
lable at ScienceDirect

Journal of Cleaner Production 278 (2021) 123418
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Response of syntrophic bacterial and methanogenic archaeal
communities in paddy soil to soil type and phenological period of rice
growth

Xiaofang Pan a, 1, Hu Li b, 1, Lixin Zhao c, Xiaoru Yang b, Jianqiang Su b, Shaoqing Dai d,
Jing Ning a, Chunxing Li e, Guanjing Cai a, Gefu Zhu a, *

a Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen, 361021, China
b Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen, 361021, China
c Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agriculture Sciences, Beijing, 100081, China
d Faculty of Geo-Information Science and Earth Observation, University of Twente, 7514 AE, Enschede, the Netherlands
e Department of Environmental Engineering, Technical University of Denmark, Kgs. Lyngby, DK-2800, Denmark
a r t i c l e i n f o

Article history:
Received 1 June 2020
Received in revised form
22 July 2020
Accepted 23 July 2020
Available online 9 August 2020

Handling Editor: Bin Chen

Keywords:
Fatty acid-degrading syntrophs
Methanogens
Soil type
Rice phenological stages
Soil properties
* Corresponding author.
E-mail address: gfzhu@iue.ac.cn (G. Zhu).

1 Xiaofang Pan and Hu Li contributed equally to th

https://doi.org/10.1016/j.jclepro.2020.123418
0959-6526/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

Methanogenesis and syntrophy are the most important microbial metabolic processes for the anaerobic
decomposition of organic matters in paddy soils. However, the diversity and abundance of syntrophic
communities and their ecological determinants remain largely unexplored. In this study, we aimed to
unravel the impacts of soil type and rice phenology on both syntrophic and methanogenic communities.
The relative abundances of syntrophic bacteria and methanogenic archaea were significantly affected by
soil type and rice growth stages, with 0.39e1.66% and 1.68e3.95% for syntrophic bacteria and 0.49
e6.04% and 9.29e13.69% for methanogenic archaea, respectively. Besides, the populations of short-chain
fatty acid-degrading syntrophs (SFAS) varied across soil types (range: 8.21 � 106e7.83 � 107 16S rRNA
gene copies g�1 dry soil) and rice growth stages (range: 2.27 � 107e3.88 � 107 16S rRNA gene copies g�1

dry soil). Moreover, the populations of syntrophic propionate-oxidizing bacteria were 1.2e6.2 times
higher than those of butyrate-oxidizing bacteria in the 10 paddy soils during the off-rice season, indi-
cating that propionate is the main intermediate product during anaerobic decomposition of organic
matter. However, Syntrophomonas was the most dominant throughout the rice growing season, implying
that syntrophic pathways may vary between off-rice and growing seasons. Interestingly, the populations
of SFAS and methanogens showed a significantly positive correlation (P < 0.05). This suggests that
syntrophic bacteria, in cooperation with methanogenic archaea, can affect methane production in paddy
soils. Furthermore, C/N ratio, soil moisture, soil pH, oxalate, citrate, and their interaction accounted for
65.20% of the changes in syntrophic communities. Altogether, our findings indicate that soil type, rice
phenological stages and soil properties can shape the distribution of syntrophic communities in rice
paddy fields.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Methane (CH4) is the second most abundant anthropogenic
greenhouse gas in the atmosphere (Alam et al., 2019). Rice paddy
fields are the important anthropogenic sources of atmospheric CH4
(Wang et al., 2019a,b), accounting for approximately 21% of global
is work.
CH4 emissions (Conrad, 2007). There are three major sources of
organic matter in paddy fields, including rice straw, plant photo-
synthesis and sloughed-off root cells or decaying roots, which can
be eventually converted to CH4 and thus contributes significantly to
CH4 emissions. About 20% of total CH4 emissions are derived from
the anaerobic degradation of soil organic carbon, followed by straw
or produced plant carbon (Conrad, 2007).

Complex organic matters, such as soil organic carbon, can be
metabolized to CH4 and CO2 through the cooperation of anaerobic
microorganisms, including fermentative bacteria, fatty acid-
oxidizing bacteria and methanogens (Sieber et al., 2019; Zhang
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et al., 2019). Methanogenic archaea have been viewed to take the
main responsibility for CH4 production in rice fields (Kim et al.,
2013). Experimental investigations have been conducted on the
role of methanogenic archaea in CH4 production (Conrad and Klose,
2006), and their microbial abundances in paddy soils (Conrad,
2007; Yuan et al., 2018). Syntrophic metabolism is an important
intermediate step for the complete conversion of organic matter to
CH4 (McInerney et al., 2010). In methanogenic environments, syn-
trophic metabolism contributes to most of the carbon fluxes (Kim
et al., 2013; McInerney et al., 2010), and approximately 20e30%
of carbon is converted into intermediate products (Mackie and
Bryant, 1981). Propionate and butyrate are two crucial interme-
diary products resulted from the degradation of organic residues in
paddy soils (Rui et al., 2009). Propionate accounted for 18.2e27.7%
of CH4 production by syntrophic bacteria in paddy soil incorporated
with rice straw (Glissmann and Conrad, 2000). Syntrophic fatty
acids may be directly used as substrates for methanogenesis by
methanogens during the anaerobic decomposition of soil organic
carbon (Zhong et al., 2020; Sieber et al., 2019). Therefore, apart from
methanogenic archaea, syntrophic bacteria also play a key role in
regulating CH4 production in paddy soil.

Syntrophic bacteria have become a research hotspot in the field
of anaerobic digesters. Themajority of studies have focused on their
diversity, abundance, substrate degradation pathway, electron
transfer mechanisms and so on (Sieber et al., 2012; Rotaru et al.,
2012; Kobayashi et al., 2020; Nozhevnikova et al., 2020). Recently,
the abundance of syntrophic fatty acid oxidizing bacteria in paddy
soil system has gained increasing attention (Huang et al., 2020;
Zhuang et al., 2017; Holmes et al., 2017). Soil temperature, nutrient
and pH have been demonstrated to affect the diversity and abun-
dance of syntrophs and methanogens (Gan et al., 2012; Chauhan
et al., 2004, 2006; Hao et al., 2019). Moreover, soil type has been
considered as themain determinant factor influencing the diversity
and abundance of soil bacterial community (Girvan et al., 2003).
Soil type also plays important roles in regulating CH4 production
andmethanogenic communities (Bao et al., 2014). However, little is
known on the natural abundance and distribution of syntrophic
bacteria in different paddy soils at large spatial scales.

Besides, the source strength of CH4 in soil system is related to
rice variety, phenological stages, growth variability, soil fertilization
and nutrient management (Kim et al., 2013; Conrad and Klose,
2006). During the early period of rice planting, the rate of CH4
production is generally low; with the growth of plants and
enhancement of anaerobic conditions, the flux may increase
gradually (Ali et al., 2009). Numerous studies have investigated the
changes in CH4 production and methanogenic community during
rice growth (Jürgen et al., 2012; Singh and Dubey, 2012), and the
trend of CH4 production was very similar to that of methanogenic
population with increasing rice growth. Additionally, the cumula-
tive production of CH4 was positively correlated with the popula-
tion size of methanogens (Dubey et al., 2013). In recent years, few
researches have paid attention to the shift of syntrophic commu-
nity structure and abundance in rice plants at different growth
stages. However, the relationships between environmental factors
(e.g. pH values, ammonia concentration, C/N ratio, etc.) and the
abundance of syntrophic bacteria in soil system at different rice
phenological stages remain largely unexplored.

Here, we speculate that soil type can determine the changes in
syntrophic community during the off-rice season, and rice
phenological periods may contribute to the association between
syntrophs and methanogens throughout the rice growth season.
Thus, the objectives of this study covered two major aspects: (i) to
investigate the abundance of syntrophs in different types of rice
paddy soils in Southern China, and their distribution at different
rice phenological stages; and (ii) to determine the effects of
environment variables on syntrophic community structure and
abundance. High-throughput sequencing was conducted to eval-
uate the abundance and diversity of syntrophic and methanogenic
communities based on 16S rRNA genes. Quantitative polymerase
chain reaction (qPCR) was employed to characterize the pop-
ulations of specific syntrophic bacteria and methanogenic archaea.
Previous studies on the abundance of syntrophs in paddy soils were
mainly conducted at a laboratory scale or a selected rice field
(Zhong et al., 2020; Kobayashi et al., 2020; Ji et al., 2018a, 2018b). To
our knowledge, this is the first study to investigate the distribution
of syntrophic bacteria in different paddy soils at large spatial scales.
The findings would provide basic fundamental knowledge for the
ecological diversity of syntrophic bacteria and methanogenic
archaea in paddy soil system.

2. Materials and methods

2.1. Soil sampling and physicochemical properties

It has been reported that the yield-scaled emissions of CH4
increased significantly from northern to southern regions in China
(Guo et al., 2017). During the off-rice season, soil samples were
collected from 10 sites in Southern China, covering from inland to
southeast coastal areas, at the same month. These soil samples were
mainly classified into 6 different types: laterite, red soil, yellow soil,
purple soil, eel blood paddy soil and southern paddy soil, according
to the soil information service platform (http://www.soilinfo.cn/
map/index.aspx; Table 1). A map showing the sampling locations
is presented in Fig. 3a. The sampling sites of these different soil types
showed large-scale variations in soil parent matter, pH value and soil
organic matter. All samples were taken at a depth of 5e20 cm with
three replicates (0.5 kg) in July 2013 from the major rice-producing
areas in Southern China during the off-rice season. In each sample
site, five sub-samples (four from corners and one from a center point
of paddy field), were collected and then mixed into a single sample.
The mixed samples were placed in sterile plastic bags, and subse-
quently transferred to the laboratory on ice in a styrofoam box. All
replicate samples were divided, and the sub-samples were sifted
through a 2.0-mm sieve for further measurement of major physi-
cochemical parameters. The remaining sub-sampleswere kept in the
freezer at�80 �C for subsequentmicrobiological analysis, as referred
to Yang et al. (2015). Particle sizes were determined using a particle
analyzer (MS2000; Malvern, United Kingdom), and the 2.0-mm
sieve was used for the removal of gravel and rice roots. Electrical
conductivity of the soil samples was measured using a conductivity
meter (BEC520; Philips, Holland), which serves as an indicator for
reflecting the conditions of soil salinity. The measurements of pH
values, total carbon (TC), total nitrogen (TN), and total organic carbon
(TOC)were performed as described in Yang et al. (2015). The levels of
NO3

�-N, NH4
þ-N, SO4

2�, Fe (II), total Fe and organic acids (i.e. lactate,
acetate, propionate, formate, succinate, oxalate and citrate) were
detected by using an ion chromatography (ICS-3000; Dionex). All
experiments were carried out in triplicate.

2.2. Soil characteristics and pot experiment

To determine the changes in syntrophic community at different
rice growth stages, a pot experiment was conducted. Compared to
other sampling sites in Southern China, Hunan (HN) was located in
the middle part, and the relative abundance of syntrophs was
maintained at a medium level (described in Section 3.2). Thus, the
soil samples for pot experiments were taken from HN (28.91�N,
111.43�E), a southern province in China. Urea-N, calcium super-
phosphate and KCl were used as basic fertilizers, with the doses of
0.25, 0.06 and 0.1 g kg�1, respectively (Li et al., 2016). These
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Table 1
Physical properties and locations of paddy soils.

Soil type Samples Province Latitude Longitude Parent material % of sample with indicated
particle size

Soil moisture (%
of dry weight)

Electrical
conductivity
±SD (mS/cm)

<2 mm 2 mme50 mm >50 mm

Laterite GD Guangdong 21.30�N 110.46�E river alluvium 3.21 53.28 43.51 64.26 ± 6.32 123.53 ± 4.21
Red soil JX Jiangxi 28.25� N 116.99oE basalt 2.04 29.59 68.37 35.08 ± 1.79 174.83 ± 6.49
Yellow soil GZ Guizhou 26.61�N 106.73�E the Quaternary red clay 8.65 80.94 10.41 47.20 ± 1.23 39.44 ± 5.07
Yellow soil HN Hunan 28.91�N 111.43�E littoral sediment 3.06 61.57 35.37 56.52 ± 4.02 995.50 ± 17.90
Purple soil SC Sichuan 31.00�N 105.47�E the Quaternary red clay 2.62 39.04 58.34 57.58 ± 2.00 127.83 ± 4.16
Eel blood paddy soil ZJ Zhejiang 30.85�N 120.73�E purple sandy shale 0.67 39.89 59.44 79.17 ± 5.90 251.87 ± 3.52
Eel blood paddy soil JS Jiangsu 31.68�N 120.82�E river alluvium 3.68 61.99 34.33 49.78 ± 1.07 239.13 ± 12.44
Southern paddy soil HB Hubei 30.01�N 112.65�E quartz sandstone 25.13 71.89 2.98 53.76 ± 3.85 168.23 ± 7.04
Southern paddy soil FJ Fujian 26.29�N 119.08�E loess-like lacustrine soil 1.55 56.32 42.13 66.96 ± 1.66 167.60 ± 2.54
Southern paddy soil FST Guangdong 22.00�N 112.54�E lacustrine deposits 2.56 55.59 41.85 57.66 ± 3.61 249.90 ± 6.46
Pot experiment
Yellow soil HN Hunan 28.91�N 111.43�E littoral sediment 3.04 61.51 35.45 46.37 ± 2.12 990.40 ± 20.65

Note: The particle size and soil moisture had been published in Yang et al. (2015).
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fertilizers were homogeneously mixed with soils at the beginning
of the experiment. The rice plants were grown in a greenhouse for
122 days, involving five phenological stages of seeding (12th day),
tillering (37th day), booting (62nd day), flowering (82nd day) and
ripening (122nd day), with a temperature difference of 5 �C be-
tween day (30 ± 1 �C) and night (25± 1 �C). Rhizosphere porewater
and rhizosphere soil were collected at each growth stage, by using a
soil moisture sampler (Rhizon SMS, Netherlands). The soil samples
were divided into two parts: one part was used to extract genomic
DNA and measure TN, TC and SOC; while another part was stored
for the evaluation of physicochemical properties such as electrical
conductivity, pH and NH4

þ. Organic acids were analyzed in pore
water as referred to Li et al. (2016).

2.3. DNA extraction and qPCR analysis

Metagenomic DNAwas extracted from 0.25 g soil samples using
the PowerSoil DNA isolation kit (MoBio, Solana Beach, CA, USA)
according to the maximum yield protocol and manufacturer’s in-
structions. Subsequently, the DNA samples were eluted with 100 mL
sterile elution butter and stored at �20 �C for further molecular
analysis.

qPCR was conducted by using the16S rRNA gene-targeted primer
sets. Previous studies have revealed that Syntrophobacter spp.,
Pelotomaculum spp., Smithella spp. and Syntrophomonas spp. are
involved in the syntrophic oxidation of propionate and butyrate in
rice paddy soils (Lueders et al., 2004; Imachi et al., 2002). Therefore,
these bacterial groups were quantified to assess the abundance of
short-chain fatty acids-oxidizing syntrophs (SFAS) in paddy soils
(Mathai et al., 2016). In addition, the quantification of methanogens
was performed with methanogen-specific short primer (Met630F
and Met803R). The characteristics of primers and amplification
conditions are summarized in Table 2 qPCRwas conducted on a real-
time PCR detection system (LightCycler 480; Roche Diagnostics
GmBH, Germany) as described previously (Yu et al., 2010).

2.4. High-throughput sequencing

The V4 variable region in the 16S rRNA gene was amplified by a
‘universal’ primer set 515F (50-GTGCCAGCMGCCGCGGTAA-30) and
907R (50-CCGTCAATTCMTTTRAGTTT-30). The barcodes used for
multiplexing were tagged on the forward primer (Caporaso et al.,
2012). All samples were amplified with PCR, and then purified us-
ing the MinElute Gel Extraction Kit (Qiagen, Valencia, CA, USA). The
amplicons were mixed at a constant molality, and subjected to
sequencing by Shanghai Majorbio (Shanghai, China) using a PE250
platform (Illumina Inc., San Diego, CA, USA). The free online
platform of Majorbio I-Sanger Cloud Platform (www.i-sanger.com)
was used for data testing and analysis. The raw sequencing data of
10 paddy soil samples and soil samples at different growth stages
were deposited in the NCBI Sequence Read Archive database
(accession no. PRJNA512120; SRP 095149).

2.5. Statistical analysis

For qPCR and Illumina sequencing results, the means ± standard
deviation (SD) of three replicates were calculated. R2 value of qPCR
standard curves was larger than 0.99 and amplification efficiency
was higher than 1.8. The correlation analysis between the pop-
ulations of methanogens and SFAS, as well as statistical significance
tests were carried out using SPSS version 18.0. Spearman’s rank
correlation between syntrophs and environmental factors was
conducted using R software (Sunagawa et al., 2015). To assess their
relationship with syntrophic community structure, the environ-
mental parameters were transformed by ln (x þ 1) and standard-
ized in the Mantel experiment (Yang et al., 2017). Constrained
canonical analysis of principal coordinates (CAP) was conducted
using R version 3.4.0 with the vegan package. Network analysis was
executed on the free online platform of Majorbio I-Sanger Cloud
Platform (www.i-sanger.com). OriginPro 8.5 was used to generate
other plots.

3. Results and discussion

3.1. Physicochemical properties

Different types of paddy soils collected from the 10 sampling
sites in Southern China showed the spatial variability of soil
physical and chemical properties related to parentmatter, pH value,
soil organic matter, soil moisture, electrical conductivity, etc.
(Table 1). Three soil samples (JS, FJ and SC) exhibited relatively high
soil moisture contents (64.26e79.17%), and SC sample had the
highest moisture content due to the perennial wet weather in
Sichuan province. As shown in Table 3, six of the soil samples (ZJ,
GZ, GD, JS, HB, and SC) were maintained at nearly neutral pH values
(6.40e7.36), and the remaining four samples (JX, HN, FJ and FST)
displayed significantly lower pH values (5.11e5.96; P < 0.05). The
concentrations of NO3

�-N (0.0003e0.005 g kg�1) was about 10
times lower than those of NH4

þ-N (0.003e0.015 g kg�1). FST and GZ
samples demonstrated an extremely high concentration of SO4

2�.
This is mainly due to the fact that FST soil samples are collected
from an acid reflux field or better known as coastal acid sulfate
soils. Guizhou province is the most serious acid rain affected region
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Table 2
Characteristics of the16S rRNA gene-targeted qPCR primer sets and real-time amplification conditions.

Target group Primera Sequenceb (50-30) Amplicon size (bp) Real-time amplification conditions Reference

Bacteria BAC338F ACTCC TACGG GAGGC AG 468 Initial incubation 94 �C,10 min;
Denaturation 94 �C, 10 s;
Annealing extension 60 �C, 30 s; 45cycelsd

Yu et al. (2010)
BAC805R GACTA CCAGG GTATC TAATC C

Archaea ARC787F ATTAG ATACC CSBGT AGTCC 273
ARC1059R GCCAT GCACC WCCTC T

Methanogens Met630F GGATTAGATACCCSGGTAGT 174 Initial incubation 95 �C, 5 min;
Denaturation 95 �C, 10 s;
Annealing extension 60 �C, 30 s; 45cycelsd

Yu et al. (2010)
Met803R GTTGARTCCAATTAAACCGCA

Syntrophobacter SBC695F ATTCGTAGAGATCGGGAGGAATACC 150 Initial incubation 95 �C, 3 min;
Denaturation 95 �C, 10 s;
Annealing extension 60 �C, 30 s; 45cycelsd

Mathai et al. (2016)
SBC844R TGRKTACCCGCTACACCTAGTGMTC

Smithella SMI732F GRCTTTCTGGCCCDATACTGAC 100
SMI831R CACCTAGTGAACATCGTTTACA

Pelotomaculum PEL622F CYSDBRGMSTRCCTBWGAAACYG 256 cInitial incubation 95 �C, 3 min;
Denaturation 95 �C, 10 s;
Annealing extension 60 �C, 60 s;
Extension 72 �C, 60 s; 45cycelsd

PEL877R GGTGCTTATTGYGTTARCTAC

Syntrophomonas SMS637F TGAAACTGDDDDTCTTGAGGGCAG 121 The same condition to Syntrophobacter amplification.
SMS757R CAGCGTCAGGGDCAGTCCAGDMA

a F, Forward primer; R, Reverse primer.
b R ¼ A/G, K ¼ G/T, M ¼ A/C, D ¼ A/G/T, Y¼C/T, S ¼ G/C, B¼C/G/T, W ¼ A/T.
c The amplification condition for Pelotomaculum was modified in this study.
d The cycle procedures includes denaturation and annealing extension (extension).

Table 3
Chemical properties of paddy soils.

pH Amt (mmol g�1, ±SD) of dry paddy soil) Amt (mg kg�1, ±SD) of dry paddy soil Amt (g kg�1, ±SD) of dry
paddy soil

C/N

Fe (II) Total Fe Ferric iron NO3
�-N NH4

þ-N SO4
2－ SOC TN

10 paddy soils
JX 5.11 41.54 ± 8.62 51.25 ± 5.60 9.70 2.61 ± 0.18 10.95 ± 0.37 32.28 ± 2.57 26.81 ± 1.17 2.28 ± 0.08 11.81
HN 5.44 30.33 ± 1.28 34.32 ± 5.49 3.99 1.45 ± 0.82 7.55 ± 1.03 13.63 ± 3.33 21.45 ± 0.74 2.03 ± 0.01 10.60
FJ 5.85 49.66 ± 7.31 54.91 ± 7.15 5.25 0.87 ± 0.41 14.06 ± 1.08 17.23 ± 1.67 18.41 ± 0.56 1.63 ± 0.01 11.34
FST 5.96 23.52 ± 11.82 45.23 ± 8.81 21.71 2.15 ± 0.48 ND 110.55 ± 15.73 20.12 ± 1.57 1.86 ± 0.00 10.84
ZJ 6.40 46.04 ± 15.71 67.10 ± 2.07 21.06 0.34 ± 0.08 2.88 ± 0.15 31.81 ± 3.03 27.58 ± 0.60 2.37 ± 0.00 11.67
GZ 6.51 22.35 ± 6.96 42.05 ± 12.17 19.71 1.23 ± 0.47 3.67 ± 0.24 182.95 ± 1.07 24.94 ± 0.84 1.96 ± 0.00 12.76
GD 6.75 9.96 ± 2.20 42.65 ± 6.85 32.70 1.13 ± 0.04 3.83 ± 0.67 44.44 ± 4.18 15.51 ± 0.63 1.29 ± 0.04 12.12
JS 6.77 77.84 ± 46.17 88.30 ± 18.12 10.46 0.28 ± 0.01 5.83 ± 2.72 6.76 ± 1.18 35.32 ± 0.98 3.00 ± 0.01 11.79
HB 7.25 68.20 ± 27.38 76.00 ± 8.65 7.81 1.06 ± 0.30 7.11 ± 1.51 46.17 ± 9.28 27.04 ± 2.08 2.31 ± 0.05 14.03
SC 7.36 64.25 ± 15.47 65.04 ± 14.80 0.79 0.32 ± 0.08 5.30 ± 0.10 2.41 ± 0.65 30.43 ± 1.14 2.66 ± 0.01 17.52
Pot experiment
Seeding 6.45 ND ND ND 8.38 ± 0.81 176.44 ± 21.64 ND 21.15 ± 0.18 2.44 ± 0.02 8.66 ± 0.08
Tillering 6.09 ND ND ND 48.92 ± 11.88 183.88 ± 11.88 ND 21.46 ± 0.40 2.32 ± 0.12 9.24 ± 0.42
Booting 5.04 ND ND ND 22.35 ± 1.73 77.72 ± 35.06 ND 22.75 ± 0.31 2.14 ± 0.06 10.60 ± 0.15
Flowering 5.57 ND ND ND 1.59 ± 0.04 49.58 ± 5.42 ND 22.83 ± 0.26 2.08 ± 0.02 10.94 ± 0.04
Ripening 5.19 ND ND ND 1.73 ± 0.40 12.75 ± 2.72 ND 23.14 ± 0.26 2.13 ± 0.06 10.82 ± 0.22

Notes: SD, standard deviations; ND, not detected; the pH values, concentrations of NH4
þ-N, NO3

�-N, SOC, TN and C/N in 10 paddy soils had been published in Yang et al. (2015);
the pH values, concentrations of NH4

þ-N, NO3
�-N, SOC and C/N with rice growth had been published in Li et al. (2016).

Table 4
Organic acids in rhizosphere at different growth periods of rice plant.

Phenological period Units: mg L�1 for pore water

Lactate Acetate Propionate Formate Succinate Oxalate Citrate

Seedling 1.96 ± 0.20 5.76 ± 0.50 6.52 ± 1.00 3.82 ± 1.02 3.12 ± 1.03 12.11 ± 1.53 1.69 ± 0.35
Tillering 4.63 ± 0.50 57.81 ± 14.87 6.65 ± 1.30 3.03 ± 0.80 1.25 ± 0.40 7.70 ± 1.77 0.16 ± 0.24
Booting 3.39 ± 0.46 5.69 ± 0.33 0.01 ± 0.00 2.15 ± 0.62 0.47 ± 0.40 1.36 ± 0.50 0.09 ± 0.00
Flowering 2.14 ± 1.00 3.59 ± 1.20 13.18 ± 1.70 5.99 ± 2.25 6.25 ± 1.76 4.42 ± 1.49 0.47 ± 0.21
Ripening 0.64 ± 0.24 0.34 ± 0.16 0.22 ± 1.41 0.73 ± 0.24 99.47 ± 0.73 0.32 ± 0.18 0.04 ± 0.00
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in China, and its specific topographical and meteorological condi-
tions may induce the dispersion and dilution of pollutants (e.g. SOX
and NOX) in the atmosphere. The concentrations of SOC and TN
varied from 15.51 to 35.32 g kg�1 and from 1.29 to 3.00 g kg�1,
respectively, leading to a range of C/N ratios of 10.60e17.52. Among
the 10 samples, JS exhibited the highest SOC and TN levels, while SC
displayed the highest C/N ratio.
The pH values in HN were ranged from 5.04 to 6.45 across
different rice growth stages and decreased throughout the growth
stages, except for the flowering stage. The concentrations of
ammonia were ranged from 0.013 to 0.184 g kg�1 and exhibited the
same trend with pH values. The levels of SOC increased with rice
growing time, with the highest value of 23.14 g kg�1 achieved at the
ripening stage. The ratios of C/N also increased with rice growth



Fig. 1. Relative abundance and composition of (a, b) syntrophs and (c, d) methanogens in the 10 paddy soils (a, c) at different rice growth stages (b, d). Letters in each figure denote
the significant differences between sample groups (P < 0.05). A, B, C, D, E and F in plot (a) indicate the total relative abundance of syntrophs, while A, B, C, D and E in plot (c)
represent the differences between 10 paddy soils. A, B and C in plot (b) indicate the total syntrophs, while A, B and C in plot (d) represent the differences between each phenological
stage of rice growth.
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and reached the highest ratio of 10.82 at the ripening stage. Similar
findings have been reported by Li et al. (2016). The quantities of
organic acids excreted by rice roots were detected with several
dominant components, including formate, acetate, propionate and
succinate (Table 4). Different levels of organic acids were observed
at the developmental stage, indicating that their composition and
quantity vary with rice growth. The concentrations of propionate
and formate were elevated at the flowering stage. Such a changing
pattern was consistent with the total numbers of SFAS and hydro-
genotrophic methanogens detected at the flowering stage (Section
3.3), suggesting that rice phenology may affect syntrophic-
methanogenic associations by altering soil chemical properties.

3.2. Relative abundance and diversity of syntrophs and
methanogens

3.2.1. Responses of syntrophic and methanogenic communities to
soil type

Syntrophy exists between H2/formate-producing bacteria and
H2/formate-utilizing archaea throughout the microbial world.
Among the putative syntrophs, seven genera of syntrophs were
detected in the 10 paddy soils and eight genera during the off-rice
season (Fig. 1a and b). The relative abundances of total detected
syntrophic bacteria were ranged from 0.39 to 1.66%, with the
following order: GD (lateritic soil) > JX (red soil) > GZ, HN (yellow
soil) > SC (purple soil) > ZJ (eel blood paddy soil) > JS (eel blood
paddy soil), HB, FJ, FST (southern paddy soil) (Fig. 1a, Table A1). The
results indicated that soil type significantly affected the abundance
of syntrophic bacteria in paddy soils. In addition, these findings are
consistent with those of previous studies showing that syntrophic
short-acid-oxidizing bacteria constitute a small percentage (<2%) of
total microorganisms in the anaerobic digestion system (Sundberg
et al., 2013; McMahon et al., 2004). Moreover, the impact of syn-
trophic fatty acid-oxidizing bacteria on the structure and function
of microbial community is far greater than their relative abundance
(Power et al., 1996). In this study, Syntrophobacter was the most
dominant syntrophic propionate-oxidizing bacteria (SPOB), with
the relative abundances of 0.05e0.23% in the 10 paddy soils; while
Syntrophomonas, the most dominant syntrophic butyrate-oxidizing
bacteria (SBOB), only accounted for 0.01% or lower in most soil



Fig. 2. Total 16S rRNA gene copies of syntrophic fatty acid-oxidizing bacteria in the 10
paddy soils (a) at different rice growth stages (b). Letters in each figure indicate the
significant differences between sample groups (P < 0.05). A, B, C, D, E and F in plot (a)
denote the differences in total quantified syntrophs among the 10 paddy soils, while A,
B and C in plot (b) represent the differences in total quantified syntrophs between each
phenological stage of rice growth.
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samples. This indicates that syntrophic propionate oxidation may
play an even more important role than butyrate oxidation in the
studied soil systems.

Hydrogenotrophic methanogens (e.g. Methanobacteriales, Meth-
anocellales, and Methanomicrobiales) and acetoclastic methanogens
(e.g.Methanosarcinales) were the main orders in the 10 soil samples.
These four groups ofmethanogens accounted for 0.49e6.04% of total
microbial communities in the 10 paddy soils (Table A2), with the
order of JX > JS > SC > FJ, FST, ZJ, GD > HN, GZ, HB. This suggests that
the red and purple soils exhibit relatively higher methanogen
abundance than yellow and southern paddy soils. In addition, it was
found that JS and ZJ showed significantly different relative abun-
dance of methanogens, even though they were both eel blood soil.
Therefore, soil type may serve as one of the key factors that alter
methanogenic communities. Besides, soil pH is another important
factor (Hao et al., 2019). In all acidic soils, hydrogenotrophic Meth-
anobacterialeswere themost dominant group inmost of the samples
(JX, HN, FJ, FST, ZJ, JS, and HB). Besides, the acetoclastic methanogen
Methanosarcinales was dominated in neutral soil samples (SC, GZ and
GD). Similarly, Geobacter demonstrated a high relative abundance in
these three samples. As reported previously (Holmes et al., 2017),
Methanosaeta spp. could reduce CO2 via direct interspecies electron
transfer from Geobacter in paddy soils. Anaerobic fermentation is in
favor of acetate accumulation, which might be attributed to the fact
that soil acidification is dominated by hydrogenotrophic metha-
nogens (Duddleston et al., 2002).

3.2.2. Responses of syntrophic and methanogenic communities to
rice growth

The relative abundances of syntrophs were ranged from 1.68 to
3.95% and decreased with rice growth. This might be related to the
changes in soil oxygen conditions during rice growth. Syntrophic
bacteria exhibited a higher relative abundance at different rice
growth stages compared to the off-rice season, indicating that
syntrophs are highly active throughout the growing season and the
available organic matters may not be sufficient during the off-rice
season. In addition, Geobacter could serve as a dominant active
syntrophic bacterium in paddy soils. A recent study has reported
that the paddy fields and lakeside soils are rich in Geobacter, ac-
counting for 0.26e7.70% of the total bacteria (Wang et al., 2019a,b).
This might be attributed to the fact that Geobacter spp. has un-
dergone alternative degradation pathways and grow with specific
substrates or through anaerobic respiration by using electron ac-
ceptors, including SO4

2� and Fe(III) (Sieber et al., 2012). Geobacter
spp. plays an important role during the direct interspecies electron
transfer in terrestrial methanogenic environments and is thus
considered as the most metabolically active bacteria in methano-
genic rice paddy soils (Hori et al., 2010; Kim and Liesack, 2015).
Although Syntrophobacter could serve as the most dominant SPOB
at different rice growth stages, the relative abundance of Syntro-
phobacterwas quite low, ranging from 0.003 to 0.04%. Furthermore,
Smithella and Pelotomaculumwere found to exist in the studied soil
samples.

The relative abundances of methanogens ranged from 9.29 to
13.69% in HN at different rice growth stages (Fig.1c and d). Contrary
to syntrophic bacteria, the abundance of methanogens was
increased with rice growth. This may be due to the fact that plant
photosynthesis is becoming an increasingly important source for
CH4 production during rice growth, and photosynthetically derived
carbon can contribute to more than 60% of total CH4 emissions
(Conrad, 2007). Moreover, CH4 production is positively correlated
with the abundance of methanogens (Dubey et al., 2013). High
abundances of methanogens at flowering and ripening stages were
significantly observed, except for the above mentioned reasons, it
might be partially explained by the elevated levels of SOC (Table 3).
The amount of sloughed-off root cells or decaying roots could be
increased in this stage, which represent the alternative carbon
sources for bacteria and archaea (Conrad, 2007).

In addition, Methanosarcinales was the most predominant
methanogenic group in HN soil sample at different rice growth
stages compared to the off-rice season. It was also observed that the
relative abundance of Methanobacteriales was significantly
increased with rice growth. Methanocellales, a mesophilic hydro-
genotrophic methanogen isolated from an anaerobic propionate-
degrading enrichment culture (Sakai et al., 2008), was also found
in all paddy soil samples and exhibited a relatively higher abun-
dance compared to Methanomicrobiales. These results indicate that
the dominance of methanogen groups may shift according to the
cultivation states of paddy soils.

3.3. Abundance and distribution of specific syntrophs and
methanogens

3.3.1. Effects of soil type on syntrophic bacterial population
The populations of target syntrophic groups (SPOB: Syntropho-

bacter, Smithella and Pelotomaculum; SBOB: Syntrophomona) varied
significantly (P < 0.05) in the 10 paddy soils (Fig. 2a). A significant
increase in the population of syntrophs was observed during the



Fig. 3. Distributions of syntrophs (SPOB and SBOB) and methanogens in the 10 paddy soils (a) at different rice growth stages (b).
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first three growth stages of the rice plant (Fig. 2b). In overall, the
population of SFAS ranged from 8.21 � 106 to 7.83 � 107 copies g�1

dry soil in the 10 paddy soils.
The 16S rRNA gene copies of SPOB were varied in the 10 paddy

soils, ranging from 1.40 � 107 to 7.06 � 107 copies g�1 dry soil.
Among them, SC (purple soil), ZJ (eel blood soil), and JX (red soil)
exhibited highest abundance of SPOB, while HB and FJ (southern
paddy soil) showed the lowest abundance. In contrast, the popu-
lation of SBOBwas one order of magnitude lesser than that of SPOB,
ranging from 3.73 � 106 to 7.65 � 106 copies g�1 dry soil. These
values were approximately 10-fold higher than those of SPOB
(4.63� 105 copies g�1 dry soil) and SBOB (4.63� 105 copies g�1 dry



Fig. 4. Relationship between the 16S rRNA gene copy number of methanogens and total quantified syntrophs (both SPOB and SBOB) in the 10 paddy soils (a) at different rice growth
stages (b). Network analysis of syntrophs and methanogens in the 10 paddy soils (c) at different rice growth stages (d). The connection reveals a significant correlation (P < 0.01).
Node size is relative to the abundance of genera. Node color stands for taxonomic classification. Edge color reflects positive (red) correlations, and the thickness of edge indicates the
correlation values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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soil) detected in Everglades marsh suffered from eutrophication
(Chauhan et al., 2004). It can be deduced that propionate is the
major intermediary product resulted from the anaerobic meta-
bolism of organic matter in the studied paddy fields during the off-
season. Moreover, the abundance of SPOB was partially affected by
soil type. A high conversion rate of propionate has been reported,
which accounts for up to 30% of organic matter transformation in
paddy soils (Glissmann and Conrad, 2000). The existence of Syn-
trophomonas in the propionate-enriched culture is most probably
due to the presence of Smithella. Previous research has shown that
Smithella spp. activates a non-randomizing pathway, in which
propionate is converted to acetate and butyrate at first, and then
the butyrate is available for Syntrophomonas, and ultimately
metabolized to acetate via b-oxidation (de Bok et al., 2001).

3.3.2. Effects of rice phenology on syntrophic bacterial population
The total populations of SFAS varied from 2.27 � 107 to

3.88 � 107 copies g�1 dry soil across different rice growth stages.
Notably, SBOB was the most dominant SFAS in the 10 paddy soils
during the rice-growing season compared to the off-rice season,
with a significant increase in abundance (P< 0.05) starting from the
seedling stage until the booting stage (first 62 days). Concurrently,
an increase in the abundance of Smithella spp. has been observed at
later periods (day 60, 30 �C) of rice growth (Gan et al., 2012), and
the degradation rate of soil organic matter in the initial periods
(0e60 days) differs greatly from that in the later periods (60e120
days). Available carbon is utilized by microbes at the early periods
of decomposition, while the accumulated N is used during the later
periods (Esperschutz et al., 2013). These findings reveal that the
degradation pathway of syntrophic fatty acids may vary from rice
planting until harvesting. However, SPOB exhibited no significant
variation in their total population throughout the rice growing
season (Fig. 2b). Additionally, Syntrophobacter was the most
dominant genus of SPOB in all paddy soils, while Pelotomaculum
accounted for a lower percentage. This may be due to the fact that
Syntrophobacter spp. is recognized as a highly active syntrophic
group in paddy soil, whereas the activities of Pelotomaculum spp.
are related to soil temperature, especially at 50 �C (Gan et al., 2012;
Lin et al., 2016). It should be pointed out that all paddy soil samples
were collected in July under mesophilic conditions.

3.3.3. Distributions and relationships of SFAS and methanogens in
the 10 paddy soils at different periods of rice growth

The distributions of SFAS andmethanogens aremapped in Fig. 3.
The 16S rRNA gene copy numbers of methanogens ranged from



Fig. 5. Environmental drivers of syntrophic bacteria composition in the 10 paddy soils (a) at different rice growth stages (b). Pairwise comparisons of environmental parameters and
bacterial communities are demonstrated, and the color gradient indicates Spearman’s correlation coefficients. Total syntrophs and SFAS were correlated to each environmental
factor, as revealed by the partial Mantel tests. The edge color and width represent the statistical significance and Mantel’s R statistic, respectively. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Contributions of soil properties, soil type and rice phenology to syntrophic
community composition calculated by constrained canonical analysis of principal co-
ordinates (CAP). Interactional explanation denotes the co-contribution of soil proper-
ties to syntrophic community composition.
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4.73 � 108 to 3.23 � 109 and 1.22 � 109 to 2.24 � 109 copies g�1 dry
soil in the 10 paddy soils during the off-rice season and in HN
sample across different rice growth stages, respectively. Among the
10 paddy soils, the highest value was found in SC (purple soil)
sample, while the lowest value was in FJ (southern paddy soil)
sample (Fig. 3a). Besides, GZ, HB and JS samples demonstrated
lower levels of methanogen populations, ranging from 4.80� 108 to
7.70 � 108 copies g�1 dry soil. Such findings can be explained by
different environmental conditions, including soil type, soil pH,
SOC, etc. (discussed in Section 3.4). Furthermore, a significant in-
crease in the abundance of methanogens (P < 0.05) was observed
throughout the entire period of rice growth (Fig. 3b). These results
were in good agreement with the changes in the relative abun-
dance of methanogens (discussed in Section 3.2.2).

In additions, the populations of syntrophic bacteria demonstrated
a similar patternwith those ofmethanogens. As shown in Fig. 4a and
b, the quantities of total syntrophic bacteria (the sum of SPOB and
SBOB) exhibited a positive correlation with those of methanogens
(r2 ¼ 0.714 vs. r2 ¼ 0.585, P ¼ 0.001). These findings indicate that
syntrophic bacteria, in cooperationwithmethanogens, can affect soil
methane production in paddy soil system. A similar result was
observed in an anaerobic digester, UASB (Upflow Anaerobic Sludge
Blanket), by domesticating syntrophs using the mixture of formate,
propionate and butyrate as substrates for SFAS (Lv et al., 2020).

The OTUs of 16S rRNA were applied to construct two co-
occurrence networks, and the results showed a significant inter-
action between methanogens and symbiotic bacteria (Fig. 4c and
d). In the 10 paddy soils, Syntrophobacter was positively correlated
with the genera of Methanobacterium and Methanobacteriaceae,
while Syntrophomonas showed a positive correlation with Meth-
anocella. However, at different rice growth stages, Syntrophobacter
was closely related to the methanogenic genera of Methanocella,
Methanosarcina and Methanosatea, while Syntrophomonas had
positive association with Methanobacterium and Methanosatea.
These findings revealed that syntrophs and methanogens were
associated with each other for the metabolic degradation of volatile
fatty acids. Smithella demonstrated no significant relationship with
hydrogenotrophic methanogens. Pelotomaculum was closely
related to both syntrophs (e.g. Syntrophobacter) and methanogens
(e.g. Methanobacterium, Methanocella, Methanosatea and Meth-
anosarcina). Lueders and Pommerenke (2004) have found that
Methanosarcinaceae and Methanocellales are the predominant
methanogens involved in butyrate degradation, while Meth-
anobacterium, Methanosarcina spp. and Methanocellales are closely
associated with syntrophic propionate oxidation. Therefore, there
is no specific selectivity in the symbiotic relationship between
syntrophs and methanogens, and their association might be
dependent on several environmental factors in paddy soils. To the
best of our knowledge, our findings provide new and reasonable
insights into the association between syntrophic propionate/buty-
rate oxidation and methanogenesis, which may serve as a signifi-
cant pathway for the anaerobic degradation of organic matter in
paddy soils (McInerney et al., 2010).
3.4. Effects of environmental variables on syntrophic community
composition

Synthrophic community structure differs greatly in various
particle sizes, with a higher bacterial diversity in small-sized
(<200 mm) fractions than in coarse-sized (200-2000 mm) fractions
(Ling et al., 2014). However, in this study, the soil particle size was
smaller than 200 mm. Therefore, compared to other properties (e.g.
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soil pH, C/N, etc.), particle size might not be a determinative factor
for bacteria communities and was not being considered. Different
syntrophic bacteria showed significantly different responses to
environmental factors. Both pH value and total N were significant
environmental drivers for shaping the total syntrophic community
in the 10 paddy soils. It has been reported that soil pH can affect the
diversity and abundance of microbial communities (Fierer and
Jackson, 2006). Besides, the concentrations of ammonia and total
Fe were closely associated with SFAS, including SPOB and SBOB
(Fig. 5a). Moreover, oxalate and citrate significantly correlated with
total syntrophs and SFAS. Given that oxaloacetate is an important
intermediate product in the process of syntrophic propionate
oxidation, it can be directly utilized by SPOB (e.g. Syntrophobacter
and Pelotomaculum) (McInerney et al., 2010). Oxalate can be
degraded anaerobically to acetate, formate and CO2, which are all
methanogenic precursors (Daniel et al., 2007). Citrate usually
serves as a chelating agent for anaerobic bacteria (Rotaru et al.,
2014). Our results indicated that the ecological determinants of
syntrophic community might differ between the off-rice season
and the rice-growing season. During rice growing period, soil
moisture, C/N ratio, oxalate and succinate were the decisive factors
for shaping the structure and diversity of syntrophic communities
(Fig. 5b).

As discussed before, apart from soil type and rice growth stages,
soil properties also affected the diversity and abundance of syn-
trophic community. Constrained canonical analysis of principal
coordinates (CAP) revealed that the compositions of syntrophs
were dependent on soil properties (Fig. 6), such as C/N ratio and soil
moisture, which explained by 6.13% and 5.16% of the changes in
syntrophic community, respectively, followed by TOC (3.94%) and
pH (3.75%). The measured soil properties accounted for 65.20%
(including 36.19% interaction) of the changes in the activemicrobial
communities between soils (Fig. 6). Therefore, it can be concluded
that soil type, rice phenology and soil properties together influence
the syntrophic bacteria in the soil system. These results were in
agreement with a previous study (Bao et al., 2014) showing that the
combination of biological and abiotic factors in paddy soil could
affect methanogenic archaeal community and CH4 production.

4. Conclusions

The distribution of syntrophs and methanogens was investi-
gated in the paddy soils obtained from Southern China. The relative
abundances of syntrophs at different rice growth stages
(1.68e3.95%) were increased compared to off-rice season
(0.39e1.66%) in the 10 paddy soils. Soil type and rice phenology
significantly affected the relative abundance of syntrophs. SPOB
were the most abundant SFAS in the 10 paddy soils during off-rice
season, while syntrophic butyrate oxidation was dominant
throughout the rice growing season. The main pathways for the
syntrophic degradation of fatty acids might vary depending on rice
growth. Different soil parameters, such as pH value, ammonia
concentration, soil moisture, oxalate and citrate, could be viewed as
the ecological determinants affecting the abundance and diversity
of syntrophs. Overall, syntrophic bacteria, in cooperation with
methanogens, could regulate CH4 production in paddy soil system.
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