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Freshwater reservoirs are an important source of the greenhouse gas methane (CH4). However, little is known
about the activity and structure of microbial communities involved inmethanogenic decomposition of sediment
organicmatter (SOM) in cascade hydropower reservoirs. In this study,we targeted on sediments of three cascade
reservoirs in Wujiang River, Southwest China. Our results showed that the content of sediment organic carbon
(SOC) was between 3% and 11%, and it's positively correlatedwith both C/N ratio and recalcitrant organic carbon
content of SOM. Meanwhile, SOC content was positively correlated with CH4 production rates but had no signif-
icant correlation with total CO2 production rates of the sediments, when rates were normalized to sediment vol-
ume. Resultantly, the sediment anaerobic decomposition rates hardly significantly increase along with the SOC
content. These results suggested that the terrestrial organic matter accumulated after damming stimulated
CH4 production from the reservoir sediments even though its decomposition rate was limited. Meantime, high
throughput sequencing of 16S rRNA genes indicated that not only the hydrogenotrophic and acetoclastic, but
also the methylotrophic methanogens (Methanomassiliicoccus) are abundant in the reservoir sediments. More-
over, metagenomic sequencing also suggested that methylotrophic methanogenesis are potentially important
in the sediment of cascade reservoirs. Finally, the hydraulic residence time of the reservoir could be the key con-
trolling factor of the structures of bacterial and archaeal communities as well as the CH4 production rates of the
reservoir sediments.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Methane (CH4) is the secondmost important greenhouse gas next to
CO2, the global CH4 emissions are about 500–600 Tg C y−1 (Conrad,
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2009; Saunois et al., 2020). Freshwater ecosystems are an important
source of CH4 to the atmosphere (about 122–159 Tg C y−1) (Deemer
et al., 2016; Saunois et al., 2016). Among them, the global CH4 emissions
from hydroelectric reservoirs are about 4.4–18.4 Tg C y−1 (Barros et al.,
2011; Li and Zhang, 2014). In freshwater ecosystems, anaerobic sedi-
ments are hotspots for microbial methanogenesis during anaerobic
mineralization (Bastviken et al., 2008; Gruca-Rokosz and Tomaszek,
2015; Sepulveda-Jauregui et al., 2018). Anaerobicmicrobial degradation
of organic matter, which produces both CH4 and CO2 as the end
products, are accomplished consecutively by a complex microbial
community consisting of hydrolytic, fermentative, syntrophic,
homoacetogenic bacteria and methanogenic archaea (Conrad, 1999).

Based on the substrates used to produce methane, methanogenesis
can be achieved by utilizing hydrogen (H2) plus carbon dioxide (CO2)
(hydrogenotrophic pathway), acetate (acetoclastic pathway) and
methyl compounds (methylotrophic pathway) (Thauer et al., 2008).
In most anoxic environments, CH4 is produced from either acetoclastic
methanogenesis or hydrogenotrophic methanogenesis (Whiticar et al.,
1986; Falz et al., 1999; Conrad et al., 2007; Conrad, 2020). In contrast,
methylotrophic methanogenesis was reported to be important in saline
andmarine environments (Nobu et al., 2016; Zhuang et al., 2016; Evans
et al., 2019; Zhang et al., 2020) but seldom found in freshwater ecosys-
tems. For example, in the sediment of freshwater ecosystems, themajor
methanogenic pathways are thought to be hydrogenotrophic and
acetoclastic pathways (Falz et al., 1999; Borrel et al., 2011; Conrad,
2020), and their dominantmethanogen groups usually belong to genera
Methanoregula, Methanolinea, Methanobacterium, and Methanosaeta
(Biderre-Petit et al., 2011; Borrel et al., 2011; Youngblut et al., 2014;
Berberich et al., 2020). But most of them investigated the composition
of methanogenic communities in sediment of freshwater lakes but
rarely in reservoirs.

In an effort to alleviate the growing water shortages and energy de-
mands, numerous hydroelectric dams have been constructed world-
wide (Maavara et al., 2015). Damming the river would lead to
hydrological status variations, silt deposition, nutrients blocking and
so on (Wang et al., 2011; Chen et al., 2019). For instance, damming
has attenuated by 26% the transport of terrestrial organic matter to
the ocean (Dean and Gorham, 1998; Syvitski et al., 2005). Compared
with freshwater lakes, reservoirs tend to have higher watershed area-
to-surface area ratio that could result in richer organic matter input
from the surrounding catchment (Hayes et al., 2017), and this could
lead to higher C burial rates in the reservoirs (Knoll et al., 2014). All of
the effects are conducive to the continuous accumulation of sediment
organic matters (SOM) which might strongly stimulate methane pro-
duction in the reservoirs.

China has constructed more than 90,000 reservoirs with a total
water storage capacity over 8.1 × 1011 m3, ranking first in the world
for the number of reservoirs (Lehner et al., 2011; Wang et al., 2018a;
Chen et al., 2019).Many of these reservoirs are built in a cascade config-
uration in large rivers of Southwest China. Previous studies have re-
ported active CH4 emissions from the cascade reservoirs (Zheng et al.,
2011; Shi et al., 2017; Liu et al., 2020), and CH4 flux were often largely
different among the cascade reservoirs located in the same river
(Barros et al., 2011; Shi et al., 2017; Liu et al., 2020). However, the char-
acteristics of methanogenic decomposition of SOM, as well as structure
of methanogenic communities in sediments of cascade reservoirs are
largely unclear. We hypothesized that the different hydraulic residence
times probably lead to distinct methanogenic potentials and methano-
genic microbial communities of the sediments among the cascade
reservoirs.

In this study, three cascade reservoirs of Wujiang River, which is lo-
cated in Southwest China and one of the earliest cascade hydroelectric
development rivers in China, were chosen to study the activity and
structure of microbial communities involved in methanogenic decom-
position of SOM in sediments. The objectives of this study were to:
(1) evaluate the CH4 and CO2 production rates during anaerobic
2

decomposition of SOM in cascade reservoirs, (2) analyse the structure
of methanogenic microbial communities in sediments of cascade reser-
voirs, (3) explore the main biogeochemical parameters affecting me-
thanogenic decomposition of SOM as well as composition of bacterial
and archaeal communities.

2. Methods

2.1. Description of study area

The Wujiang River (26°07′–30°22′N, 104°18′–109°22′E) is the larg-
est tributary on the right bank of the upper reaches of the Yangtze River.
It has a total length of 1037 kmwith a fall of 2124m. TheWujiang River
mainly flows through the typical karst area of Southwest China. It has an
annual runoff of 53.4 billion cubicmeters, and its annual average rainfall
(1195 mm) occurred mostly in spring and summer. A series of hydro-
power reservoirs have been constructed along the Wujiang River.
Three reservoirs, Hongfeng (HF), Wujiangdu (WJD) and Dongfeng
(DF) were selected for this study. The HF reservoir is the first and
most upstream reservoir in a major tributary of the Wujiang River, the
other two reservoirs are located on the middle reaches of the Wujiang
River (Wang et al., 2013). The main features of these reservoirs are de-
scribed in Table S1. In these reservoirs, the temperature, DO, pH and Chl
a of the surface water were about 10.4 °C–28.2 °C, 6.1 mg/L–13.6 mg/L,
7.7–8.8 and 5.8 μg/L–25.2 μg/L, respectively (Xiao et al., 2021). These
reservoirs showed thermal stratification mainly in summer, and the
thermocline appeared at a layer of around 5–20 m depths (Wang
et al., 2020a;Wang et al., 2020b; Xiao et al., 2021). Meantime, these res-
ervoirs exhibit various hydrographic characteristics and nutrient levels,
and the HF reservoir has higher trophic levels than the others (Xiao
et al., 2021). Temperature of the bottom water of these reservoirs is
around 15 °C in at least half of the year and the maximum is around
22 °C (Chen et al., 2019; Wang et al., 2019).

2.2. Sediment sampling

The DF and WJD reservoirs are canyon type reservoirs. So the sedi-
ment cores usually could only be collected at relatively central area
where the sediment is mainly accumulated at. In contrast, the HF reser-
voir is located in karst plateau and its surface area is about three times of
the other two reservoirs (Table S1). Therefore, we preparedmuchmore
sampling sites in HF reservoir. From June to August 2018, sediment
samples (three replicates per sampling site)were collected in these cas-
cade reservoirs. 9 sampling sites were prepared for HF (named H1-H9),
3 sampling sites for DF (D1, D2, D3) and 2 sampling sites for WJD (W1,
W2) reservoirs. In April 2019, another sediment sample in HF (named
HS) was collected nearby samples of H1 and H6 for metagenomic se-
quencing. Detailed information of sampling sites are listed in Fig. 1
and Table S2. Sediment cores were taken in triplets in each site using
a gravity corer (internal diameter 5.9 cm). Sediment cores were sealed
from both ends and transported vertically to the laboratory within 12
h. Then the sediment cores were kept in dark at 15 °C until use within
3 days.

2.3. Incubation of sediment samples

For incubation experiment, the 2–15 cm depth of sediment cores of
each sampling site was collected and homogenized, and 20 g sediment
sample was added into 100 ml glass vial for anaerobic incubation, then
3 ml filtered overlying water was added into each vial. The whole pro-
cess was made oxygen free by continuous flushing with pure nitrogen.
Then the vials were sealed immediately with butyl rubber stopper to-
gether with aluminum crimp. After repeatedly vacuumed and flushed
with pure N2 for 3 min, the vials were incubated statically at 15 °C and
25 °C under dark condition for four days. Three replicateswere prepared
for each sediment sample. A small part of the remaining sample was



Fig. 1. Geographical location and distribution of sampling sites in three (Hongfeng, Wujiangdu and Dongfeng) reservoirs of Wujiang River basin, which is located in Guizhou Province,
China. The brown bars denote dams, black dotted arrows indicate the flow direction of river water, the red dots denote sampling sites.
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centrifuged and stored at −20 °C for subsequent analysis of sediment
and porewater samples.

2.4. Measurement of CH4 and CO2 production

At the end of the incubation (day 4), gas samples (300 μl) from the
headspace of vials used for sediment anaerobic incubation were taken
with a gas-tight pressure lock syringe (VICI, Baton Rouge, USA), after
the vials were vigorously shaken by hand, and injected immediately
into gas chromatograph (HP6890, Hewlett Packard Co., USA) equipped
with flame ionization detector (FID), so as to analyse the concentrations
of CH4 and CO2. The CO2 was measured after conversion to CH4 with a
methanizer (nickel catalyst at 375 °C). Then the vials were opened
andpH values of the sediment samplesweremeasured so as to calculate
the bicarbonate CO2 in the vials.

Total CO2 was defined as the sum of gaseous, dissolved and bicar-
bonate CO2. The amounts of CO2 and CH4 gases in the headspace of
the vials were calculated based on the partial pressures using the vol-
ume of the gas space and the gas constant. The amounts of dissolved
and bicarbonate CO2 in the liquid were calculated as described in
Yuan et al. (2018). The mineralization rates of sediment organic matter
were calculated from the accumulation of total CO2 plus CH4 production
during the incubation (Moodley et al., 2005; Yuan et al., 2018). Simi-
larly, the production rates of CH4 and total CO2 were calculated from
the accumulation of CH4 and total CO2 during the incubation,
3

respectively. All the production rates described above were expressed
normalized to both sediment volume (μmol cm−3 d−1) and mass of
sediment organic carbon (μmol g SOC−1 d−1). So as to know the actual
volume of the sediment in each vial, the bulk density of the sediment
samples was determined (ranged from 1.02 g/ml ~1.27 g/ml). The
mass of SOC per vial was calculated from the water content of the sed-
iment samples and the SOC content of the dried sediment samples.

2.5. Analysis of sediment biogeochemical parameters

After acidification and lyophilization, the contents of sediment or-
ganic carbon (SOC), total sulfur (TS) and total nitrogen (TN) of the sed-
iment samples were analyzed with elemental analyzer (Vairo Macro
CNS, Elementar, Germany). For Fe (II) and Fe (III) determination, sedi-
ment samples (0.5 g) were extracted with 4.5 ml of 0.5 M HCl at room
temperature for 24 h. Then 100 μl of the HCl suspension was added to
1 ml Ferrozin solution (0.1% w/w Ferrozin in 50 mM N-2-hydroxyl-
ethylpiperazin-N′-2-ethane sulfonate, pH 7), mixed and centrifuged at
8000 rpm for 5 min. The supernatant wasmeasured with a photometer
at 562 nm. Total free iron (Fe (II) + Fe (III)) was determined by adding
100 μl of the HCl suspension to 2 ml 0.25 M hydroxylamine hydrochlo-
ride in 0.25 N HCl followed by incubation at 60 °C for 2 h and then ana-
lyzing Fe (II) as described above (Schnell et al., 1998).

The infrared spectrum of sediment organic matter (SOM) was ana-
lyzed by FTIR spectrometer (VERTEX 70, Bruker Spectrometer,
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Germany) with the Potassium Bromide (KBr) tableting method
(Ellerbrock andGerke, 2004; Ellerbrock andGerke, 2013). The sediment
samples andKBrwere dried at 100 °C for 6 h before tableting. Then 1mg
sediment sample together with 120 mg of KBr were ground in an agate
mortar and mixed homogeneously. The infrared spectrum test ranged
from 500 to 4000 cm−1 with resolution of 4 cm−1, and each sample
was scanned for 64 times. The atmosphere and CO2 background are
subtracted during the acquisition, and Omniic 8.0 was applied to per-
form baseline correction on the infrared spectrum. According to the in-
frared spectrum (i.e. each functional group has the specific absorption
peaks), we divided the functional groups of SOM into five components
including phenol & alcohol (3620, 3446 cm−1), aliphatic carbon
(2922, 2852, 1421 cm−1), aromatic carbon (1639, 696 cm−1), carbohy-
drates (1030 cm−1) and organic silicon (798 cm−1, Fig. S1) (Ellerbrock
and Gerke, 2004; Ellerbrock and Gerke, 2013; Baumann et al., 2016),
while obvious overlapping appeared in peaks affiliated with phenol &
alcohol as well as carbohydrates. Thus, in order to semi-quantitatively
analyse organic functional groups, we integrated the absorption peak
and calculated its corrected area (Fig. S1). Finally, we calculated the per-
centage of each peak area (i.e. relative peak area of absorption).

2.6. DNA extraction and high throughput sequencing of the bacterial and
archaeal communities

Total sediment DNA was extracted from approximately 0.5 g wet
sediment sample (2–15 cm depth) using FastDNA SPIN Kit for soil
(MP Biomedicals, USA) according to the manufacturer's protocol. The
quality of extractedDNAwas checked by 1% agarose gel electrophoresis.
The universal primer set 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) was employed to amplify the hypervar-
iable V4 region of both bacterial and archaeal 16S rRNA genes (Angel
et al., 2011; Kozich et al., 2013; Lever and Teske, 2015). PCR is divided
into two rounds of amplification, and PCR products of appropriate size
(~500 bp) were purified using Agencourt AMPure XP beads (Beckman,
USA). The sequencing analysis entrusted Sangon Biotech (Shanghai,
China) to perform high-throughput sequencing of the amplified gene
fragments with the Illumina Miseq platform (Miseq 2×300 bp). Raw
data were quality-filtered, chimera checked and clustered into
operational taxonomic units (OTUs, 97% cutoff) using Usearch v9.2.64
(Edgar, 2010). Rarefaction curves and alpha diversity indices including
Chao1, Shannon index and coverage were calculated in Mothur
v1.30.1 (Schloss et al., 2009).

2.7. Metagenomic sequencing

Both the surface (0–2 cm) and the lower layer (5–10 cm) sediment
samples of sampling site HS (HF reservoir) were applied formetagenomic
sequencing. Metagenomic libraries were generated using the NEB Next
Ultra DNA Library PrepKit for Illumina (NEB, USA) following themanufac-
turer's protocols. The sequencing was performed on the Illumina Next
Generation Sequencing Platform(paired-end150bp reads) at SangonBio-
tech (Shanghai, China). A total of 27.6 Gb raw sequence data was gener-
ated (392,554,524 raw reads) from six metagenomes (three replicates
for each depth). The raw metagenomic data was screened to remove
adaptor fragments and low-quality reads and generate clean reads with
Trimmomatic 0.36 (Bolger et al., 2014). Metagenomes were assembled
using De Bruijn graph from IDBA-UD version 1.1.2 (Peng et al., 2012),
and the trimmed readsweremapped to the contigs using Bowtie2 version
2.1.0 (Langmead and Salzberg, 2012). Contigs shorter than 1 kb orwith an
average coverage less than five were discarded from the assembly. The
taxonomic assignment of the sequences was conducted using DIAMOND
version0.8.20 (Buchfink et al., 2015). The relative gene abundancewasde-
fined as the ratio of the sum of the sequencing depth of every base in the
predicted gene to the gene length. Metabolism pathway analysis was per-
formed using Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa, 2004). We determined the relative abundance of
4

methanogenesis-related functional genes based on the relative abundance
of KEGG Orthology (KO) in KEGG database, and evaluated the relative ra-
tios of different methanogenic pathways according to the modules of
M00357, M00356, M00563 and M00567 in KEGG database (Z. Liu et al.,
2018; Pyzik et al., 2018). Raw sequences of 16S rRNA genes and
metagenomics reads have been made available in the NCBI
Sequence Read Archive under the BioProject number PRJNA663741 and
PRJNA663930, respectively.

2.8. Binning of metagenomic data

Metagenomic datasets generated for the two layers of sediment of
HF reservoir were used in a combined assembly to recover genomes.
High-quality metagenomic sequences were de novo assembled using
SPAdes.v.3.12.0 (Nurk et al., 2017) with the following k-mer values:
21, 33, 55 and 77. The completeness, contamination, and strain hetero-
geneity of metagenome-assembled genomes (MAGs) were evaluated
by using CheckM (version 1.0.5) (Parks et al., 2015). Species' annotation
and classification of MAGs obtained by binning were based on GTDB-Tk
database (Parks et al., 2018). For each predicted coding sequence, pro-
tein functions were annotated using the KEGG server (Kanehisa et al.,
2016). Phylogenetic trees were constructed with recovered genome
bins based on the results which used the FastTree algorithm with de-
fault settings by PhyloPhlAn (Price et al., 2009; Segata et al., 2013).
The trees were visualized by using iTOL (Letunic and Bork, 2016), and
rooted using theMethanosarcina as an out-group.

2.9. Statistical analysis

SPSS was used to perform all correlation coefficient analysis. The level
of significance was p < 0.05 for all tests with SPSS. Origin 8.0 (OriginLab,
USA)was used to plot the linear fit and relative abundance graphs. Princi-
pal Coordinate Analyses (PCoA) and Adonis analysis were performed to
show the similarities and differences ofmicrobial communities among dif-
ferent sediment samples. The canonical correspondence analysis (CCA)
was used to analysis effects of biogeochemical parameters on the distribu-
tion of bacterial and archaeal communities. Mantel test was applied to
evaluate the correlations of bacterial and archaeal communities with bio-
geochemical parameters. Network analysis was performed to investigate
the co-occurrence patterns of bacterial and archaeal taxa (Barberan et al.,
2012). All the analyses associated with microbial communities were per-
formed using the R package Vegan (http://cran.r-project.org/web/
packages/vegan/index.html).

3. Results

3.1. Sediment biogeochemical parameters and anaerobic decomposition of
sediments organic matter in cascade reservoirs

The content of sediment organic carbon (SOC) in samples of HF res-
ervoir ranged from3.5% to 10.9%,most of themwere significantly higher
than that inWJD andDF reservoirs (2.9%–3.5%) (Table S3). The contents
of total sulfur (TS) and nitrogen (TN) inmost of the sediment samples of
HF reservoirwere also significantly higher comparedwith the other two
reservoirs (Table S3). The C/N ratios of two sediment samples of HF res-
ervoir were substantially higher than other samples (Table S3). The
functional groups of SOCweremainly composed of carbohydrates, phe-
nol & alcohol, aliphatic carbon, aromatic carbon and the lowest was or-
ganic silicon (Table S4). The SOC contents were positively correlated
with the C/N ratios (Fig. S2a), aswell as the contents of aromatic and al-
iphatic carbon of SOM (Fig. 3d and e). However, the SOC contents were
negatively correlated with the contents of carbohydrates (Fig. 3f).

When normalized to sediment volume, the methane production
rates (MPR) in sediment samples of HF reservoir (at 15 °C) ranged
from 0.15 to 0.54 μmol cm−3 d−1 (Fig. 2a), while that inWJD and DF res-
ervoirs ranged from0.11 to 0.34 μmol cm−3 d−1 (Fig. 2a). TheMPRat25 °C
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(0.10–0.67 μmol cm−3 d−1) were slightly higher than at 15 °C. Theminer-
alization rate of sediment sampleswere similar amongdifferent reservoirs,
butfluctuated from1.07 to 2.10 μmol cm−3 d−1 (at 15 °C) amongdifferent
sampling sites (Fig. 2b), and themineralization rateswere generallyhigher
at elevated temperature (1.43–2.71 μmol cm−3 d−1, Fig. 2b). The SOC con-
tents were positively correlated with MPR, but had no correlation with
total CO2 production or mineralization rates of sediment at 15 °C, while
the SOC contents had slight positive correlation with mineralization
rates of sediment at 25 °C (Fig. 3a–c). Meantime, C/N, TN and TS were
also positively correlated with MPR (Fig. S2).

In contrast, when normalized to SOC, theMPR at 15 °C (ranged from
5.9 to 24.0 μmol g SOC−1 d−1) were similar among the three reservoirs
(Fig. S3a), while the total CO2 production rates (ranged from 9.4 to
197.4 μmol g SOC−1 d−1) were substantially lower in four sampling
sites (H6-H9) of HF (Fig. S3b). The MPR normalized by SOC were not
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significantly correlated with the SOC contents, and also hardly corre-
lated with C/N ratios of the sediment (Fig. S3c and e). While the total
CO2 production rates normalized by SOC were negatively correlated
with SOC contents and C/N ratios (Fig. S3d and f).

3.2. Compositions of bacterial and archaeal communities in sediments of
cascade reservoirs

The compositions of bacterial and archaeal communities in reservoir
sediments were analyzed by high throughput sequencing of 16S rRNA
genes. After quality control, 91,737 to 242,153 high quality sequences
were yielded for each sediment sample (Table S5). And the alpha diver-
sity indexes of 16S rRNA genes were significantly correlated with the
biogeochemical parameters, including TN, SOC, TS, Fe (II), hydraulic res-
idence time (HRT) (Table S6). Phylogenetic analysis indicated that the
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relative abundances of bacteria and archaea were about 93.3%–98.6%
and 1.7%–6.7% in these sediment samples (Table S7), respectively.

For bacterial communities, Proteobacteria was the most predominant
phylum in all sites with a proportion ranging from about 30% to 50%
(Fig. 4a). For archaea, the dominant phylum was Euryarchaeota with a
proportion ranging from about 40% to 85% (Fig. 4b), it mainly consisted
of several genera of methanogens, such as Methanomassiliicoccus,
Methanoregula,Methanolinea, and Methanosaeta. Besides, the results also
c

DF

WJD

Southern HF

Northern HF

a

Fig. 5. Principal coordinate analysis (PCoA) of bacterial (a) and archaeal (b) communities based
of the effects of biogeochemical parameters on bacterial (c) and archaeal (d) communities. Th
were used as input. Northern HF, southern HF, DF and WJD denote sampling sites of norther
respectively. Arrows indicate the direction and magnitude of biogeochemical variables associa
TN, total nitrogen; TS, total sulfur; SOC, sediment organic carbon.

6

showed that the reservoir sediment samples contained other four archaeal
phyla, including Crenarchaeota, Woesearchaeota, Pacearchaeota and
Thaumarchaeota.

3.3. Biogeochemical parameters shaping the microbial community structures

Principal coordinate analysis (PCoA) (explained 45% variances)
showed that the compositions of bacterial communities of the sediment
d

DF

WJD

HF

b

on the unweighted UniFrac distancemetric. And Canonical correspondence analysis (CCA)
e dominant bacterial and archaeal genera (average relative sequence abundances >0.1%)
n area of Hongfeng, the southern area of Hongfeng, Dongfeng and Wujiangdu reservoirs,
ted with dominant community structures. Abbreviations: HRT, hydraulic residence time;
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samples were separated into four groups of DF, WJD, Northern HF and
Southern HF (Fig. 5a and Table S8). Similarly, composition of archaeal
communities were separated based on the reservoirs (Fig. 5b and
Table S8). Meantime, based on the canonical correspondence analysis
(CCA) (explained 54% variances), depth significantly affected the bacte-
rial community structures of DF and WJD reservoirs (Fig. 5c). HRT to-
gether with SOC, TN and TS significantly affected the bacterial
community structures of HF reservoir (Fig. 5c). The partial mantel test
also showed that HRT had highest correlations with prokaryotic com-
munity structures of these sediment samples (Table S9). Furthermore,
CCA analysis of archaeal communities (explained 38% variances) indi-
cated that the Methanoregula and Methanosaeta were largely affected
Fig. 6.Network of co-occurring bacterial and archaeal genera based on Spearman correlation an
0.01) correlation. The size of each node (genus) is proportional to its relative abundance, the th
correlation coefficient. Methanogens are marked in bold and red.
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by water depth, while Methanomassiliicoccus and Woesearchaeota
were mainly controlled by HRT (Fig. 5d).

3.4. Microbial co-occurrence network analysis

In order to characterize the correlation of bacterial and archaeal mi-
croorganisms in these sediment samples, a positive correlation-based
networkwas constructedwith themost abundant 100 prokaryotic gen-
era (Fig. 6). About half of the nodes were grouped into Proteobacteria
(35%) and methanogens (8%) (Fig. 6 and Table S10). The prokaryotic
community in the network was organized by three major functional
modules (Fig. 6). Among them, module I was composed of both
alysis sorted in color bymodularity class. A connection stands for a significant (R> 0.6, P<
ickness of each connection between two nodes (edge) is proportional to the corresponding
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bacterial andmethanogenic archaea, whilemodule II and III were exclu-
sively composed of bacterial nodes (Table S10).

3.5. Metagenomic analysis of methanogenic archaea in the sediment samples

In order to get a deeper understanding of methanogenic archaea in
the reservoir sediments, metagenomic analysis was performed for the
sediment samples of HF reservoir, which hadmore active methane pro-
duction and higher relative abundance of methanogenic archaea com-
pared with the other two reservoirs (Figs. 2a and 4b). The results
showed that compared with the surface sediment, the relative abun-
dances of genes associated with each methanogenesis pathway were
generally higher in lower layer sediment (Fig. 7). The relative abun-
dances of genes of FmdA-F (hydrogenotrophic pathway), MttBC
(methylotrophic pathway), Acs and CdhA-E (acetoclastic pathway)
were apparently higher compared with other genes which affiliated
with the three methanogenesis pathways. Meanwhile, the total relative
abundances of genes involved in methylotrophic methanogenic
pathways were similar with that in acetoclastic pathways in both
surface and lower layer sediment, while the relative abundances of
hydrogenotrophic pathway were slightly lower (Fig. S5).
Table 1
Characteristics of four MAGs of methanogens reconstructed in this study.

Bin ID Size (Mbp) Compl. (%) Cont. (%) Strain hetero.

H13bin3 0.58 45.72 1.31 100
H21bin13 1.20 72.56 0.16 100
H22bin6 0.98 58.52 0.65 100
H23bin3 1.03 72.39 1.57 50

The following are shown: Compl. estimated completeness, Cont. estimated contamination, Strain
guanine-cytosine content.
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De novo genomic assembly and binning of metagenome sequenc-
ing data resulted in the reconstruction of 4 metagenome-assembled
genomes (MAGs) affiliated with Euryarchaeota methanogens in the
sediments of HF reservoir (Table 1). To identify lineages of these
MAGs, we constructed phylogenetic trees based on a concatenated
set of 16S ribosomal protein sequences (Fig. S6). All the MAGs clus-
tered within the genusMethanoregula. Meanwhile, MAGs annotation
revealed that they possessed genes encoding conserved core
enzymes of hydrogenotrophic methanogenesis, including Fwd, Ftr,
Mch, Mtd, Mer, Mtr, and Mcr (Additional file 1). They also had a
large number of electron transporters encoded in their genomes. In
addition, they encoded multiple membrane-bound hydrogenases as
well as lipooligosaccharide and monosaccharide transporters (Addi-
tional file 1).
4. Discussion

4.1. Methanogenesis activity in the sediment of cascade reservoirs

Cascade damming on a river will produce a series of reservoirs
substantially different in biogeochemical characteristics. Especially,
the much longer hydraulic residence time (HRT) in HF reservoir
(119 days) will lead to higher sedimentation rates of both terrestrial
and aquatic particulate substances (Groeger and Kimmel, 1984;
Maavara et al., 2015; Y. Zhao et al., 2020; Z. Zhao et al., 2020). As a
result, the sediment of the HF reservoir is rich in sediment organic
carbon (SOC) as well as total sulfur (TS) and nitrogen (TN)
(Table S3). The relatively large fluctuations in contents of SOC
(3.5%–10.9%), TS (0.2%–1.2%) and TN (0.3%–8%) (Table S3) in HF
reservoir could be attributed to its substantially larger surface area
(Table S1) (Y. Zhao et al., 2020), as well as its longer HRT which
could accelerate the sedimentation of particles and reduce their
migration within the reservoir. Then, sediments of HF reservoir
could supply richer and spatially heterogeneous substrates for
methane production after anaerobic mineralization.

As a result, sediment samples of HF reservoir had higher relative abun-
dance ofmethanogens, greater diversity of bacterial and archaeal commu-
nities (Figs. 4 and 5), and several samples largely enriched in SOC
exhibited significantly stronger methane production rates (MPR) when
normalized to sediment volume (Fig. 2a and Table S3). This could explain
the positive correlation of biogeochemical parameters (including SOC, TS
and TN) with MPR normalized by sediment volume (Fig. 3a and Fig. S2),
as well as with the bacterial and archaeal communities (Fig. 5 and
Table S6). Nevertheless, more sampling sites from DF andWJD reservoirs
would be helpful for consolidating the importance of HRT. The MPR of
these cascade reservoirs (0.07 to 0.87 μmol cm−3 d−1) (Fig. 2a)were sim-
ilar or slightly lower than those reported in other lakes and reservoirs. For
example, the MPR of the sediment of William H. Harsha Lake were
0.62–1.23 μmol cm−3 d−1 (Berberich et al., 2020), and that of the four cas-
cade hydropower reservoirs located at the upstream of Mekong River
were 0.09–0.88 μmol cm−3d−1 (Liu et al., 2020).

Generally, C/N ratio could be used to identify sources of organicmat-
ter in sediment (Meyers and Ishiwatari, 1993;Meyers, 1994; Chen et al.,
2002), since the C/N ratios of aquatic algae are usually less than 10,
Scaffolds (no.) Genes (no.) GC (%) Longest scaffold (kbp)

143 698 49.10 106.84
242 1402 48.67 175.44
221 1139 48.65 119.35
222 1223 48.91 192.78

hetero. strain heterogeneity, number of scaffolds, number of protein-coding genes, and GC
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while that of terrestrial plants are greater than 15 (Meyers and
Ishiwatari, 1993; Chen et al., 2002; Cloern et al., 2002). Therefore, the
substantial variations of C/N ratios (8.1–25.5) (Table S3) as well as the
significant positive correlation between SOC contents and C/N ratios
(Fig. S2) suggested that terrestrial input greatly enhanced the accumu-
lation of SOC (Meyers, 1994; Cloern et al., 2002), and resultantly stimu-
lated the CH4 production of the sediment. Nevertheless, terrestrial
organic matters were considered more difficult to be decomposed
than aquatic organic matters (Blair and Aller, 2012; Grasset et al.,
2018;Wei et al., 2020)mainly because of their higher contents of lignin,
whichwas very difficult to break down under anaerobic condition (Dai,
2005; Jia et al., 2013; Grasset et al., 2018). Indeed, the contents of recal-
citrant components, e.g. aromatic and aliphatic carbon (Ellerbrock and
Gerke, 2013; Jiang et al., 2018), in the sediment organic matter were
positively correlated with SOC contents of the sediment samples
(Fig. 3d and e). Resultantly, when normalized to sediment volume, the
MPR but not the SOCmineralization rates significantly increased together
with the SOC contents (Fig. 3a and c). This could be explained by that the
SOC with higher recalcitrant carbon undergo incomplete mineralization
under anaerobic conditions, which may preferentially produce CH4 rather
than CO2 (Conrad et al., 2009). This was in agreement with that the CO2

production rates normalized by SOC were negatively correlated with
both the SOC contents and C/N ratios (P< 0.01) (Fig. S3d and f). These re-
sults suggested that cascade reservoirs are favorable for the burial of ter-
restrial organic carbon even though higher SOC stimulated MPR of the
sediments. Recent study in coastal oceans also showed that terrigenous or-
ganic carbon is more persistent and its preservation in the marine system
is better than previously thought (Blair and Aller, 2012; Tesi et al., 2016;
Hemingway et al., 2019; Wei et al., 2020).

4.2. Compositions of methanogenic archaeal populations in the sediment of
cascade reservoirs

For these cascade reservoirs, oxygen could penetrate into the surface
sediments (normally a few millimeters) because there is usually rela-
tively high dissolved oxygen content in the water column (Bryant
et al., 2010; X.L. Liu et al., 2018;Wang et al., 2018b). Our results also in-
dicated that there were lower abundances of functional genes involved
in methanogenesis in the surface sediment of 0–2 cm depth (Fig. 7).
Meanwhile, previous studies showed that the seasonal dynamics of
abundance and structure of methanogenic communities were detected
at the superficial sediment (within 0–2 cm depth) but not at the sedi-
ment of lower depth (Chan et al., 2005; Lyautey et al., 2021). On the
other hand, our pre-experiments with sediment of different depth
showed that the methane production potential of the sediment appar-
ently decreased below 20 cm depth (Fig. S4). So, this study targeted
on the sediment of 2–15 cmdepth, since it should represent the highest
methane production potential of the sediment samples. Besides, our re-
sults should be able to reflect the typical methanogenic communities of
the 2–15 cm depth even though we only sampled at one time point.

In sediments of freshwater ecosystems, the dominant methanogens
usually belong to acetoclastic and hydrogenotrophic methanogenesis,
including Methanoregula and Methanosaeta (Biderre-Petit et al., 2011;
Borrel et al., 2011; Youngblut et al., 2014). Our results also indicated
that the hydrogenotrophic methangen Methanoregula was abundant
in the sediment of cascade reservoirs (Fig. 4b). Moreover, the MAGs
analysis showed that the genomes of Methanoregula encoded large
number of electron transporters (Additional file 1), this was consistent
with results of comparative genomic analysis which suggested themet-
abolic adaptation ofMethanoregula to low substrate (H2) concentrations
(Browne et al., 2017). In addition, Methanoregula encoded multiple
lipooligosaccharide and monosaccharide transporters (Additional file
1), which illustrated that theMethanoregula in sediment of cascade res-
ervoirsmight adaptation to a heterotrophic lifestyle (Zhang et al., 2020).
Meanwhile, the Methanosaeta was almost the sole acetoclastic
methanogen presented in the reservoir sediment (Fig. 4b).
9

Last but not least, the dominant methanogen groups in our study
included methylotrophic Methanomassiliicoccus (Fig. 4b) (Evans et al.,
2019) which can grow with methylamines (methylamine,
dimethylamine, trimethylamine) in the presence of H2 (Borrel et al.,
2014a). Methanomassiliicoccus is a subgroup of Thermoplasmata and is
phylogenetically distant from other methanogens (Borrel et al.,
2014b). Moreover, metagenomic analysis of both surface and lower
layer sediment samples also showed the relative abundance of func-
tional genes affiliated with methylotrophic methanogenesis were com-
parable with hydrogenotrophic and acetoclastic methanogenesis (Fig. 7
and Fig. S5), further suggested that methylotrophic methanogenesis
might play an important role in methane production of the sediment
of cascade reservoirs. In fact, the order Methanomassiliicoccales are
usually relatively abundant in saline environments (e.g. mangrove eco-
systems) with relative abundance of up to about 40% of total methano-
genic community (Pan et al., 2019; Zhang et al., 2020), but it's usually
less than 6% in freshwater lakes (Chan et al., 2005; Fan et al., 2018;
Kadnikov et al., 2019). In contrast, our study showed that the
Methanomassiliicoccus had a relatively higher proportion, which was
about 8–49% of total methanogenic community, in the sediment of cas-
cade reservoirs. Therefore, our results suggested that cascade reservoirs
might be one of the few freshwater ecosystems suitable for the
flourishing of methylotrophic methanogens. The plausible reason
could be that cascade damming is also favorable for the accumulation
of inorganic elements (Campo and Sancholuz, 1998; Humborg et al.,
2002), which might increase the salinity of reservoir water. Previous
studies did show that the interception effect of the cascade reservoirs
in the Wujiang River basin was conducive to the accumulation of F−,
SO4

2−, Cl−, Ca2+ and Mg2+ (Han and Liu, 2004; Li and Ji, 2016; Huang
et al., 2017; Z. Zhao et al., 2020). Nevertheless, relative abundance of
methanogens doesn't necessarily reflect theirmetabolic activity, further
investigations based on carbon isotopes and substrate addition (Conrad
et al., 2009; Zhuang et al., 2018) are helpful for confirming the role of
methylotrophic methanogens in these reservoirs.

4.3. Microbial co-occurrence patterns

In general, positive co-occurrence of prokaryotic populations within
or between modules could reflect their similar niche adaptation or in-
terspecies cooperation (Rui et al., 2015). For this study, methanogens
were presented only in module I together with bacteria mainly com-
posed of fermentative and syntrophic bacteria, as well as sulfate reduc-
ing bacteria (SRB) (Fig. 6). The numerous positive correlations between
methanogens and bacteria in module I were probably caused by the
production of methanogenic substrates (H2/CO2, formate and acetate)
from the fermentative bacteria, such as Smithella and Anaerolinea
(Yamada et al., 2007; Liang et al., 2015; Rui et al., 2015; Yongkyu et al.,
2015;Wawrik et al., 2016), or because of multiple interactions between
syntrophic bacteria (e.g. Syntrophobacter and Syntrophorhabdus) and
hydrogenotrophic methanogens (Schink, 1997; Gray et al., 2011;
Worm et al., 2014; Nobu et al., 2015; Sedano-Nunez et al., 2018). As
for SRB, including Thiobacillus and Desulforhabdus here in module I,
they compete electron donors (H2 and acetate) but share similar niches
with methanogens in rich organic matter environments (Oremland
et al., 1982; Robinson and Tiedje, 1984). Besides, the positive correlation
between Methanomassiliicoccus and SRB could be explained by that
methylotrophic methanogens might coexist with sulfate reducers, be-
cause acetate andhydrogen are often utilized by sulfate-reducing bacte-
ria, whilemethyl compounds are exclusively utilized bymethylotrophic
methanogens (Zhuang et al., 2018).

5. Conclusions

Our results suggested that methylotrophic methanogenesis might
play an important role in methane production in the sediment of cas-
cade reservoirs. In addition, the hydraulic residence time could be the
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key controlling factor of structures of bacterial and archaeal communi-
ties as well as CH4 production rates of the reservoir sediments. At last,
terrestrial organic matter largely stimulates the CH4 production from
the reservoir sediments although it's recalcitrant to decomposition.
Further studies on more cascade reservoirs will be helpful for a deeper
interpretation of the anaerobic decomposition of organic matter as
well as methanogenic community in the reservoir sediments.

The following are the supplementary data related to this article.
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