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Abstract
Anaerobic digestion, a recently hot technology to produce biogases especially methane generation for biofuel from waste-
water, is considered an effective explanation for energy crisis and global pollution threat. A complex microbiome population 
is present in sludge, which plays an important role in the digestion of complex polymer into simple monomers. 16S rRNA 
approaches simply are not enough for amplification due to the involvement of extreme complex population. However, Illumina 
sequencing is a recent powerful technology to reveal the entire microbiome structure and methane generation pathways in 
anaerobic digestion. Metagenomic sequencing was tested to reveal the microbial structure of a digested sludge from a local 
wastewater treatment plant in Beijing. The Illumina HiSeq program was used to extract about 5 GB of data for metagenomic 
analysis. The classification investigation revealed about 97.64% dominancy of bacteria while 1.78% were detected to be 
archaea using MG-RAST server. The most abundant bacterial communities were reported to be Actinobacteria, Bacteroidetes, 
Firmicutes and Proteobacteria. Furthermore, the important microbiome involved in methane generation was revealed. The 
dominant methanogens were detected (Methanosaeta and Methanosarcina), with affiliation of dominant genes involved in 
acetoclastic methanogenesis in a digesting sludge. The metagenomic analysis showed that microbial structure and methane 
generation pathways were successfully dissected in an anaerobic digester.

Keywords  Anaerobic digestion · Metagenomic evaluation · Bacterial association · Methanogenic pathways · Wastewater 
treatment plant

Introduction

Many innovations and alterations have been made in meth-
odologies in the past decades for wastewater treatment 
improvement but activated sludge has recently caught the 
attention for the biological treatment of wastewater (van 
Loosdrecht and Brdjanovic 2014; Guo et al. 2013). How-
ever, considerable volume of sludge is produced throughout 
wastewater treatment that needs further processing which 
needs more than 50% of the overall processing in wastewater 
treatment plants (Canales et al. 1994). Anaerobic digestion 
is broadly utilized to lower the extent of sludge to dimin-
ish pathogens and more methane generation is one of the 
key and effective explanations for environmental pollution 
and energy shortage problems (Appels et al. 2008). Previ-
ous reports have shown that anaerobic system can trans-
form about 50% of organic waste to methane, an impressive 
source of biofuel, producing 36.5 MJ/m3 in agitation (Amani 
et al. 2010).

Communicated by Kristina Beblo-Vranesevic.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0020​3-019-01716​-x) contains 
supplementary material, which is available to authorized users.

 *	 Kaijun Wang 
	 wkj@tsinghua.edu.cn

1	 State Key Joint Laboratory of Environment Simulation 
and Pollution Control, School of Environment, Tsinghua 
University, Beijing 100084, People’s Republic of China

2	 Key Laboratory of Biofuels, Qingdao Institute of Bioenergy 
and Bioprocess Technology, Chinese Academy 
of Sciences, Qingdao 266101, Shandong Province, 
People’s Republic of China

3	 Green Intelligence Environmental School, Yangtze Normal 
University, Chongqing 408003, People’s Republic of China

http://orcid.org/0000-0003-2833-2632
http://crossmark.crossref.org/dialog/?doi=10.1007/s00203-019-01716-x&domain=pdf
https://doi.org/10.1007/s00203-019-01716-x


32	 Archives of Microbiology (2020) 202:31–41

1 3

As we know, anaerobic digestion of sludge involves 
extremely complicated microbiome that has an important 
role in sludge treatment and methane generation capac-
ity. Several molecular diagnostic tools and methodologies 
including gel electrophoresis, fluorescent in situ hybridi-
zation, 16S rRNA gene and other marker gene sequenc-
ing have been reported to reveal microbiome structure in 
anaerobic scheme (Vanwonterghem et al. 2014a, b). How-
ever, these tools are not enough to provide the complete 
information of the whole genome belonging to a geneti-
cally diversified and complicated microbiome structure 
in an anaerobic system.

Furthermore, the access to the base of clone library 
sequencing of the 16S rRNA gene for green analysis of 
useful microbiome may give unpredictable results because 
of their inherent bias of elaboration (Ye et al. 2012; Aird 
et al. 2011). Illumina sequencing and 454 pyrosequenc-
ing technologies are high-throughput sequencing meth-
ods that have been proved recently as innovative and 
bright methods to reveal highly complicated microbial 
genome (Bragg and Tyson 2014; Albertsen et al. 2003). 
Many reports have been published so far on microbiome 
of anaerobic system using 454 pyrosequencing (Wong 
et al. 2013; Li et al. 2013; Sundberg et al. 2013). Illu-
mina sequencing has reported greater significance and is 
cost friendly in comparison with 454 pyrosequencing to 
evaluate microbial community structure (Mardis 2008; 
Glenn 2011). It has been used to reveal microbial popula-
tion from soil (Mackelprang et al. 2011), ocean (Mason 
et al. 2014), human gut (Qin et al. 2010) and digested 
sludge (Albertsen et al. 2006; Ju et al. 2014). However, a 
very small attempt has been made to evaluate in detail the 
microbial community including practical biome structure 
using Illumina (Yang et al. 2014). Furthermore, any little 
accomplishment made to analyze the dominant methane-
producing pathway in anaerobic digestion sludge is still 
ambiguous.

The purpose of this research is to dissect the micro-
bial structure and identify metagenomic community 
composition, exposing useful characteristics of anaero-
bic digester. For this target, DNA was extricated from 
sludge, and high-throughput metagenomic sequencing 
was performed on the Illumina HiSeq 2000 platform. The 
complex microbial population, useful traits, and meta-
bolic pathways were evaluated in detail. Fundamental 
microorganisms engaged in all degradation steps includ-
ing hydrolysis, acidogenesis, acetogenesis and methane 
generation were extensively evaluated. In addition, the 
desirable genes affiliated with methanogenic pathways 
were displayed. The current study focusses on dominant 
microbial traits in anaerobic digester, enhancing the 
establishment of more powerful anaerobic systems to 
generate maximum methane.

Materials and methods

Bioreactor’s outline

The sludge sample was obtained from an anaerobic digester 
from a local wastewater treatment plant in Beijing, China. 
This plant delights an average flow of about one million m3/
day and serves approximately 2,400,000 people in Beijing 
city. The pH of the sludge was found to be around 7.8, while 
the total suspended solids (TSS) and volatile suspended sol-
ids (VSS) of the sludge were 8.66 g/L, and 4.86 g/L, respec-
tively. A laboratory-scale continuous stirred-tank reactor 
with a working volume of 1 L (total 2 L) was operated at 
35 °C for more than 2 months. The anaerobic reactor was 
fully stirred by magnetic stirring. The SRT of the reactors 
was set for 2 days and OLR was 10 gVS/L day by feeding 
synthetic substrate (15 g glucose diluted in 500 mL synthetic 
medium). The pH of the reactor was controlled by a pH 
monitor with the addition of HCl (2 M) and NaOH (2 M) 
according to the need. The reactor was fed and drawn off 
once a day and the draw-off effluent was used for analysis. 
Gas samples were taken from the reactor via a small sam-
pling port located at the top of the reactor while effluent 
sample was taken from pull-off materials like syringes every 
day. Standard method was used to measure TS, VS, TSS and 
VSS (APHA 1998).

Sampling and DNA extraction

A total of 100% ethanol was infused immediately at a ratio 
of 1:1 (volume/volume) after collection of samples, and then 
shifted to lab and reserved at − 20 °C before the extraction 
of DNA for experiments. Genomic DNA were extracted 
after collection of samples from the plant. About 2–3 mL 
sample was centrifuged at 4600g for 2 min to obtain the 
pellet by discarding the supernatant. Fast-DNA SPIN Kit 
for Soil (QBIOgene Inc., Carlsbad, CA, USA) was used 
for the extraction of DNA, according to the instruction of 
the manufacturer. Gel electrophoresis was used to analyze 
the standard of DNA. Qubit Fluorometer (Thermo, USA) 
was used to find out the concentration of DNA which was 
detected to be 740 ng/μL.

DNA library construction

Illumina HiSeq 2000 platform was used for the metagen-
omic sequencing at School of medicine Tsinghua University 
Beijing, China. About 200–300 ng/μL of extracted genomic 
DNA was used for further processing. Covaris S2 Ultra-
sonicator was used for the DNA fragmentation followed by 
processing of end reparation, A-tailing, adapter ligation, 
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DNA size selection, PCR and purification on the instruc-
tion base of Illumina HiSeq 2000. The base-calling pipeline 
was used to produce the raw fluorescence images and call 
sequences. The max 5.0 Gb reads of the sample were prac-
ticed by metagenomic data bank. The reads were shortened 
using a minimum 30 quality score, a minimum read length 
of 32 bp and allowing no ambiguous nucleotides. The given 
parameters were adopted for overlapping is: about 20 nucle-
otide length of the overlap region was needed and allowed 
at least two mismatches.

Bioinformatic analysis

Metagenomic rapid annotation (MG-RAST) server (v3.1) 
was used for the annotation of non-assembled DNA. MG-
RAST facilitates metabolic and phylogenetic reorganization 
and performs analysis of protein similarities, such as func-
tion annotation division (Meyer et al. 2008). About 5.0 Gb 
of DNA databank was used for metagenomic investigation in 
the current research (MG-RAST, Temporary ID: 20170705). 
Best hit classification at the 10−5 E value cutoff was used 
for calculating classification profiling based on MG-RAST 
databases. The taxonomy profiling including phyla, orders, 
families and genus was evaluated in detail for annotations. 
Hierarchical classification at E value cutoff of 10−5 was used 
for the gene annotation of functional profile (Yang et al. 
2014). Majority of the genes were classified successfully 
into the hierarchical metabolic groups.

The whole short read sequences were elucidated against 
the databases of Clusters of Orthologous Groups of proteins 
(COG) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) databases using BLASTP with a cutoff E value 
of 10−5 to find out the gene traits involved in the micro-
bial community of the anaerobic system (Kanehisa et al. 
2006; Tatusov et al. 2000). The hit numbers of sequences 
correlating methanogenic pathway-involving enzymes 
were calculated in a brief evaluation from anaerobic diges-
tion sludge. The ‘KEGG’ computing program was used for 
the pathway’s evaluation (Mitra et al. 2011; Huson et al. 
2011). The proteins, formyl-methanofuran dehydrogenase 
(FmdA), formyl-methanofuran-tetrahydromethanopterin 
N-formyltransferase (FTR), methyl-coenzyme M reductase 
alpha subunit (McrA), acetate kinase (AckA) and phosphate 
acetyltransferase (PTA), perform key acts in known metha-
nogenesis pathways, but provide inadequate sequences in the 
KEGG and NOG datasets in this debate. BLASTX results 
were evaluated manually by inquiring code words based on 
NCBI for high accuracy, where genes entitling dominant 
similarity were found from GenBank. The recovered genes 
involved in methanogenesis were confirmed by coordinating 
the matched sequences manually, contrary to NCBI database 
with E value cutoff of 10−10 using BLAST.

Results and discussion

Operational performance

The fermenter was fed with digested sludge in anaerobic con-
ditions with glucose and water including nutrient solutions. 
The optimized temperature for growth condition was kept 
about 35 °C, as sludge contains usually mesophilic bacte-
ria. The fermenter in anaerobic condition showed an amaz-
ing performance; sample evaluation by analytical methods 
reported organic acid destruction (average 47%) and destruc-
tion of pathogens (above 85%). The total organic acids found 
in the fermenter’s effluent was positively reduced (below 
200 mmol/L) (Fig. 1), illustrating that the sludge is useful and 
works actively in transformation of volatile fatty acids into 
methane (biogas). The total average generation of methane 
was reported to be about 500 mL/day (Fig. 2).

0 20 40 60 80 100
0

200

400

600

800

Days

M
et

ha
ne

 y
ie

ld
 (m

L)

Fig. 1   Methane yield in the ADS sample
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Fig. 2   Fermentation product in the ADS sample
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Microbial configuration in fermenter

Comprehensively, the Illumina sequencing produced more 
than 5.0 Gb of short reads from the DNA of filtered sam-
ple from the anaerobic fermenter. To explore microbiome 
configuration, explanation of classification was investi-
gated by best hit classification at the cutoff E value 10−5 
with least of 50 bp sequence order on the base of whole 

dataset MG-RAST source (Yang et al. 2014). After analysis, 
bacteria were reported as the master domain, contributing 
97.64% to the fermenter sludge DNA sequence as shown 
in Fig. 3. Furthermore, the concentration ratio of archaea 
reported (1.78%) was found in lower quantity as compared 
with the previously published studies (Yang et al. 2014), i.e., 
in their fermenters, the archaea abundance was reported to 
be less than 4.7%. A fewer short read sequences were found 
from eukaryotes and viruses contributing 0.52% and 0.02%, 
respectively, from the sludge sample. The whole domain 
contribution details are shown in Fig. 3.

To expose in more detail the microbiome structure taken 
from digesting sludge, various degrees of evaluation were 
investigated including phylum, class, order, family and genus 
level as described in Fig. 4. The extreme highest number 
of bacteria was found to be Actinobacteria, Bacteroidetes, 
Firmicutes and Proteobacteria reporting 37.36%, 28.11%, 
20.76%, and 7.09% of the total bacterial reads, respectively, 
at phylum level. The group of bacteria belonging to Proteo-
bacteria is considered an important bacterium in degrada-
tion of all kinds of glucoses due to the presence of alpha-, 
beta-, gamma-, and delta-proteobacteria group (Ariesyady 
et al. 2007). A huge number of Firmicutes were detected 
in phylum level classification, which are syntrophic bacte-
ria, that can convert different organic acids usually reported 
in various kinds of fermenters (Garcia-Peña et al. 2011). 
Clostridia and Bacilli in Firmicutes phylum are found in 
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Fig. 3   Taxonomic profiling at the domain level of the studied anaero-
bic digestion sludge

Fig. 4   Pie charts showing taxonomic assignments at the different categories for anaerobic digestion sludge based on metagenomic sequencing 
data (a phylum; b class; c order; d family)
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large quantities and make a big class of Firmicutes, con-
sidered to play a big role in the hydrolysis of volatile fatty 
acids in most of the digesting sludge. The dominant groups 
of classes detected in the phylum level classification were 
Bacteroidia, Cytophagia and Flavobacteriia. The percent 
rate was detected to be higher for Bacteroidia as compared 
to other classes. The family belonging to Bacteroidaceae 
from the class of Bacteroidetes is an outstanding fermenta-
tive member found in sludge which plays an important role 
in the hydrolysis of organic substances and produces volatile 
fatty acids, CO2 and H2 at the time of digestion procedures 
(Traversi et al. 2012).

The Methanobacteriales were found to be one of the 
highly abundant bacteria in class level classification account-
ing for 282,623 (1.66%) of the total bacteria present inside 
the digesting sludge as shown in Fig. 4. These Methanobac-
teriales are correlated with the Methanosaeta and Metha-
nosarcina abundance (discussed below in detail). There are 
more than 3000 various taxa reported at genus level clas-
sification, exhibiting diversified microbiota in digesting 
sludge. Among these 3000 taxa, the dominant 30 taxa were 
highlighted in the sludge sample as shown in Fig. 5. About 
10 taxa have been found to be higher than 1–2% in the sam-
ple. Bacteroides and Clostridium were found to be the most 
dominant bacteria at genus level in the sludge detected as the 
dominant taxon in the previously published reports (Pelletier 
et al. 2008). The said bacteria are considered a hydrogen-
generating syntrophic bacterium that broadly exists in sev-
eral fermenters.

Many published reports have revealed microbiome struc-
ture from various biogas plants recently via metagenomic 
sequencing technology (Nelson et al. 2011). The present 
research revealed that Actinobacteria was detected as the 
dominant bacterium in phylum taxonomy, followed by 
Bacteroidetes, Firmicutes and Proteobacteria, which are 
rational with the past conducted study (Yang et al. 2014), 
where microbiome characterization of a digested sludge 

from wastewater treatment plant was performed using llu-
mina sequencing. Earlier, published study reported that a 
broad range of Proteobacteria, Chloroflexi and Spirochaetes 
was found in biogas plant via 454 pyrosequencing of 16S 
rRNA gene sequences (Sundberg et al. 2013). In addition, 
several effective cultures relating to phyla Chloroflexi and 
Proteobacteria were found in anaerobic fermenter fed with 
various feedstocks using 16S rRNA gene sequencing (Nel-
son et al. 2011). This different microbial community struc-
ture might be affiliated with different operational conditions 
of the sludge that has powerful effect on the structure of 
microbiome (Ziganshin et al. 2013; Regueiro et al. 2012; 
Vanwonterghem et al. 2014a, b).

Global gene functional profiles

The total short reads were illustrated based on grading of 
COG and KEGG databases, to expose the characteristic fea-
tures of the microbiome from the digesting sludge (Fig. 6). 
Illustration for the distribution of functional category of 
COG exhibited that 47.75% were associated with metabo-
lism, 18.81% reads were related to housekeeping genes 
attached in information storage and processing, 17.10% of 
reads were assigned to cellular processes and signaling while 
16.34% reads were poorly characterized of the total reads 
(Supporting file). The achieved conclusion was compared 
with the previously published reports, where almost 28% 
reads were associated with COG categories while greater 
quantities of reads were involved in metabolism (Li et al. 
2013). The most generous metabolic category was car-
bohydrate metabolism (16.81%), followed by amino acid 
metabolism (10.37%) and protein metabolism (7.45%) in 
metabolism category (Table 1). These mentioned metabolic 
categories are well allied with transformation of sludge into 
methane generation from digested anaerobic fermentation 
process (Yang et al. 2014).

The genes engaged in the degradation of amino acids 
were found in short reads corresponding to the synthesis of 
valine, leucine and isoleucine, metabolism of threonine, ser-
ine and glycine, and metabolism of methionine and cysteine 
(results not shown), considered three important dominant 
groups. These mentioned amino acids are frequently associ-
ated with Stickland reactions. There are mainly two types of 
mechanism where amino acids can be degraded: (1) amino 
acid couple degraded via the Stickland reaction, and (2) 
individual amino acid can be fermented in a procedure that 
needs the assistance of hydrogen-consuming biome (Ram-
say and Pullammanappallil 2001). The order level classifica-
tion shows that Clostridiales are one of the most predomi-
nant bacteria, acknowledging that the Stickland reaction 
is only detected with the species of Clostridiales in past 
published reports (Ramsay and Pullammanappallil 2001). 
There are several types of proteins which are engaged in 
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the degeneration of amino acids including cystine reductase 
and cysteine synthase, found with highest short read digits. 
The discussed conclusion above is affiliated with the best 
acidogenic performance.

Many short read-related genes involved in metabolism 
of carbohydrates were reported such as gluconeogenesis, 
AMP salvage pathway, EMP enolase pathway, glucokinase 

pathway, glycogen catalysis pathway, glycolysis pathway, 
ribose isomerase pathway, pyruvate dehydrogenase pathway, 
pyruvate formate lyase, TCA cycle, malate dehydrogenase, 
succinate dehydrogenase, fumarate dehydrogenase, glyco-
side hydrolase and lactate dehydrogenase as shown in Fig. 7. 
The detection of this annotation assures the existence of a 
wide variety of species related to carbohydrate metabolisms 
in the digesting fermenter (Yang et al. 2014).

In subsystem level classification in MG-RAST, majority 
of reads were found for carbohydrates followed by protein 
metabolism, amino acids, proteins, vitamins, RNA, DNA, 
cell wall, nucleotide and fatty acid metabolisms as discussed 
above Table 1. The category of level 2 classification of car-
bohydrates was further evaluated via metagenomic study. 
The level 2 subsystem exhibits that carbohydrate and one-
carbon metabolisms are found to be the highest as shown in 
Fig. 8. The main carbohydrate metabolism is used to deter-
mine the assimilation of routes for pushing carbon molecules 
into the cell (Papagianni 2012). This process consists of a 
series of reactions to transform substrates in the active pre-
cursors including acetyl-CoA and pyruvate 6-phosphate, 
converting to produce the cell biomass (Noor et al. 2010). 
The second most abundant function was detected to be the 
one-carbon metabolism of 2.73% of the described carbo-
hydrate. This type of metabolism transforms complicated 
organic material to elementary carbon alloy, which plays 
fundamental roles in methanogenesis (Ferry 1999).

Fig. 6   KEGG mapper for the anaerobic digestion sample

Table 1   Subsystem level classification in the ADS sample, annotated 
by SEED subsystem databases

Level 1 Read no. Abundance (%)

Carbohydrate metabolism 6,688,935 16.81
Clustering base subsystem 5,516,974 13.87
Amino acids and derivatives 4,127,473 10.37
Miscellaneous 2,984,432 7.50
Protein metabolism 2,965,943 7.45
Cofactors and vitamins 2,612,795 6.51
RNA metabolism 2,077,610 5.22
DNA metabolism 1,748,914 4.40
Cell wall and capsule 1,582,973 3.98
Nucleotide metabolism 1,161,773 2.92
Lipids metabolism 1,069,241 2.69
Virulence, disease and defense 1,018,759 2.56
Membrane transport 953,290 2.40
Respiration 853,982 2.15
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Fig. 7   Carbohydrate metabolism. Blue (on left)—AMP salvage, 
dark green—carbon fixation pathways, dark blue—Embden–
Meyerhof–Parnas pathway, brown—malate metabolism, yellow-
green + blue—glucogenesis, purple—glycogen metabolism, green-
yellow—glycolysis and oxidative pentose phosphate pathway, grayish 
purple—pentose phosphate metabolism, light brown—pyrophos-

phate, light green—pyruvate metabolism, red—TCA cycle, light 
red—acetate (2 columns), alcohol (1 column), aldehyde (1 column) 
formate (1 column), lactate (2 columns), light brown—amylolytic 
degradation (2 columns), cellulose degradation (1 column), and gly-
cosyl hydrolase (colour figure online)
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Leading microorganisms in digestion process

Overall there are four phases that exist in the digestion 
operation, i.e., hydrolysis, fermentation, acetogenesis and 
methanogenesis (Sandoval et al. 2009). Different microbi-
ome engage in every related stage and work together for the 
maximum generation of methane in the anaerobic fermenta-
tion. After applying metagenomic sequencing analysis, the 
data revealed that the genus Halanaerobiales was reported to 
be dominant in defusing long-chain molecules to monomers, 
at the early step. Afterwards, the principal bacteria belong-
ing to Bacteroidaceae family and class Clostridia detected in 
the current research execute well the process of acidogenesis 
at the second step, generating various types of organic acids, 
carbon dioxide and hydrogen. Later, acetic acid was gener-
ated from these products using acetogenic bacteria present 
in the digesting sludge by CO2 reduction with acetyl-CoA 
synthase pathway. Published literature has reported over 100 
acetogenic species (Ragsdale and Pierce 2008). Our pre-
dicted results found that Bacteroides, Thermoanaerobacter, 
Clostridium and Eubacterium are the dominant acetogenic 
bacteria (Supplementary file), comparable with the previ-
ously published literature (Vanwonterghem et al. 2014a, b).

The final step of anaerobic fermentation is methane gen-
eration, where methanogenic bacteria play a very important 
role in methane generation. Methanogens are classified into 
five orders including Methanomicrobiales, Methanobacte-
riales, Methanococcales, Methanopyrales and Methanosar-
cinales. The principal genus engaged in methane generation 
pathway was further explored on the base of metagenomic 
data as shown in Fig. 9. The conclusion here exhibited that 
the top five highest methane-generating bacteria are Metha-
nosaeta, Methanosarcina, Methanospirillum, Methanosar-
cina and Methanoculleus in the digesting sludge sample. 

There are only two acetogens for acetic acid production 
among these including Methanosaeta and Methanosarcina. 
Methanosaeta is used more specifically against acetic acid, 
while Methanosarcina has a generalized machinery to gener-
ate methane (Liu et al. 2008). Methane-generating hydrog-
enotrophs reduce carbon dioxide and methane with hydrogen 
as the elementary electron donor. A desperate member of 
hydrogenotrophs were detected including Methanospirillum, 
and Methanoculleus in the sample; however, their wealth 
was reported lesser in comparison with acetoclastic mem-
bers. The methylotrophs including Methanococcoides and 
Methanohalophilus were detected in lowest reads in the 
sludge sample.

Gene profiles in methanogenesis

The relevant genes for the methanogenic pathway were diag-
nosed from KEGG annotation as indicated schematically in 
Fig. 10. As it is already reported, there are principally three 
major identified pathways for methane generation such as 
acetoclastic, hydrogenotrophic and methylotrophic pathways 
(Liu et al. 2008). Carbon dioxide is reduced to methane via 
several steps including formyl, methylene, and methyl levels 
in hydrogenotrophs. From methyl level, the methyl group is 
converted to coenzyme M, making methyl-CoM and then 
methane, by methyl-coenzyme M reductase (Mcr) at last 
stage (blue in Fig. 10). In the acetoclastic pathway, Methano-
sarcina’s exploit acetate kinase (AK)–phosphotransacetylase 
(PTA) system to convert acetate to acetyl-CoA, while Meth-
anosaeta utilizes adenosine monophosphate (AMP)-forming 
acetyl-CoA synthetase. The acetyl-CoA is transformed into 
methyl group followed by methane via enzymes of Cdh, Mtr 
and Mcr (red in Fig. 10). The methyl groups from methyl-
ated compounds are moved to methanogenic pathway and 
generate methane by Mcr reductase in methylotrophic path-
way (green in Fig. 10). Hence, the genes encoding enzyme-
related short reads for acetoclastic pathway are on top as 
compared with the rest of the pathways. The maximum reads 
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found for AckA and PTA are 439 and 166 hits, respectively, 
while for FmdA and FTR, 69 and 52 hits, respectively.

The genes involved in methylotrophs were found at the 
bottom as compared with the hydrogenotrophic pathway. 
The results achieved in the current research study revealed 
that acetoclastic pathway is probably the prominent pathway 
of methane generation in the digesting sludge in anaerobic 
digestion processes (Yu et al. 2005). It should be distin-
guished that the genes read were evaluated on the level of 
DNA, instead of meta-transcriptomics or meta-proteomics 
(RNA or protein level), which is needed in the future study 
to investigate further functional traits. Further investigations 
will be required for the understanding of differential changes 
and the mechanisms of these microbial communities at vari-
able stable and unstable operational rates. This might also 
provide an insight into the efficiency of the energetic clas-
sification for these dominant microorganisms, especially the 
Methanosarcina and Methanosaeta in the AD reactors.

Conclusions

The complete microbiome structure was anatomized, and 
the principal pathways involved in methane generation 
were evaluated by metagenomic sequencing technology 
in this study. Taxonomic evaluation showed that Actino-
bacteria, Bacteroidetes, Firmicutes and Proteobacteria 
are the four major bacterial groups in the sludge sample. 
For methane generation in the sludge, there are different 
microbiome detected at various stages including hydrolysis, 
fermentation, acetogenesis and methanogenesis. The fami-
lies Bacteroidaceae and Clostridia are major consortia in 
the fermentation stage. Thermoanaerobacter, Clostridium 
and Eubacterium are the three major groups of acetogens 
reported, which play a key role in acetate production. The 

genes encoding enzyme-related short reads for the aceto-
clastic pathway are on top as compared with the rest of the 
pathways. The maximum reads found for AckA and PTA are 
439 and 166 hits, respectively, while for FmdA and FTR, 
69 and 52 hits, respectively. It should be noted that the gene 
reads were evaluated at the level of DNA, instead of meta-
transcriptomics or meta-proteomics (RNA or protein level), 
which is needed in the future study to investigate further 
functional traits.
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