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Abstract

Biogasification of coal is important for clean utilization of coal. Experiments
on the fermentation of single lignite, single straw and their mixture were per-
formed to explore the variation characteristics of gas production potential,
microbial community and methanogenic metabolic pathways of mixture. Re-
search has shown that mixed fermentation of lignite and straw significantly
promoted biomethane production. The abundance of hydrolytic acidifying
functional bacteria genera (Sphaerochaeta, Lentimicrobium) in mixed fer-
mentation was higher than that in the fermentation of single lignite and
single straw. The abundance of some key CAZy metabolic enzyme gene se-
quences in mixed fermentation group was increased, which was favorable
to improve methane production. Aceticlastic methanogenesis was the most
critical methanogenic pathway and acetic acid pathway was more competitive
in methanogenic mode during peak fermentation. Macrogenomics provided
theoretical support for the claim that mixed fermentation of coal and straw
promoted biomethane metabolism, which was potentially valuable in ex-
panding methanogenesis from mixed fermentation of lignite with different
biomasses.

Keywords
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1. Introduction

China is rich in lignite resources, but the combustion and utilization quality of
lignite is poor and the existing traditional extensive utilization is resulting in

great environmental pollution. Upgrading and conversion of lignite are impor-
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tant ways of improving the efficiency of coal resource utilization [1]. Currently,
the conversion and utilization of lignite resources in China mainly include gasi-
fication, liquefaction and anaerobic fermentation. Lignite gasification and lique-
faction processes produce harmful gases and suffer from the disadvantages of
low yield and high energy consumption due to high temperature [2]. Since Scott
proposed the anaerobic fermentation of coal [3], many researchers have studied
this topic [4] [5] [6]. In anaerobic fermentation process of single coal, the or-
ganic matter in coal is difficult to be degraded by microorganisms, which affects
the fermentation efficiency and leads to low methane production [7]. Common
ways to improve the efficiency of coal anaerobic fermentation include pretreat-
ment, electrochemical treatment and mixed fermentation [8] [9]. Among them,
coal dissolution effect after pretreatment and electrochemical electrolysis was
increased to a certain extent and the degradation rate of organic matter was in-
creased, which significantly improved energy conversion rate [10] [11]. Howev-
er, there were some difficulties such as environmental pollution and high cost.
On the other hand, in mixed fermentation of coal, other wastes in addition to
coal are used to degrade, which increase methane production while reducing en-
vironmental pollution [12], resulting in economic and environmental benefits.
Yoon et al. showed that the efficiency of lignite as a single substrate in con-
verting methane was not high and the addition of small amounts of straw in-
creased biomethane yield [13]. Guo ef al. analyzed the gas production characte-
ristics the fermentation of coal, corn straw, and their combination using me-
thane production as an indicator. The obtained experimental results revealed
that the addition of corn straw had significant effects on biological gas produc-
tion [14] [15]. Esteban et al studied the mixed fermentation of sewage sludge
and kitchen waste and found that the addition of kitchen waste as a co-substrate
enhanced the methane production of sewage sludge and applied metagenomic
technology to investigate methanogenic metabolic pathway more comprehen-
sively [16]. Many researchers have improved our understanding of the metabolic
pathways of organic compounds and the metabolic networks of microbial com-
munities through metagenomic analysis [17]. This analysis method was different
from the previous molecular biological methods since it only studied a few
genes, proteins or biochemical pathways, but focused on overall scientific issues
such as the compositions of biological systems and the relationships among spe-
cies in the community, structure and function of system, and community struc-
ture and ecosystem [18]. Few studies are available on the mixed fermentation of
lignite and straw by using metagenomic technology and the relationship be-
tween the expression of functional enzymes and microbial community is yet to
be studied. Based on the characteristics of metagenomics, this paper has ana-
lyzed the structure of the microbial community of lignite and straw fermentation
and the variation characteristics of key metabolic enzymes. Combined with me-
thanogenic metabolic pathway, the mixed fermentation process and the reasons

for high yield were investigated, which provided theoretical support for the clean
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application of lignite.

2. Materials and Methods

2.1. Sample Preparation

Fresh lignite was collected from Shengli coalfield in Inner Mongolia and wheat
straw was obtained from Sugqian area in Anhui. Coal samples were crushed to
100 - 150 mesh and straw was cut into pieces about 1 cm in size. Elemental ana-
lyses were performed using a Flash 2000 (Thermo Scientific, America) organic

elemental analyzer (Table 1).

2.2. Enrichment Culture of Methanogens

Fresh coal samples were collected from coal areas (Henan Yima mining area,
Shanxi Liulin mining area, Inner Mongolia Wulantuga mining area, etc.) using
sterilized anaerobic tanks. The coal samples were crushed and added to the steri-
lized liquid medium in the laboratory, and cultured at 35°C for 10 - 15 days un-
der anaerobic conditions. The formula of bacterial liquid medium was shown in

References [19].

2.3. Experimental Methods

2.3.1. Biological Gas Production Experiment

Before fermentation experiments, fermentation bacterial source was taken and
the strain was reactivated and cultured. During activation period, the bacterial
source: nutrient solution volume ratio of 2:3 was mixed and solution pH was
adjusted at about 7. Anaerobic activation culture was carried out at 35°C and
methane production was monitored, bacterial source was found to be in the
highest activity. Methane production was observed in anaerobic activated cul-
ture at 35°C, indicating the highest activity of the bacterial source. Straw and
coal samples as well as bioreactor were sterilized at 121°C for 20 min before use
for preventing exogenous microbial contamination. Coal and straw were added
to the activated bacterial solution in the reactor, the reactor was filled with ni-
trogen for 5 min, and sealed after oxygen removal. The reactor was placed in a
constant-temperature incubator and dark fermentation was carried out at 35°C.
The biogas produced during anaerobic fermentation was collected using an alu-
minum foil gas sampling bag and gas production was calculated using a cali-
brated syringe. A gas chromatograph equipped with Carbonplot column and
TCD detector (Agilent 7890 GC, Agilent Technologies Inc., Santa Clara, CA,

USA) was applied to determine methane concentration.

Table 1. Element content analyses of samples.

Sample G/ % Hal% Oal% Na/% Sal% C Nl%
Lignite 63.27 4.56 22.22 1.28 0.32 49.43
Wheat straw 46.22 6.03 38.70 0.51 0.16 90.63
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2.3.2. Macrogenome Test

Whole genome shotgun (WGS) strategy was applied to extract total metage-
nomic DNA or ¢cDNA double strands synthesized by metatranscriptome using
mRNA as template from fermentation broth at biogas production peak. Gene
fragment library was constructed by Shanghai Persino Corporation after cDNA
double strands were randomly cut into short DNA fragments. Paired-end (PE)
sequencing was performed on these libraries using MiSeq Reagent Kit V3 (600
cycles) on a MiSeq machine at 2 x 300 bp.

3. Result and Discussion
3.1. Analysis of Gas Production Results

The biogas production of control group without substrate (Control), single lig-
nite (LIG), mixed fermentation of lignite and wheat straw (LIG-WS) and single
wheat straw (WS) were carried out. The gas production results are summarized
in Table 2.

It was seen from the subtract blank group that in the process of lignite and
wheat straw fermentation, methane production of LIG-WS was 183.78 and
124.87 mL higher than those of LIG and WS, which accounted for 462.69% and
126.60% increase, respectively. Compared with the sum (138.35) of LIG (39.72)
and WS (98.63) methane production, LIG-WS (223.50) increased by 85.15 mL
and increased by 61.19%. By comparing gas production effects, the methane
production of the mixed fermentation of lignite and wheat straw was found to be
significantly increased and the effect of biological methane production was ob-

vious.

3.2. Comparative Analysis of Microbial Structure

3.2.1. Microbial Diversity and Abundance

In order to further explore the internal mechanism of the effect of wheat straw
on the methane production of lignite anaerobic fermentation, the liquid prod-
ucts of methane production peak were analyzed for microbial diversity (Table 3)

and abundance (Figure 1).
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Figure 1. Differences of various substrate flora. (a) Species Wayne diagram; (b) Abun-
dance grade curve.
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Table 2. Biological gas production of different substrates.

Numbering C?al WheaF straw Bacteria Biogas Metbane Subtract blank
quality/g quality/g source/mL production/mL production/mL group/mL
Control 0 0 200 66.00 22.12 0
LIG 20 0 200 205.60 61.84 39.72
LIG-WS 20 6.25 200 536.70 245.62 223.50
WS 0 6.25 200 365.00 120.75 98.63

Table 3. Alpha diversity index.

Sample Simpson Chaol ACE
LIG 0.930 17795.411 17542.955

LIG-WS 0.832 18353.263 18076.135
WS 0.931 17801.368 17527.765

Generally, using a variety of indicators to reflect microbial diversity level, dif-
ferent indexes focus on different. Chaol and ACE indices reflect the richness of
flora. Increased values of this index indicated higher richness of flora. Simpson
indice shows the evenness of flora and is more sensitive to rare and dominant
species in flora. Greater diversity indices revealed lower community diversity
[20]. It was seen from the table that Chaol and ACE indices of LIG-WS were the
highest, indicating that the richness of the species was increased by the mixed
fermentation of lignite and wheat straw. In addition, Simpson indice of LIG-WS
was lower than those of LIG and WS, indicating that the evenness of flora was
decreased and new dominant species could appear in mixed fermentation group.

As shown in Figure 1(a), the number of species detected by LIG, LIG-WS and
WS was 16,259, 16,956 and 16,185, respectively. Also, the number of common
species was 12,928 and those of endemic species of LIG, LIG-WS and WS were
1132, 1493 and 967, respectively. The results revealed that the number of com-
mon species in the three groups accounted for the vast majority of their respec-
tive species, and the number of species and endemic species in mixed fermenta-
tion group were the largest. Figure 1(b) shows the abundance grade curve of the
three sample groups, intuitively reflecting high abundance of flora and rare spe-
cies number. Longer lines meant that more species were represented and
smoother lines indicated higher evenness of community composition. Com-
pared with LIG and WS, the line of LIG-WS was longer and its reduction
process was relatively gentle, indicating that LIG-WS had the highest number of
species and species evenness, which might be one of the reasons for better gas

production in mixed fermentation group.

3.2.2. Analysis of Dominant Bacteria of Different Substrates
The community differences of bacteria and archaea in the mixed fermentation

process of lignite and straw were analyzed by using liquid products at gas pro-
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duction peak. In this research, Bacteroidetes, Spirochaetes and Proteobacteria
were the main dominant phyla. Bacteroidetes are mainly involved in degrading
macromolecules to produce formic acid, H, and CO, [21]. Spirochaetes are
mainly involved in carbohydrate degradation to produce ethanol, acetic acid, H,
and CO, [22]. Proteobacteria are a class of aerobic facultative anaerobic bacteria,
which mainly ferment glucose to acetic acid and CO, [23]. Compared with LIG
and WS, Spirochaetes had much higher abundance in LIG-WS mixed fermenta-
tion group and Bacteroidetes had almost the same abundance in the three
groups. This indicated that carbohydrate degradation in mixed fermentation
group produced more small molecular organic matters and had the highest me-
thane production.

As shown in Figure 2(a), bacterial flora was mainly consisted of Sphaero-
chaeta, Lentimicrobium, Proteiniphilum, Desulfovibrio, Petrimonas and Ami-
nobacterium. In various fermentation groups, the abundances of Sphaerochaeta
and Lentimicrobium were increased in LIG-WS compared with those in LIG and
WS. The abundance of Sphaerochaeta increased most significantly, and LIG-WS
increased by 37.49% and 20.17% compared with LIG and WS, respectively.
Sphaerochaeta mainly produced ethanol, acetic acid, H, and CO, by degrading
carbohydrates [24]. Compared with LIG and WS, the abundance of Lentimicro-
bium in LIG-WS increased by 11.48% and 8.79%, respectively. Lentimicrobium
is a member of strictly anaerobic fermentation bacteria, which can employ ma-
cromolecular glucose to produce acetic acid and propionic acid [25]. Both
Sphaerochaeta and Lentimicrobium are hydrolytic acidification functional bac-
teria. During fermentation process, the functional enzyme abundance of LIG-WS
hydrolysis and acid production in the mixed fermentation group were higher
than those of single lignite LIG and single straw WS; therefore, mixed fermenta-
tion group could use more substrates and produce the highest amount of me-
thane in methane production process.

As shown in Figure 2(b), archaeal flora was consisted of Methanosarcina,
Methanoculleus, Methanobacterium, Methanohalophilus, Methanofollis, etc.,
among which Methanosarcina and Methanoculleus were dominant. The abun-
dance of Methanosarcina in LIG, LIG-WS and WS was 95.15%, 91.82% and
80.63%, and that of Methanoculleus was 3.64%, 6.70% and 17.80%, respectively.
Methanosarcina is an extremely strict anaerobic bacterium capable of producing
methane by either acetate or CO, reduction pathways [26]. Methanosarcina can
use H,, CO,, acetate, methanol and other substrates to produce methane. Me-
thanoculleus is a hydrogenotrophic methanogen which can produce methane
using HCO; [27]. On the other hand, LIG contained higher amounts of Me-
thanosarcina and lower amounts of Methanoculleus while WS contained lower
amounts of Methanosarcina and higher amounts of Methanoculleus. Mixed
fermentation group LIG-WS increased the amount of Methanosarcina compared
with the straw alone fermentation group WS and Methanosarcina use various

approaches to produce methane, which result in gas production.
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Figure 2. Dominant microorganisms at different substrate levels. (a) Dominant bacteria at genus level (Top 10). (b) Dominant

archaea at genus level (Top 7).

3.3. Process Analysis of Biomethane Metabolism in Different
Substrates

3.3.1. Comparison of Flora Metabolic Function Genes

Based on KEGG functional classification, the first class mainly includes meta-
bolism, environmental information processing, genetic information processing
and cellular processes. As shown in Figure 3, the number of genes with meta-
bolism function in the three groups of samples was the largest, among which the
number of genes with carbohydrate metabolism function was the highest, fol-
lowed by amino acid metabolism. The main role of acid production is carbohy-
drate metabolism in anaerobic fermentation conditions, acid metabolism in py-
ruvate can be converted to ethanol, propanol, acetate and so on [28]. Amino acid
metabolism decomposes amino acids into a-keto acids, amines and carbon dio-
xide through deamination and decarboxylation. a-keto acids can be converted
into sugars and lipids and generate CO, and H,O through tricarboxylic acid
cycle. The quantities of carbohydrate and amino acid metabolism in LIG-WS
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Figure 3. Comparison diagram based on KEGG functional classification.

were higher than those in LIG and WS. It was seen that the mixed fermentation
group of lignite and straw had stronger acid production and metabolism func-
tions, which could produce higher amounts of substrates for methanogens to use

and promote the increase of methane production.

3.3.2. Comparison of the Number of Sequences Related to Enzyme Genes
The activity of microorganisms runs through the entire process of anaerobic
fermentation. When the sequencing data set was encoded as a carbohydrate ac-
tive enzyme, mixed fermentation group exhibited different functional characte-
ristics than the two single fermentation groups. CAZy enzymes could be divided
into six functional modules according to their functions: auxiliary activities
(AAs), carbohydrate-binding modules (CBMs), carbohydrate esterases (CEs),
glycoside hydrolases (GHs), glycosyl transferases (GTs), and polysaccharide
lyases (PLs).

As shown in Figure 4, CBMs, GHs and GTs were the main enzymes in CAZy
enzymes, accounting for more than 90% of the total amount of enzyme. The
main function of CBMs was to improve the catalytic efficiency of enzyme and
enhance enzyme activity by targeting the substrate to close the distance between
the enzyme and the substrate and promoting the interaction with the substrate
[29]. GHs can reveal the ability of microbial community to hydrolyze carbohy-
drates during anaerobic fermentation with its main function being hydrolyzing
cellulose, oligosaccharides and peptidoglycan [30] [31] Moreover, GHs account
for almost half of CAZy enzyme family and are important for the metabolism of
microbial community [32]. GTs mainly have catalytic activation functions that
connect sugars to various receptor molecules such as proteins, nucleic acids, su-
gars, and lipids [33]. The abundance of GH13 in LIG-WS group was 0.04%
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Figure 4. Comparative analysis of the number of sequences related to enzyme genes.

higher than that in WS group. GH13 is a hydrolase, mainly involved in glycosid-
ic bond hydrolysis, and can destroy cell structure, which is a critical functional
enzyme in carbohydrate metabolism [34].

Therefore, the gene abundance of CAZy metabolizing enzyme in the mixed
fermentation of lignite and straw was changed, the enzyme activities of partially
hydrolyzed cellulose and carbohydrates were increased, and carbohydrate en-
zyme metabolism products were increased, which increased methane produc-

tion.

3.3.3. Methane Metabolic Pathway

In anaerobic fermentation process, methanogenic stage is the final stage and the
metabolism of methanogenic bacteria is obviously different from those of other
bacteria. Variations of methanogenic metabolic pathways during anaerobic fer-
mentation could be analyzed based on KEGG database. The genes encoding key
methanogenesis-related enzymes are shown in Table 4.

As shown in Figure 5(a), methanogenic metabolic pathway is mainly con-
sisted of three pathways: ie, CO, reduction, acetic acid nutrition and methyl
nutrition pathways. In CO, reduction methanogenesis pathway, the functional
gene abundance of LIG was higher than those of LIG-WS and WS (Table 4), in-
dicating that the key enzymes of CO, reduction pathway had the strongest me-
tabolic function in single lignite fermentation group. In acetate methanation
pathway, the key enzymes contributed to the conversion of acetate to acetyl-CoA
are acetate kinase (K00925), phosphate acetyltransferase (K00625), and acetyl-CoA
synthetase (K01895) [35]. Acetate kinase is a carboxyl-based phosphotransferase
that can transfer phosphorus-containing groups. Phosphate acetyltransferase is
an acyltransferase that converts acetylphosphoric acid to acetate in the presence
of two NDP + molecules [36]. The abundances of these two enzymes in LIG-WS
were increased compared to LIG and WS groups, verifying that lignite and straw
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mixed fermentation promoted the metabolic activity of acetic acid methanoge-
nesis. Acetyl-CoA synthetase is an acid thiol ligase that acts on propionates and
acrylates [37]. In methylotrophic methanogenesis pathway, the functional gene
abundance of LIG was the highest (Table 4), showing that the key enzymes in
methyl reduction pathway had the strongest metabolic function in the single lig-
nite fermentation group. It was seen from Figure 5(b) that the abundance of key
enzyme genes in acetate reduction pathway (76.38% - 93.43%) was significantly
higher than those in CO, (4.72% - 25.52%) and methyl (5.61% - 12.12%) reduc-
tion pathways. On the whole, acetate-nutritive approach to produce methane
was more competitive and the gene abundances of other key enzymes in metha-
nogenesis were lower. In addition, relative proportion of acetic acid in mixed
fermentation group LIG-WS was higher than that in single lignite group LIG,
revealing that acetic acid methanogenesis metabolic pathway was enhanced by
the addition of straw to single lignite substrate, which was beneficial to methane
production.
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Figure 5. Analysis of methanogenic pathway based on KEGG (a) Methane pathway metabolic pathway map (b)

Gene abundance of key enzymes in different substrates.
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Table 4. Gene and relative abundance of enzymes related to methanogenic metabolic

pathway.
Relative abundance/%
K number Gene abundance
LIG LIG-WS WS
K00193 acetyl-CoA decarbonylase/synthase, CODH/ACS 084 044 007

complex subunit beta
K00200 formylmethanofuran dehydrogenase subunit A 3.86 0.82 1.86
K00319 methylenetetrahydromethanopterin dehydrogenase 1.20  0.00  0.09
K00320  5,10-methylenetetrahydromethanopterin reductase ~ 1.03 0.03  0.08
K00399 methyl-coenzyme M reductase alpha subunit 4.17 1.41 090
K00440 coenzyme Fazo hydrogenase subunit alpha 1.64 0.17 0.59

tetrahydromethanopterin S-methyltransferase

K00577 5.68 092 0.86
subunit A
K00625 phosphate acetyltransferase 14.65 23.58 20.24
formylmethanofuran-tetrahydromethanopterin
K00672 2.62 0.10  0.56
N-formyltransferase
K00925 acetate kinase 24.94 39.10 38.39

K01499  methenyltetrahydromethanopterin cyclohydrolase  5.32 1.27  2.50
K01895 acetyl-CoA synthetase 26.10 27.98 28.40

[methyl-Co(III) methylamine-specific corrinoid

K14082 . 0.18 0.54 0.00
protein]: coenzyme M methyltransferase
trimethylamine-corrinoid protein
K14083 6.68 2.74 5.27
Co-methyltransferase
K14084 trimethylamine corrinoid protein 1.09 092 0.20

4. Conclusion

In this paper, the methanogenic performance of lignite and straw mixed fer-
mentation and their methanogenic metabolic pathways were studied. The ob-
tained results revealed that mixed fermentation of lignite and straw significantly
promoted biomethane production. Regarding differences in microflora charac-
teristics, the highest number of species and endemic species were detected in the
mixed fermentation group. The abundance of hydrolytic acidifying functional
bacteria genus (Sphaerochaeta and Lentimicrobium) in mixed fermentation was
the highest, and its hydrolytic acidifying function was stronger. Macrogenomic
analyses revealed that increased abundance of gene sequences of some key CAZy
metabolic enzymes in the mixed fermentation group improved methane produc-
tion. Among the above three methanogenic metabolic pathways, acetate trophic
was the most critical methanogenic pathway, while microbial community in
mixed fermentation broth presented increased carbohydrase activity, higher
amounts of organic matter small molecules produced by the degradation of car-

bohydrates which ultimately promotes the increase of methane production.
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