table


	S4). These phenomena may have been caused by high levels of carbon substrate selection enhancing


	the growth of strongly competitive microbes that release allelochemicals and inhibit the growth of


	other microbes that consume the same substrates (Conrad and Klose, 2006; Peng et al., 2008). In


	addition, the application of plant residues changed the methanogenic community structure (Figure 3A,


	Table S6), particularly increasing the abundance of Methanobacteriales and decreasing the abundance


	of Methanomicrobiales (Figure 4A, Table S6). These results are similar to those of previous studies


	based on 16S rRNA genes, which observed that the application of RS selectively enhanced the growth


	of Methanobacteriales and suppressed Methanomicrobiales (Conrad and Klose, 2006; Peng et al.,


	2008). Methanobacteriales use H2 and CO2 to produce CH4 (Joulian et al., 1998), and were


	predominant in the paddy soil, indicating that Methanobacteriales may be an important source of CH4


	production in paddy soils that receive plant residues. Moreover, Conrad and Klose (2006) observed that


	the adaptation to low H2 concentrations is characteristic of the Methanomicrobiales phenotype. Thus,


	the decrease in Methanomicrobiales may be caused by the increased H2 concentration in plant


	residue-treated soils (Peng et al., 2008).


	For methanotrophs, the FM and FMR treatments resulted in higher abundances of pmoA genes


	than the other treatments (Figure 2A). Mohanty et al. (2016) showed that methanotrophs are generally


	activated at high CH4 concentrations. This was evidenced by the significantly positive relationship


	between the pmoA gene copy number and CH4 emissions (Table S3). Interestingly, although the FR


	treatment produced more CH4 than the CF treatment, FR did not increase the abundance of


	methanotrophs. This may be related to the N limitation (a lower Nmin concentration) that occurred in


	the high C/N ratio of rice straw-treated soils (Table S2; Ma et al., 2013). Moreover, previous studies


	have reported that acidic soils are not suitable for the growth of methanotrophs (Jugnia et al., 2008) and


	that any intervention that increases soil pH may increase the methanotrophic bacterial population of


	acidic soils. In the present study, the FM and FMR treatments increased soil pH by 0.12 to 0.16 (Table


	S2), which may be another important factor for the enhancement of the abundance of methanotrophs.


	Similar to the methanogens, the application of plant residues also decreased the α-diversity of the


	methanotrophic community and changed the methanotrophic community structure in comparison with


	the CF treatments (Figure 3B, Table S4). Specifically, the plant residue application increased Type I


	methanotrophs   but   decreased   Type   II   methanotrophs,   especially   Methylomonas   for   Type   I


	methanotrophs and Methylocystis for Type II methanotrophs (Figure 4B, Table S7). This finding may


	be attributable to the fact that the Type II methanotrophs can survive better in nutrient-limited


	environments, whereas Type I methanotrophs are more competitive than Type II methanotrophs in


	nutrient-rich environments (Yang et al., 2011). In the present study, the FMR treatment had the highest


	Type I/Type II methanotrophs ratio among the five treatments (Table S7). In a review, Conrad (2007)


	showed that the enhancement of mineral N stimulated the Type I more than Type II methanotrophs.


	Veraart et al. (2015) reported that Type I methanotrophs would demand more phosphorous than Type


	II methanotrophs for creating a cellular organism. The significantly positive relationship between soil


	Nmin,  AP  concentrations,  and  the  Type  I/Type  II  methanotrophs  ratio  seen  in  this  study further


	supports the findings described above (Table S8). Together, the higher Nmin and AP concentrations in


	FMR favoured the enhancement of Type I/Type II methanotrophs ratio (Table S2, S8).


	


Relationships of soil properties, methanogenic and methanotrophic communities, and CH4 emissions



	In the present study, soil nutrient concentrations had more important direct effects on the


	methanogenic and methanotrophic communities than did soil pH and Fe2+/Fe3+ ratio (Figure 6). This


	might be attributable to the fact that both the methanogenic archaea and methanotrophic bacteria are


	heterotrophic microorganisms. Similar to the findings of previous studies (Conrad, 2007; Yuan et al.,


	2018; Zhang et al., 2018), the enhancement of soil nutrients would consequently change the


	methanogenic and methanotrophic communities. Unlike soil nutrients, soil pH could directly impact


	the abundance of methanotrophs (Figure 6), which coincides with the fact that the methanotrophs


	would be inhibited by acidic environments (Jugnia et al., 2008). In addition, the soil Fe2+/Fe3+ ratio


	(reflecting soil redox; Danilewicz, 2016) significantly affected the community structure of


	methanotrophs (Figure 6). In fact, Type I methanotrophs tend to accumulate in environments with


	higher redox, such as rice root or rhizosphere, compared to Type II methanotrophs, which survive well


	in the lower redox bulk soil (Mayumi et al., 2010). This was evidenced by the negative relationship


	between the abundance of Type I methanotrophs and the Fe2+/Fe3+ ratio (Figure 6, Table S8).


	Consistent with previous studies (Conrad and Klose, 2006; Yuan et al., 2018; Zhang et al., 2018),


	positive effects of the abundance of methanogens on the total CH4 emissions were found in the present


	study (Figure 6, Table S3). This suggests that the abundance of methanogens could serve as a proxy for


	predicting the CH4 emissions based on different management strategies. Le Mer and Roger (2001) and


	Conrad (2007) showed that about 75% of the total atmospheric CH4 originates from the activity of


	methanogens and more than 90% of the CH4 produced in paddy soils could be re-oxidized by


	methanotrophs. Lee et al. (2014) suggested that the mcrA/pmoA ratio was the best predictor of actual


	CH4 emissions originating from rice paddy systems. This fact could be supported by our results, which


	show that the change in CH4 emissions coincided well with the mcrA/pmoA ratio, especially for the


	plant residue-treated soils (Figure 2). However, the PLS-PM results showed that the methanotrophic


	community structure, rather than the abundance of methanotrophs, had important direct effects on CH4


	emissions (Figure 6). Earlier studies showed that the activity of Type I methanotrophs generally was


	higher than that of Type II methanotrophs when CH4 concentrations were sufficiently high (Qiu et al.,


	2008;  Shrestha  et  al.,  2010;  Oswald  et  al.,  2016).  Hence,  the  enhancement  of  Type  I/Type  II


	methanotrophs ratio in this paddy soil was more helpful to mitigate CH4 emissions than the increase in


	abundance of methanotrophs. This was partially evidenced by the fact that the FMR treatment showed


	the highest Type I/Type II methanotrophs and the lowest CH4 emission among the plant residues used


	to treat the soil (Figure 1, Table S7).


	


	Conclusions




	In this study, we observed that amendments of the soil with Chinese milk vetch and rice straw


	increased rice plant biomass (except for the pure rice straw treatment), soil fertility, and stimulated CH4


	emissions. Co-incorporation of Chinese milk vetch and rice straw decreased total CH4 emission per unit


	of C applied in comparison with pure Chinese milk vetch or rice straw addition. Application of plant


	residues increased the abundance of methanogens, but insignificantly affected the abundance of


	methanotrophs (except for the pure Chinese milk vetch treatment). Methanogens belonging to the


Methanobacteriales	(hydrogenotrophic	methanogens)	and	Methanosarcinales	(acetoclastic

	methanogens) and methanotrophs belonging to the Methylocystis (Type II methanotroph) were


	dominant in this paddy soil. Application of plant residues selectively increased the abundance of


Methanobacteriales and Type I methanotroph (Methylomonas), but reduced Methanomicrobiales and

Methylobacter. The rice plant biomass, the abundance of methanogens, and the community structure of

	methanotrophs were the major factors controlling CH4 emissions. Moreover, a slightly lower


mcrA/pmoA ratio and a significantly higher Type I/Type II methanotrophs ratio were important factors

	responsible for the lower CH4 emission in the treatment with a mixture of Chinese milk vetch and rice


	straw when compared with pure Chinese milk vetch or rice straw addition. Therefore, to improve the


	growth of rice and minimize CH4 emissions, the co-incorporation of Chinese milk vetch and rice straw


	could be more desirable than the incorporation of any of them alone.
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	Table 1. Amounts of rice straw, Chinese milk vetch and inorganic fertilizers for each treatment (10 kg


	dry mass soil in each pot)
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Treatment1	Rice straw

dry soil)
dry soil)
dry soil)
CK
-
-
-
-
-
CF
-
-
1.34
0.66
1.06
FM
-
20
1.34
0.66
1.06
FR
20
-
1.34
0.66
1.06
FMR
15
5
1.34
0.66
1.06



































(g 10 kg-1 dry soil)
 Chinese milk vetch (g 10 kg-1 dry soil)
 Inorganic nitrogen2
(g N 10 kg-1
 Inorganic phosphorus
(g P2O5 10 kg-1
 Inorganic potassiumc
(g K2O 10 kg-1









	1CK = no fertilizer control; CF = inorganic fertilizer; FM = inorganic fertilizer and Chinese milk vetch; FR =


	inorganic fertilizer and rice straw; FMR= inorganic fertilizer, Chinese milk vetch, and rice straw mixture.


	2Identical doses of urea (N 46%, Sinochem Group, Beijing), ordinary superphosphate (P2O5 14%, Yuntianhua,


	Yunnan), and KCl (K2O 60%, Sinochem Group, Beijing) were applied at each treatment during each season. A total


	of 50% of the N was applied as basal fertilizer, and the remaining 50% was surface-applied at the early differentiation


	stages of rice. P and K were applied as basal fertilizer (Yang et al., 2019).





file_1.jpg


file_2.wmf


Page 37 of 83	European Journal of Soil Science






























For
Peer
Review
Figure 1. Temporal variations in CH4 flux during the rice-growing period. The vertical bars represent the standard error of the mean (n = 3). For abbreviations, see Table 1.
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Figure 2. Abundance of mcrA and pmoA genes (A) and mcrA/pmoA ratios (B) after different fertilization treatments. The error bars indicate the standard error of the mean (n = 3). Different letters indicate significant differences (P < 0.05) between the samples. For abbreviations, see Table 1.
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Figure 3. Non-metric multidimensional scaling (NMDS) representation of soil methanogen (A) and methanotroph (B) communities after 2 years. The ordinations are based on Bray-Curtis dissimilarities. Analysis of similarities (ANOSIM) was used to show the differences in methanogen and methanotroph communities among the groups. For abbreviations, see Table 1.
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Figure 4. Relative abundances of the most abundant orders and genera (> 1%) for methanogens and methanotrophs in the studied soils. The error bars indicate the standard error of the mean (n = 3). For abbreviations, see Table 1.
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Figure 5. Redundancy analysis (RDA) ordination plot showing the relationship of environmental parameters (red arrows) and methanogenic (A) or methanotrophic (B) communities (blue arrows) from different treatments. SOC, soil organic carbon; TN, total nitrogen; Nmin, mineral nitrogen; AP, available phosphorus, AK, available potassium; DOC, dissolved organic carbon.
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Figure 6. Directed graph of the partial least squares path model (PLS-PM). Each box represents an observed (i.e., measured) or latent variable (i.e., constructs). Nutrients represent soil properties, including SOC, TN, Nmin, AP, AK and DOC. The alpha diversity of methanogens or methanotrophs is based on the Observed OTUs, Chao1, Shannon and Heip indices. The community structure of methanogens and methanotrophs is represented by the distribution of methanogens and methanotrophs, respectively. Path coefficients are reflected by the width of the arrows; blue and red indicate positive and negative effects, respectively. The dashed arrows indicate that coefficients do not differ significantly from 0 (P > 0.05). The model was assessed using the Goodness of Fit (GoF) statistic; the GoF value was 0.73. See Table S9 for the loading valve of latent variable.
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