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Anaerobic digestion is widely used to simultaneously generate biogas while treating
different organic wastes. It is difficult to determine the source of CH4 from the complex
microbial community structure using traditional microbiological pure culture techniques.
Therefore, this study aimed to elucidate the microbial source of CH4 in low-temperature
anaerobic digestion systems using the recently developed high-throughput sequencing
technology. Herein, anaerobic digestion microbes were domesticated at 15°C and then
inoculated into pigmanure-containing rawmaterials in a batch anaerobic digester to form a
low-temperature anaerobic digestion system with fermentation controlled at 15°C. Several
analytical approaches including abiotic factor analysis and biotic factor analysis (high-
throughput sequencing) were applied to investigate the abiotic factors, bacterial
communities, and archaeal communities in the low-temperature anaerobic digestion
system. The results showed that: 1) The anaerobic digestion lasted for 120 days, with
68.65 L total gas production and 31.19 L CH4 production. 2) The relative abundances of
the primary and secondary dominant bacterial operational taxonomic units ranged from
8.02 to 22.84% and 5.62–17.09%, respectively, with 99% similarities to Clostridium
cellulovorans (a typical cellulose- and hemicellulose-degrading bacterium) and
Terrisporobacter petrolearius (a representative fermentation bacterium), respectively.
Moreover, the relative abundance of the primary dominant methanogenic archaeal
operational taxonomic unit ranged from 1.03 to 16.85%, with 98% similarity to
Methanobacterium beijingense, which is a typical hydrogenotropic methanogen. Based
on the low-temperature CH4-producing metabolic pathways of bacterial and
methanogenic operational taxonomic units, Methanobacterium beijingense was found
to be the primary functional microbe for CH4 production in the 15°C anaerobic digestion
system.
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1 INTRODUCTION

Anaerobic digestion technology has been widely used worldwide
because it can produce biogas from agricultural organic waste
(such as livestock manure), industrial organic waste (such as
alcohol-containing wastewater), and municipal organic waste
(such as kitchen waste), generating clean energy in the form of
gas while effectively treating organic waste.

Anaerobic digestion is a biological metabolic process (Basile
et al., 2020), and the microorganisms in natural and engineered
anaerobic digestion systems are a microbial mixture mainly
consisting of bacteria and archaea. It has been a major
challenge to determine the source of CH4 from the complex
microbial community structure. Previously, the metabolic
connection between microorganisms and CH4 could only be
determined through pure culture techniques, which were
traditionally advantageous in terms of their low cost and
ability to determine the physiological and biochemical
characteristics of microorganisms. Through the culturing
techniques, researchers can gain a preliminary understanding
of the microbial community structure. For example, a pure
culture of Methanobacterium strain IM1 was obtained by
Tamisier et al. (2021) through isolation, to metabolize CO2

and H2 to produce CH4. However, it was unattainable to
culture microorganisms on a large scale due to the difference
in nutrition composition between the culture medium and the
natural and engineered anaerobic digestion environments;
therefore, the natural and engineered anaerobic digestion
systems became “black boxes.” Understanding on the basic
ecological structures such as species composition, community
structure, community function, and community succession of
these microbial communities has been limited, making it difficult
to determine the contribution of a single microorganism to CH4

production in a complex system. Traditional microbiological
techniques based on the isolation, culturing, as well as
morphological, metabolic, physiological-biochemical, and
genetic characterization of pure cultures of microorganisms
were unable to reveal the biological processes in anaerobic
digestion systems.

Therefore, the elucidation of complex microbial systems
relies on advances in research techniques, and the emergence
of molecular culture-free techniques has provided a new
avenue of solution. Studies on the structural analysis of
complex microbial communities in anaerobic digestion
systems have gradually evolved from traditional pure
culture techniques (Fones et al., 2021) to techniques such as
denaturing gradient gel electrophoresis (Verma et al., 2018),
rRNA gene clone libraries (Sakurai et al., 2021), and the newly
developed high-throughput sequencing technique. This
technique is suitable for whole genome analysis
(Campanaro et al., 2018), and also meets the research
requirements of complex microbial systems in anaerobic
digestion. CH4 is the main component of biogas and
determining its microbial origin is the basis for the design
and application of efficient anaerobic digestion systems.
However, anaerobic digestion systems contain complex
microbial community structures and gas components, and

no simple direct relationship exists between microorganisms
and gases, which hinders the application of the systems. In
addition, the requirement of strict operating conditions and
strain isolation in anaerobic processes further increases the
difficulty. Therefore, to overcome the problems of existing
scientific research, this study used high-throughput
sequencing technology to analyze the microbial community
structure in anaerobic digestion systems, preliminarily
determined the CH4-producing strains and their relative
contents, to elucidate the contribution of single strains to
CH4 production in anaerobic digestion systems. As the
average temperature of the Earth’s surface is approximately
15°C, this study was focused on determining the CH4 source in
anaerobic digestion systems controlled at this temperature.

2 MATERIALS AND METHODS

2.1 Experimental Setup
The experimental setup of this study is shown in Figure 1, which
consists of three parts: an anaerobic digestion system, a gas
storage system, and a water bath cooling system. The
fermentation process in the anaerobic digestion system is
conducted in a glass batch fermentation reactor with an
effective volume of 10 L; the gas storage system comprises a
plexiglass low-pressure wet gas storage tank with a volume of 5 L;
and the cooling system is composed of a chiller (MA-01 model,
Jiaxing New Maginot Machinery Co., Ltd., China) and a stainless
steel water bath. Before each batch experiment, the remaining air
in the system was purged with nitrogen gas for 20 min and the
reactor were then sealed with a rubber stopper.

2.2 Raw Materials and Inoculum
The raw material used for anaerobic digestion in this study was
fresh pig manure from a large pig farm in Fumin County,
Kunming City, China. The total solid (TS) and volatile solid
(VS) content were determined to be 29.76 and 81.11%,
respectively. The anaerobic digestion inoculum used in this
research was anaerobic activated sludge taken from the No. 6
Sewage Treatment Plant in Kunming City, Yunnan Province,

FIGURE 1 | Schematic diagram of the test setup for low-temperature
anaerobic digestion system (1 Chiller; 2 Inlet pipe; 3 Outlet pipe; 4 Water bath;
5 Batch fermentation reactor; 6 Sampling tube; 7 Gas valve; 8 Gas pipe; 9 Gas
storage cabinet; 10 Exhaust pipe).
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China, and was domesticated for 6 months at 15°C, initially
containing 6.56% TS and 53.49% VS.

2.3 Experimental Methods
The anaerobic digestion process used in this studywas a completemix
batch digester maintained at 15°C. The anaerobic digestion feedstock
solution was prepared according to a fixed food to microorganism
ratio (F/M), i.e., the VS/VS ratio of pig manure to inoculumwas set at
0.75 as, according to Fransiscus and Simangunsong (2021), the
appropriate F/M for anaerobic digestion systems should be ≤ 1.
The total volume of the feedstock solution was 10 L, comprising 200 g
of inocula (in VS), 150 g of pigmanure (in VS), and water tomake up
the rest of the volume.We set up 3 repeated experimental groups, and
all experimental data are the average of the 3 repeated experimental
groups.

After the onset of the experiment, analysis for abiotic
factors was conducted as follows: biogas production was
recorded daily, and samples were collected every 10 days for
the determination of biogas composition, pH, TS, VS, soluble
chemical oxygen demand (sCOD), ammonia nitrogen, and
volatile fatty acids (VFAs). Meanwhile, analysis for biotic
factors was also performed. Samples of feedstock solution
were collected every 10 days and frozen at −80°C for
storage. After the experiment was completed, samples of
feedstock solution collected at different anaerobic digestion
stages were used for analysis of biotic factors.

2.4 Abiotic Factors and Related Analyses
Biogas was collected in a gas storage tank with a volumetric
scale marked on the bell cover of the tank, and the generated
biogas was measured daily at a fixed time. The TS and VS were
determined through drying and combustion using an electric
thermostatic drying oven (Model DHG-9070A, Shanghai
Yiheng Scientific Instruments Co., Ltd., China) and a
chamber furnace (Model SX-5-12, Tianjin Taisite
Instruments Co., Ltd., China), respectively, according to
existing methods (Zhang and Yin, 2020). The biogas
composition was analyzed by gas chromatography (GC-
6890A, Lunan Analytical Instruments Co., Ltd., China), the
pH value using a pH meter (PHS-25, Shanghai Jinmai
Instruments Co., Ltd., China), the sCOD with a COD
analyzer (CODmax II, Hach Company, United States), the
ammonia nitrogen using an ammonia nitrogen analyzer
(Amtax Compact II, Hach Company, United States), and
VFAs by gas chromatograph (GC-9790 II, Zhejiang Fuli
Analytical Instruments Co., Ltd., China). Details on the
operation procedures for each test are specified in the
respective instrument manuals.

2.5 Biotic Factors and Related Analyses
2.5.1 Deoxyribonucleic Acid Extraction and
Polymerase Chain Reaction Amplification
The sample DNA was extracted using the magnetic bead-based
DNA extraction kit (DP328, Tiangen Biotechnology Co., Ltd.,
China), according to the procedure specified in the instruction
manual. Then, the purity and concentration of DNA were
detected using 1% agarose gel electrophoresis. A certain

amount of qualified DNA samples were taken in a centrifuge
tube and diluted to 1 ng/μL using sterilized water.

Using the diluted genomic DNA as a template, the V3-V4
region of bacterial 16S rDNA and the V4-V5 region of archaeal
16S rDNA were selected as amplification regions, and PCR
amplification was performed using the barcoded bacterial
primer 341F/806R and the archaeal primer Arch519F/915R
(An et al., 2020).

The PCR products were thoroughly mixed homogenously
according to their concentrations, followed by agarose gel
electrophoresis (gel concentration of 2%) using gel prepared with
1 × TAE (tris-acetate-ethylenediaminetetraacetic acid) electrophoresis
buffer. Sequences with a primary band size between 400 and 450 bp
were selected for cutting to recover the target bands, and the PCR
products were recovered and purified using the GeneJET Gel
Extraction Kit (K069, Thermo Fisher Scientific, United States).

2.5.2 Library Construction and Sequencing
Library construction was performed using the library
construction kit Ultra™ DNA Library Prep Kit for Illumina
(New England Biolabs, United States), and then library quality
assessment (Qubit and Q-PCR quantification) was performed
on the established libraries. If the libraries passed the
assessment, the HiSeq2500 PE250 platform (Illumina, Inc.,
United States) was used for sequencing.

After removing the barcode and primer sequences from the
sequencing data [pair end (PE) reads] obtained from the
sequencing platform, the reads of each sample were spliced
using FLASH (V1.2.7; http://ccb.jhu.edu/software/FLASH/),
and the spliced sequences were considered as raw tags.
According to the quality control process of QIIME (V1.7.0;
http://qiime.org/scripts/split_libraries_fastq.html), the spliced
raw tags were filtered to obtain tag data with high quality,
termed as clean tags. The clean tags were compared with the
database (Gold database; https://gold.jgi.doe.gov/) to detect
chimeric sequences, and the chimeric sequences were removed
by UCHIME Algorithm software (https://www.drive5.com/
usearch/manual/uchime_algo.html) to obtain the final
effective data, referred to as effective tags.

2.5.3 Operational Taxonomic Unit Clustering and
Taxonomic Annotation
The effective tags of all samples were clustered using UPARSE
software (V7.0.1001; https://drive5.com/uparse/), and the
sequences were clustered into operational taxonomic units
(OTUs) based on at least 97% similarity (identity).
Simultaneously, representative sequences of OTUs were
selected for taxonomic annotation. The representative
sequences of the selected OTUs were compared with known
sequences in GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) through Basic Local Alignment Search Tool
(BLAST) analysis to identify the strains with the highest
homology. The Mothur method (https://mothur.org/) and
the SILVA SSUrRNA database (https://www.arb-silva.de/)
were used to obtain taxonomic information and to specify
the community composition of individual samples at the
respective taxonomic levels.
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2.6 Correlation Analysis
Correlations were analyzed between abiotic factors,
abundant bacterial and archaeal OTUs, and bacterial
and archaeal communities, in various combinations.
All correlation analyses were based on two-side t test
and Pearson correlation analysis, and the relevant data
were statistically processed using SPSS software
(Version 22.0).

3 RESULTS AND ANALYSIS

3.1 Abiotic Factor Dynamics During
Different Stages of Anaerobic Digestion
Table 1 shows the dynamic changes of abiotic factors in the
low-temperature anaerobic digestion system at different stages
in this study. After the onset of anaerobic digestion, the TS and
VS contents gradually decreased, indicating that the organic
substrates in the system had been significantly consumed by
the anaerobic microorganisms in the digester. The sCOD
content reached its maximum value (9,247 mg/L) on the
10th day of anaerobic digestion. This was due to the
hydrolysis of organic solids (insoluble macromolecular
organic substrates) in the feedstock solution to form smaller
soluble organic molecules, resulting in a rapid increase in the
sCOD content. The ammonia nitrogen content in the
feedstock solution did not exhibit an increasing or
decreasing trend throughout the process, but fluctuated
around 350 mg/L. The average concentration of acetic acid
in the feedstock solution accounted for more than 70% of the
total acidity, indicating that it was the primary organic acid
produced in the system. The concentration of acetic acid
gradually increased after the onset of fermentation and
reached a maximum value at 2,528.23 mg/L on the 10th
day, owing to the further fermentation of hydrolysis
products from the water-insoluble organic substrates. The
pH value decreased continuously during the anaerobic
digestion process and was stable at approximately 6.6 after
30 days.

The production of biogas, CH4, and CO2 in this anaerobic
digestion system was plotted at 10 days interval for 120 days, as
shown in Table 2. Within the first 70 days, three periods (Days
41–50, Days 51–60, and Days 61–70) achieved biogas production
>10 L and CH4 > 5 L. Among these periods, the highest gas
production occurred between Days 51–60 (13.80 L biogas, 6.48 L
CH4, and 4.25 L CO2). Overall, the period from Day 41 to Day 70
of anaerobic digestion was the peak gas production period.

3.2 Bacterial Community Structure and
Relative Abundance
According to the taxonomic annotation and abundance
information of all samples at the OTU level, the top 35
bacterial OTUs in terms of average abundance (representative
species level; Estensmo et al., 2021) were selected to examine the
dynamic changes in relative abundance during anaerobic
digestion, as shown Figure 2. These 35 bacterial OTUsT
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according to their average abundance accounted for
43.11–77.28%, with 19 OTUs associated with Firmicutes, 11
OTUs with Bacteroidetes, 2 OTUs with Synergistetes, and 3
OTUs with Proteobacteria. These four bacterial taxa were
involved in the hydrolysis and fermentation processes in the
anaerobic digestion system, indicating the corresponding bacteria

were the most dominant anaerobic digestion microorganisms in
the system. After comparing the representative sequences of these
35 OTUs with known sequences and determining the strains with
the highest homology, a literature review of the metabolic
functions of the strains was conducted to generate a table
which showed the comparison results of various species, as

TABLE 2 | Gas production per 10 days.

Fermentation time Total gas production/L CH4 production/L CO2 production/L

1–10 days 2.50 ± 0.20 1.23 ± 0.01 0.14 ± 0.02
11–20 days 3.25 ± 0.18 2.34 ± 0.03 0.53 ± 0.01
21–30 days 5.15 ± 0.13 2.86 ± 0.01 0.82 ± 0.02
31–40 days 8.05 ± 0.10 3.96 ± 0.03 2.16 ± 0.33
41–50 days 12.1 ± 0.08 5.47 ± 0.02 4.17 ± 0.23
51–60 days 13.8 ± 0.20 6.48 ± 0.02 4.25 ± 0.07
61–70 days 11.8 ± 0.15 5.39 ± 0.03 3.27 ± 0.10
71–80 days 4.4 ± 0.18 1.45 ± 0.01 0.96 ± 0.03
81–90 days 2.95 ± 0.0.25 0.82 ± 0.00 0.56 ± 0.03
91–100 days 2.45 ± 0.30 0.67 ± 0.00 0.41 ± 0.02
101–110 days 1.50 ± 0.10 0.38 ± 0.01 0.23 ± 0.01
111–120 days 0.7 ± 0.10 0.13 ± 0.00 0.09 ± 0.01

FIGURE 2 | Composition of the 35 most abundant bacterial OTUs at different anaerobic digestion time.
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TABLE 3 | The classification and function information of the most dominant 35 bacterial species.

Relative abundance
range (%)

Closest species
(similarity)

Accession
number

Main substrates/main
products

Classification
(Phylum/Genus)

B-OTU1 8.02 ± 0.22–22.84 ± 3.12 Clostridium
cellulovorans (99%)

KF528156.1 Cellulose, pectin, glucose, maltose/H2,
CO2, acetic acid, butyric acid

Firmicutes/Clostridium

B-OTU2 5.62 ± 0.25–17.09 ± 2.85 Terrisporobacter
petrolearius (99%)

NR_137408.1 Glucose, fructose, maltose, xylose/CO2,
acetic acid

Firmicutes/
Terrisporobacter

B-OTU3 1.86 ± 0.32–14.04 ± 2.31 Streptococcus
gallolyticus (100%)

KT835017.1 Protein, cellobiose, fructose, glucose/lactic
acid

Firmicutes/
Streptococcus

B-OTU5 0.37 ± 0.11–13.70 ± 2.43 Saccharicrinis
marinus (87%)

NR_137404.1 Cellobiose, maltose, lactose/volatile fatty
acids

Bacteroidetes/
Saccharicrinis

B-OTU4 0.24 ± 0.20–8.41 ± 1.56 Ruminococcus
gauvreauii (96%)

NR_044265.1 Glucose, galactose, fructose/acetic acid Firmicutes/
Ruminococcus

B-OTU1014 1.42 ± 0.40–3.58 ± 1.20 Romboutsia
timonensis (99%)

NR_144740.1 Sucrose, glucose, fructose/acetic acid,
lactic acid, H2, CO2

Firmicutes/Romboutsia

B-OTU6 1.11 ± 0.18–3.58 ± 0.99 Turicibacter
sanguinis (99%)

HQ646364.1 Maltose/lactic acid Firmicutes/Turicibacter

B-OTU7 0.12 ± 0.09–6.83 ± 0.87 Cloacibacillus
porcorum (93%)

CP016757.1 Amino acid/acetic acid, propionic acid,
formic acid

Synergistetes/
Cloacibacillus

B-OTU16 0.03 ± 0.01–26.56 ± 4.64 Vibrio scophthalmi (100%) CP016414.1 Fat, adipic acid, fructose, glucose,
maltose/volatile fatty acids acid

Proteobacteria/Vibrio

B-OTU8 0.36 ± 0.08–3.50 ± 1.12 Tangfeifania
diversioriginum (87%)

NR_134211.1 Starch, ribose, xylose, fructose/volatile
fatty acids

Bacteroidetes/
Tangfeifania

B-OTU11 0.26 ± 0.03–3.01 ± 1.08 Tangfeifania
diversioriginum (88%)

NR_134211.1 Starch, ribose, xylose, fructose/volatile
fatty acids

Bacteroidetes/
Tangfeifania

B-OTU10 0.21 ± 0.10–2.23 ± 1.52 Lactobacillus
amylovorus (100%)

KX851524.1 Fructose, galactose and glucose/lactic
acid

Firmicutes/
Lactobacillus

B-OTU22 0.18 ± 0.09–2.32 ± 0.92 Lactobacillus reuteri (100%) KP317691.1 Ribose, xylose, fructose, lactose/lactic
acid

Firmicutes/
Lactobacillus

B-OTU471 0.00 ± 0.00–11.59 ± 2.18 Vibrio renipiscarius (99%) HG931126.1 Mannitol, sucrose, cellobiose, glucose/
volatile fatty acids

Proteobacteria/Vibrio

B-OTU12 0.16 ± 0.07–1.72 ± 0.42 Mariniphaga
anaerophila (88%)

NR_134076.1 Arabinose, ribose, xylose, glucose,
mannose/succinic acid

Bacteroidetes/
Mariniphaga

B-OTU14 0.39 ± 0.11–1.02 ± 0.47 Clostridium
butyricum (100%)

CP013239.1 Starch, glucose and sucrose/butyric acid,
acetic acid, H2, CO2

Firmicutes/Clostridium

B-OTU33 0.13 ± 0.02–1.79 ± 0.51 Clostridium populeti (99%) KT278845.1 Starch, glucose and sucrose/butyric acid,
acetic acid, H2, CO2

Firmicutes/Clostridium

B-OTU17 0.25 ± 0.14–1.45 ± 0.25 Proteiniphilum
acetatigenes (94%)

NR_043154.1 Protein, pyruvate, glycine/acetic acid,
propionic acid, NH3

Bacteroidetes/
Proteiniphilum

B-OTU18 0.12 ± 0.05–2.54 ± 0.77 Atopostipes
suicloacalis (98%)

NR_028835.1 Glucose, lactose, maltose/lactic acid,
acetic acid, formic acid

Firmicutes/Atopostipes

B-OTU20 0.06 ± 0.02–1.43 ± 0.48 Alkaliflexus
imshenetskii (93%)

NR_117198.1 Cellobiose, xylose and maltose/propionic
acid, acetic acid

Bacteroidetes/
Alkaliflexus

B-OTU13 0.13 ± 0.03–1.01 ± 0.19 Caloramator
australicus (86%)

HM228392.1 Glucose, fructose, xylose, maltose,
sucrose/ethanol and acetic acid

Firmicutes/Caloramator

B-OTU26 0.36 ± 0.25–0.58 ± 0.04 Proteiniphilum
acetatigenes (96%)

NR_043154.1 Protein, pyruvate, glycine/acetic acid,
propionic acid, NH3

Bacteroidetes/
Proteiniphilum

B-OTU23 0.38 ± 0.06–1.06 ± 0.10 Christensenella
minuta (92%)

NR_112900.1 Glucose, xylose, arabinose/acetic acid,
butyric acid

Firmicutes/
Christensenella

B-OTU36 0.01 ± 0.00–2.26 ± 0.72 Pseudomonas
caeni (100%)

KX354320.1 Fat/volatile fatty acids Proteobacteria/
Pseudomonas

B-OTU15 0.08 ± 0.00–1.00 ± 0.28 Gracilibacter
thermotolerans (86%)

NR_115693.1 Maltose, sucrose, arabinose/acetic acid,
lactic acid, ethanol acid

Firmicutes/Gracilibacter

B-OTU40 0.15 ± 0.10–1.08 ± 0.09 Owenweeksia
hongkongensis (88%)

NR_074100.1 Gelatin, Tween 20/- Bacteroidetes/
Owenweeksia

B-OTU61 0.09 ± 0.01–1.28 ± 0.03 Tangfeifania
diversioriginum (87%)

NR_134211.1 Starch, ribose, xylose, fructose/volatile
fatty acids

Bacteroidetes/
Tangfeifania

B-OTU25 0.02 ± 0.02–1.57 ± 0.07 Cloacibacillus
porcorum (93%)

CP016757.1 Amino acid/acetic acid, propionic acid,
formic acid

Synergistetes/
Cloacibacillus

B-OTU21 0.10 ± 0.04–0.69 ± 0.06 Prolixibacter
denitrificans (91%)

NR_137212.1 Nitrate, arabinose, xylose/nitrite, succinic
acid

Bacteroidetes/
Prolixibacter

B-OTU19 0.02 ± 0.00–1.99 ± 0.15 Sunxiuqinia rutila (91%) NR_134207.1 Galactose, mannose/volatile fatty acids Bacteroidetes/
Sunxiuqinia

B-OTU28 0.04 ± 0.01–0.88 ± 0.20 Sedimentibacter
saalensis (96%)

NR_025498.1 Pyruvic acid/acetic acid, butyric acid,
propionic acid

Firmicutes/
Sedimentibacter

(Continued on following page)
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shown in Table 3. When a sequence shares ≥97% with that of a
known strain and is the closest one to the known strain, the
sequence is considered to represent a taxon with essentially the
same metabolic function as the known strain. Based on this
assumption, the following analysis focused on the 13 OTUs
with an average relative abundance greater than 1%.

The primarily dominant OTU was B-OTU1 (B for bacteria),
with a relative abundance ranging 8.02–22.84%, with 99%
similarity to Clostridium cellulovorans, a typical cellulose-
and hemicellulose-degrading bacterium (Usai et al., 2020).
It produces metabolites including H2, CO2, acetic acid,
butyric acid, formic acid, and lactic acid (Vélez-Mercado
et al., 2021), functions in both hydrolytic and fermentative
processes, and it is the primary hydrogen-producing
microorganism in anaerobic digestion (Uetsuki et al., 2021).
The relative abundance of B-OTU1 was mostly maintained
above 15% after the start of the anaerobic digestion, and it
exhibited peak values twice on Days 60 and 90. The temporal
dynamics of the relative abundance of B-OTU1 indicated that
its abundant multiplication during the anaerobic metabolism
was related to the organic substrates (rich in cellulose and
hemicellulose) in the pig manure. Further, the metabolism of
these organic substrates were conducted sequentially, because
cellulose, hemicellulose, and pectin in the fermentation
feedstock generally hydrolyze to various degrees. The easily
hydrolyzed hemicellulose was degraded by Clostridium
cellulovorans at a significantly faster rate than cellulose and
pectin, which were less susceptible to hydrolysis.

The relative abundance of B-OTU2 ranged 5.62–17.09%. As
the secondarily dominant OTU, it showed 99% similarity to
Terrisporobacter petrolearius, a typical fermentative bacterium
(Cabezas et al., 2020) utilizing monosaccharide substrates such
as glucose, fructose, and maltose, and producing metabolites
such as acetic acid and CO2 (Zhao et al., 2020). The relative
abundance of B-OTU2 was generally maintained above 12%
after the onset of anaerobic digestion, with three peaks
occurring on the 20th, 60th, and 90th day, respectively.
Other fermentative bacteria in terms of their dominant
OTU included B-OTU6 (seventh), B-OTU1014 (sixth),
B-OTU4 (fifth), B-OTU5 (fourth), B-OTU8 (tenth),
B-OTU11 (eleventh), B-OTU10 (twelfth), and B-OTU22
(thirteenth). Nine among the top 13 OTUs with high
average relative abundance were fermentative bacteria.

The relative abundance of B-OTU3 was between 1.86 and
14.04%. It was the tertiary dominant OTU, with 100% similarity

to Streptococcus gallolyticus, a typical proteolytic bacterium
(Aldarhami et al., 2020). The relative abundance of B-OTU4
reached peak level on Day 20, and then gradually decreased to
approximately 1.86% at the end of anaerobic digestion. This
species was responsible for proteolysis during the early stage and
had a high growth rate; however, as the protein was used up, its
metabolism gradually decreased. Similar to B-OTU3, B-OTU7 is
also a proteolytic bacterium, with a relative abundance of
0.12–6.83%. It was the eighth dominant OTU, with 93%
similarity to Cloacibacillus porcorum.

The relative abundance of B-OTU16 was 0.03–26.56%. As the
ninth dominant OTU, it exhibited 100% similarity with Vibrio
scophthalmi, a typical lipolytic bacterium in anaerobic digestion
systems capable of hydrolyzing fat molecules (triglycerides) to
produce fatty acids and glycerol, and further fermenting glycerol
to produce propionic acid and succinic acid (Cornejo et al., 2021).
The relative abundance of B-OTU16 rapidly increased after the onset
of anaerobic digestion and reached the maximum level (26.56%) on
Day 10, exhibiting an increase of 26.53% from the initial level. Then it
rapidly decreased to 0.06% by Day 20, and thereafter remained below
0.06%, indicating active metabolism of B-OTU16 between Days 0
and 20. Lateral comparison showed that the relative abundance of
B-OTU16 on Day 10 was significantly higher than that of B-OTU1,
B-OTU2, and B-OTU3, indicating that the decomposition of fat was
the primary process occurring around Day 10. Fats in the
fermentation feedstock are organic substrates prone to hydrolysis,
which can be preferentially hydrolyzed by functional microorganisms
after the start of anaerobic digestion. When fats were entirely
consumed, the metabolic activity of B-OTU16 decreased
significantly, resulting in a rapid decrease in its relative abundance.

3.3 Archaeal Community Structure and
Relative Abundance
Based on the taxonomic annotation and abundance information of the
samples at the OTU level during different periods of anaerobic
digestion, 10 methanogenic OTUs with an average relative
abundance >0.3% were selected from the dominant archaeal phyla
that were identified for BLAST comparison. These results are shown in
Table 4. Figure 3 exhibits the variation of the abundance of these 10
methanogenic OTUs during the anaerobic digestion process.

As the primarily dominant methanogenic OTU, A-OTU2 had a
relative abundance of 1.03–16.85%. It had 98% similarity to
Methanobacterium beijingense, a typical hydrogenotrophic
methanogen (Sivamani et al., 2021) that metabolized H2 and CO2

TABLE 3 | (Continued) The classification and function information of the most dominant 35 bacterial species.

Relative abundance
range (%)

Closest species
(similarity)

Accession
number

Main substrates/main
products

Classification
(Phylum/Genus)

B-OTU623 0.07 ± 0.00–0.95 ± 0.17 Atopostipes
suicloacalis (98%)

NR_028835.1 Glucose, lactose, maltose/lactic acid,
acetic acid, formic acid

Firmicutes/Atopostipes

B-OTU30 0.08 ± 0.02–0.56 ± 0.13 Mahella australiensis (85%) NR_074696.1 Arabinose, cellobiose/Lactic acid, formic
acid, H2, CO2

Firmicutes/Mahella

B-OTU38 0.18 ± 0.07–0.52 ± 0.10 Clostridium
chartatabidum (99%)

NR_029239.2 Cellulose, sucrose, fructose, glucose/
acetic acid, butyric acid, H2

Firmicutes/Clostridium
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to CH4. The relative abundance of A-OTU2peaked on the 20th, 50th,
and 70th day during the anaerobic digestion (10.51, 9.96, and 11.11%,
respectively), with a particularly high level on Day 70. Thereafter, it
showed a gradual decrease until the end of fermentation (1.34%). The
temporal dynamics of the relative abundance of A-OTU2 indicated
that the hydrogenotrophicmethanogenic processmainly occurred on
Days 20, 50, and 70 during anaerobic digestion, that is, the early and
middle stages of anaerobic digestion. This was attributed to the large
amount of H2 and CO2 production in the hydrolytic fermentation
stage of the anaerobic digestion, which provided direct substrates for
the metabolism of A-OTU2. In addition to A-OTU2, other
methanogens that were classified into the same hydrogenotrophic
type, according to their dominant OTU, included A-OTU8 (second),
A-OTU15 (third), A-OTU1185 (fourth), A-OTU24 (sixth),
A-OTU28 (seventh), A-OTU39 (ninth), and A-OTU299 (tenth).

The relative abundance of A-OTU11 ranged from 0.14 to
1.25%. As the fifth dominant methanogenic OTU, it shared
99% similarity to Methanomassiliicoccus luminyensis, a
methylotrophic methanogen (Feldewert et al., 2020) that
could utilize H2 to reduce methyl groups to produce CH4.
The relative abundance of A-OTU11 was high after Day 60,
with no significant decreasing trend, indicating that its
metabolic activity was mainly concentrated in the middle
and later stages of the anaerobic digestion. It mainly relied
on the hydrolytic fermentation of carbohydrates, such as
hemicellulose and cellulose, to provide substrates for its
metabolism.

The relative abundance of A-OTU22 was 0.25–1.01%. As
the 8th dominant methanogenic OTU, it shared 100%
similarity to Methanosarcina mazei, a hydrogenotrophic

TABLE 4 | The classification and function information of the most dominant 11 methanogenic archaeal species.

Relative abundance
range (%)

Closest species
(similarity)

Accession
number

Main substrates/
main

products

Classification
(Phylum/Genus)

A-OTU2 1.03 ± 0.22–16.85 ± 1.10 Methanobacterium beijingense (98%) KP109878.1 H2, CO2/CH4 Euryarchaeota/Methanobacterium
A-OTU8 0.29 ± 0.03–3.36 ± 0.95 Methanobacterium

petrolearium (98%)
NR_113044.1 H2, CO2/CH4 Euryarchaeota/Methanobacterium

A-OTU15 0.18 ± 0.04–2.31 ± 0.68 Methanobacterium
formicicum (100%)

LN734822.1 H2, CO2, formic
acid/CH4

Euryarchaeota/Methanobacterium

A-OTU1185 0.11 ± 0.02–1.33 ± 0.88 Methanobacterium
subterraneum (98%)

JQ268007.1 H2, CO2, formic
acid/CH4

Euryarchaeota/Methanobacterium

A-OTU11 0.14 ± 0.02–1.25 ± 0.32 Methanomassiliicoccus
luminyensis (99%)

NR_118098.1 H2, methanol/CH4 Euryarchaeota/
Methanomassiliicoccus

A-OTU24 0.05 ± 0.01–3.41 ± 0.44 Methanobrevibacter millerae (99%) KP123404.1 H2, CO2/CH4 Euryarchaeota/Methanobrevibacter
A-OTU28 0.08 ± 0.03–1.51 ± 0.21 Methanobacterium aggregans (100%) NR_135896.1 H2, CO2, formic

acid/CH4

Euryarchaeota/Methanobacterium

A-OTU22 0.25 ± 0.09–1.01 ± 0.33 Methanosarcina mazei (100%) KX826992.1 H2, CO2, acetic
acid/CH4

Euryarchaeota/Methanosarcina

A-OTU39 0.07 ± 0.05–1.64 ± 0.19 Methanocorpusculum sinense (98%) NR_117149.1 H2, CO2/CH4 Euryarchaeota/
Methanocorpusculum

A-OTU299 0.06 ± 0.01–0.72 ± 0.12 Methanobacterium lacus (99%) CP002551.1 H2, CO2/CH4 Euryarchaeota/Methanobacterium

FIGURE 3 | Relative abundance variation of the 10 most abundant methanogenic archaeal OTUs at different anaerobic digestion time.
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and acetotrophic methanogen (Wang et al., 2020). Some
strains can utilize H2/CO2 for CH4 production, in addition
to acetic acid. The relative abundance of A-OTU22 fluctuated
after the start of anaerobic digestion, with three peaks
occurring on 40th, 100th, and 120th day of fermentation.
Among the four peaks, one was detected at the beginning of
fermentation with A-OTU22 feeding on the substrates
provided by bacterial groups during the hydrolytic
fermentation stage. Moreover, two peaks occurred at the
end of anaerobic digestion with the relative abundance of
the highest peak exceeding 1%, which was contributed by
the utilization of the hydrolysis fermentation products of
cellulose by A-OTU22.

Among the 10 methanogenic OTUs with an average relative
abundance >0.3%, 8 OTUs were found to be hydrogenotrophic
methanogens. Comparison of these OTUs and their
corresponding known methanogenic species revealed similarity
ranging from 98 to 100%. They had a combined average relative
abundance of 12.31%, indicating that the CH4 production in the
system was mainly from CO2 reduction by H2.

3.4 Methanogenic Metabolic Pathways at
OTU Levels
In terms of metabolism, the “three stages of anaerobic
digestion,” (Perez et al., 2021), has been widely accepted by
most researchers to elucidate the mechanism of anaerobic
digestion. The CH4 metabolic pathway of anaerobic digestion

at 15°C at the OTU level (i.e., species level) was constructed, as
shown in Figure 4.

Stage I (i.e., hydrolysis and fermentation): During hydrolysis, a
hydrolytic functional microbial group was formed comprising
cellulose and hemicellulose hydrolytic bacteria such as B-OTU1
and B-OTU38, proteolytic bacteria such as B-OTU3 and B-OTU17,
lipolytic bacteria B-OTU16 and B-OTU36, and starch hydrolyzing
bacteria B-OTU8 and B-OTU11. These hydrolytic bacteria secreted
extracellular hydrolases to hydrolyze complex organic matter
(i.e., non-water-soluble carbon compounds such as
carbohydrates, proteins, and lipids) to produce small-molecular
organic matter (carbohydrates to soluble sugars, proteins to amino
acids, and lipids to long-chain fatty acids through hydrolysis). In the
fermentation stage, fermentative monosaccharide-producing
acetogens such as B-OTU2 and B-OTU3, and amino acid-
producing acetogens such as B-OTU7 and B-OTU25 constituted
a bacterial community that produced acids and H2 through
fermentation. The hydrolytic products were utilized by these
fermentative bacteria to produce small-molecular fatty acids
(such as acetic acid), CO2, and H2 through fermentation.
Hydrolytic and fermentative bacteria were together responsible
for the hydrolytic fermentation and “initiated” the methanogenic
metabolic pathway, thus becoming the rate-limiting factor for
anaerobic digestion.

Stage II (i.e., hydrogen- producing and acetogenic stage):
Hydrogen-producing and acetogenic bacteria further converted
the small-molecular fatty acids (e.g., propionic acid, butyric acid,
valeric acid, lactic acid, etc.) produced in the hydrolysis and

FIGURE 4 | Metabolic pathways for CH4 production based dominant bacterial OTUs and methanogenic archaeal OTUs.
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fermentation stages into acetic acid and H2, with occasional CO2

production. In this study, no bacteria of this type were identified
among the top 35 bacterial OTUs with high average abundance,
owing to the low relative abundance of these bacteria. It indicated
that the hydrogen-production and acetogenesis were not the
primary metabolic process of CH4 production by anaerobic
digestion at 15°C.

Stage III (i.e., methanogenesis): Methanogens converted various
metabolic substrates (mainly from the hydrolysis and fermentation
stages rather than the second stage) into CH4 through different
pathways, in which hydrogenotrophic methanogens such as
A-OTU2 and A-OTU8 utilized H2 and CO2 to produce CH4,
and acetotrophic methanogens such as A-OTU22 utilized acetic
acid for CH4 production. The methanogenic group and the core
anaerobic digestion microorganisms occurred at the end of the CH4

producing metabolic pathway. In this study, hydrogenotrophic
methanogens accounted for the highest percentage of
methanogenic microorganisms, indicating that low-temperature
conditions (at 15 °C) were suitable for the growth of
hydrogenotrophic methanogens, further confirming that most of
the CH4 were produced from H2 and CO2.

3.5 Correlation Between Environmental
Factors
A strongly significant positive correlation was found between
B-OTU1 (cellulolytic bacteria specie) and the fermentative
acidogenic specie B-OTU2 (c.c. 0.767**). In addition, the major
methanogens A-OTU2, the hydrolyzed bacteria (B-OTU1 and
B-OTU2), and the fermentative acid-producing bacteria (B-OTU3)
all produced a significant or extremely significant positive correlation
between each other (c.c. 0.611*, 0.634*, and 0.712**, respectively),
implying the significance of the dominant hydrogenotrophic
methanogen to degrade and ferment the used matrix.

4 DISCUSSION

Many researchers have investigated the dominant bacterial groups in
anaerobic digestion systems, whose results are consistent with the
findings of this study. Tomita and Tamaru (2019) achieved biogenic
methane production using beet pulp and citrus peel as feedstocks,
respectively, with the hydrolytic bacterium Clostridium cellulovorans
and methanogens as inoculum. In this study, the bacterial OTU with
the highest average relative abundance, that is, B-OTU1, was 99%
similar to Clostridium cellulovorans. Kumar et al. (2020) detected a
high content of the fermentative bacterium Terrisporobacter
petrolearius in swine manure waste, and in this study, the
bacterial OTU exhibiting the second highest average relative
abundance, B-OTU2, showed 99% similarity to Terrisporobacter
petrolearius. Mohammadabadi et al. (2021) found the proteolytic
bacteria Streptococcus gallolyticus in rumen fluid in great abundance,
while the bacterial OTU with the third highest average relative
abundance in our study, B-OTU3, showed 100% similarity to
Streptococcus gallolyticus and could be considered as almost
identical strains. Yang et al. (2019) conducted an anaerobic
digestion study at 9 °C with pig manure as feedstock and

reported that the most abundant bacterial species was the
hydrolytic Clostridium cellulovorans, followed by the fermentative
bacterium, Terrisporobacter petrolearius.

In this study, CO2 reduction by H2 was the primary pathway for
CH4 production in the anaerobic digestion system under 15°C.
Several studies have explored the trophic types of methanogenic
group under low-temperature conditions from various perspectives
and the results were generally consistent with our outcomes. Yang
et al. (2019) conducted a study on anaerobic digestion of pig manure
at 9°C and found that the hydrogenotrophic methanogen
Methanocorpusculum sinense was the primarily dominant
methanogen, with a relative abundance of 4.15–37.14%. Tian et al.
(2018) studied the dominant methanogenic groups in anaerobic
digestion systems at 9, 15, 21, 35, 45, and 55°C, and concluded
that almost all methane was produced through CO2 reduction by H2

at low temperatures of 9°C and 15°C. Zhang et al. (2020) conducted
anaerobic digestion using municipal wastewater as feedstock under
low-temperature conditions (16.5 ± 2.0°C) and reported that
hydrogenotrophic methanogens of the genus Methanobacterium
had the highest abundance. Under low-temperature conditions,
CH4 in anaerobic digestion was mainly derived from the
metabolism of hydrogenotropic methanogens. A reason for this
phenomenon was that hydrogenotropic methanogens were more
capable of adapting to cold environments (Zhang et al., 2021).
Furthermore, the process was related to the relatively low energy
required by the hydrogenotropic methanogenic pathway at low
temperatures. Lettinga et al. (2001) evaluated the Gibbs free
energies of the major biochemical reactions in the anaerobic
digestion process at a moderate temperature of 37°C and a low
temperature of 10°C. They found that the Gibbs free energy of the
hydrogenotrophic methanogenic pathway was −140.9 kJ at 10°C, and
−131.3 KJ at 37°C, which was closely related to the relatively high
solubility ofH2 andCO2 in the fermentation feedstock solution at low
temperatures (improving the availability of H2 and CO2 to
methanogens). For example, one unit volume of water at standard
atmospheric pressure can dissolve approximately 1.2 units of CO2 by
volume at 10°C, while at 35°C only approximately 0.6 unit volume of
CO2 is dissolved. The Gibbs free energy of the acetotrophic
methanogenic pathway at low temperature of 10°C was
−29.2 kJ. The increase in the viscosity of liquid owing to low
temperature reduced the diffusion coefficient of soluble
compounds such as acetic acid. For example, the diffusion
coefficient of acetic acid is 1.26 at 40°C and 0.57 at 10°C.
Therefore, Lettinga et al. confirmed that based on
thermodynamics, compared with the acetotrophic route, the
hydrogenotropic route was the preferred pathway for methane
production at low temperatures.

5 CONCLUSION

The three-stage CH4 productionmetabolic pathway at theOTU level
showed that CH4 production at low temperatures mainly occurred
via hydrogenotrophicmethanogens of the genusMethanobacterium,
such as Methanobacterium beijingense and Methanobacterium
petrolearium, and the metabolic substrates (H2/CO2) were
primarily from the hydrolysis and fermentation stage instead of
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the hydrogen-producing and acetogenesis stages. In addition, the
anaerobic digestion process under low-temperature conditions
generally occurred through two stages, that is, the hydrolysis and
fermentation stage and the methanogenic stage, which is in contrast
to the traditional three-stage theory. This revealed that all CH4-
producing metabolic processes in various anaerobic digestion
systems do not consist of three stages, and the three stages do
not always occur in a sequential order.
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