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Abstract

Thermophilic anaerobic digestion (TAD) is an efficient method for biogas production. In this study, the TAD of Arundo donax cv.
Lvzhou No. 1 (ADL-1, a new kind of energy crop with high cold tolerance) at different growth stages was carried out, in order to
investigate the relationship between microbial community structure and its function during the fermentation process. The results
showed that the most optimal growth period of ADL-1 was 3 months, regarding the yield of biogas production. The TAD process
lasted for 10 days with cumulative biogas and methane yields of 312.7 mL/g VS and 231 mL/g VS, respectively. The degradation
rates of hemicellulose, cellulose, and lignin were 41.78%, 27.99%, and 14.46%, respectively. The high-throughput sequencing of
16S rRNA gene amplicons revealed that the most abundant bacterial phylum in TAD was Firmicutes with three dominant genera
of Tepidiphilus, Sedimentibacter, and Gelria. Also, the main archaeal order was Methanomicrobiales, in which Methanoculleus
and Methanosarcina were detected as dominant genera. Therefore, this article reveals the dynamic changes of structure and
function of microbial communities during TAD of ADL-1, providing the theoretical basis for the development of energy crops
with cold tolerance as potential biogas feedstock.
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Introduction

With the rapid growth of the human population, the demand
for energy is also increasing, and nonrenewable fossil fuel
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(mainly derived from petroleum and coal materials) has be-
come in short supply. Worldwide, depletion of fossil fuel re-
serves to fuel price hike will lead to an energy crisis in the near
future [1-3]. In addition, fossil fuel combustion will cause
great damage to the environment, mainly due to various com-
bustion products such as sulfur dioxide (SO,), nitrogen oxides
(NO,), ground level ozone, particulate matter (PM), carbon
monoxide (CO), carbon dioxide (CO,), volatile organic com-
pounds (VOC), and some other heavy metals [2]. In order to
meet future energy demands and address current environmen-
tal concerns relating to nonrenewable energy sources, biofuel
could offer a suitable alternative energy reserve. Biofuels are
the fuels derived from biological sources like plants, animals,
microbes, etc., which are biodegradable, nontoxic, and envi-
ronmentally friendly and can be used as a substitute for envi-
ronmentally unsafe fossil fuels [2, 4, 5]. Biofuels include
bioethanol, biobutanol, biodiesel, biogas, and biohydrogen
[2, 5, 6]. It is also important to find a sustainable raw material
which can produce biofuels.

The exploitation of energy crops as raw materials for agri-
cultural biogas production is developing rapidly nowadays
[7-9]. Perennial energy crops can be harvested periodically
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for many years with only one planting, which could greatly
reduce the planting cost. Using such raw materials has been
regarded as a good choice for biogas fermentation. Since pe-
rennial energy crops prefer to hot and humid environments,
they are often difficult to adapt to the environmental condi-
tions of China’s large northern area where the temperature
usually drops from — 10 to —30 °C in winter. In such area,
they need to be replanted in every year, resulting in the in-
crease of the production cost. Therefore, the energy crops with
high cold tolerance would be promising for biogas fermenta-
tion industry in northern China.

The National Engineering Research Center of JUNCAO
Technology has developed a new kind of energy crop with
high cold tolerance, called Lvzhou No. 1, which belongs to
Arundo donax L. (Arundo donax L. Lvzhou No. 1, ADL-1).
Owing to its property of developed root system and sturdy
stems, ADL-1 has rapid growth rate and high reproduction
capacity. Under normal circumstances, the yield of mature
ADL-1 can reach 105-300 t/hm?, with a height of as high as
4 to 6 m and stem diameter ranging from 2 to 3.5 cm. More
importantly, ADL-1 can tolerate the severe cold of —20 °C,
and thus it is suitable for large-scale planting in northern
China, providing a steady stream of raw materials for indus-
trial production of biogas independent of climate and locality.
But ADL-1, as a new energy plant that can be widely planted
and can survive at low temperatures, has not been completely
studied so far.

Anaerobic digestion process commonly used in biogas pro-
duction is not a certain reaction but a multistage process in-
volving microbial degradation of organic matter and gas pro-
duction through various microorganisms. The whole process
usually can be divided into five stages, including hydrolysis,
acidogenesis, acetogenesis, methanogenesis, and stabilization
[10]. In the process of anaerobic digestion, microbial commu-
nities are complex. Different microorganisms depend on each
other and restrict each other to reach an equilibrium state [11].
During this process, many bacteria produce multiple enzymes
to hydrolyze organic polymers, such as glucanases,
hemicellulases, xylanases, amylases, lipases, and proteases
[12]. The hydrolysis of organic matter could increase the con-
tents of precursors of methane synthesis and improve the ef-
fect of gas production [13, 14]. Usually, the anaerobic diges-
tion process for biogas production is classified into TAD (50—
60 °C), mesophilic anaerobic digestion (30—40 °C), and room
temperature anaerobic digestion (temperature changes with
ambient temperature) according to the reaction temperature
[15]. Currently, biogas production using TAD has attracted
massive interest since it has more advantages, such as higher
methane content, lower hydrogen sulfide content, shorter re-
tention time, smaller reactor volume, and higher pathogen
destruction rate and organic matter degradation rate [16].

Microorganisms play important role during the biogas fer-
mentation. With the popularity of high-throughput sequencing

technologies, emerging studies have discovered microbial
communities and microbial roles during the fermentation pro-
cess. Lu et al. [17] studied the changes of the bacterial popu-
lation during mesophilic and thermophilic fermentation. The
results show that when the environment changes, the content
of most bacteria and archaea will change, and even some
bacteria will disappear. Based on 16S rRNA high-
throughput sequencing results, Tian et al. [18] found that in
the fermentation system using pig manures as raw materials at
15 °C, the most important phylum of bacteria and archaea
were Firmicutes and Archaebacteria, respectively. Xiao et al.
[19] studied the microbial community of anaerobic digestion
of mushroom substrates. High-throughput sequencing of 16S
rRNA gene amplification showed that Proteobacteria (56.7—
62.8%) was the main phylum of different fermentation stages.
Chen and Chang [20] investigated the effect of different fer-
mentation temperature on the microbial community in the
anaerobic sludge, and this article also found that
Acidaminobacter at 35 °C, Proteiniphilum and Lutispor at
42 °C, and Gelria at 55 °C were the major producers of pro-
teinases, while bacterial strains of polysaccharide fermenta-
tion belonged to the genus of Macellibacteroides and
Paludibacter at 35 °C, the dominant communities at 42 °C
was Salmonella, and the predominant communities at 55 °C
was Tepidimicrobium. All of the above studies have studied
the changes in the structure of the microbial community in the
fermentation system through high-throughput sequencing
technology and did not involve systematic analysis of the
structure and function of the microbial community.

Since the global supply of renewable energy is in short
supply, the biogas industry has developed rapidly. At present
energy plants are widely used in the biogas industry. However,
the currently used energy plants have the disadvantages that
they cannot survive in low-temperature environments. But
ADL-1, as a new energy plant that can survive at low temper-
atures, has not been completely studied so far. Therefore, this
article reveals the relationship between the structure and func-
tion of microbial communities in ALD-1 during TAD of bio-
gas. These results would contribute to the future research of
TAD of energy plants.

Materials and Methods
Thermophilic Anaerobic Digestion and Samples

“Lvzhou No. 1”used in this study was obtained from the plant-
ing base of The National Engineering Research Center of
JUNCAO Technology. For TAD, eight 2000-L biogas di-
gesters were fed with “Lvzhou No. 17 with different growth
periods (1 month to 8 months) and kept at thermostatic incu-
bator at 55 °C. And then various physical and chemical pa-
rameters including pH of the slurry, methane concentration,
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and biogas production were recorded every day during the
TAD process. After the digestion was finished, all the biogas
slurry was taken out and centrifuged (GL-12B, Shanghai
Anting Scientific Instrument Factory, Shanghai, China) at
10000 g for 5 min. Then the collected supernatant was filtered
with a 0.22-um water filter (Tianjin Jinteng Experimental
Equipment Co., Ltd., China), and the filtrate was stored at —
20 °C until use. The TAD residues were washed with sterile
water, dried and crushed, and then used for determining their
lignin contents, the hemicellulose contents, and the cellulose
contents.

Determination of Biogas Production and Methane
Concentration

The biogas yields were determined by water replacement. The
methane concentration in biogas was determined by a biogas
analysis meter (BX568, Henan Hanwei Electronics Co., Ltd.).

Determination of Volatile Fatty Acids (VFA) Content
and pH

The pH was measured by pH meter (Mettler Toledo, FiveEasy
Plus, Switzerland). VFA content was determined by gas chro-
matography (GC7890, Agilent, USA) using the HP-
INNOWax (30 m*0.32 mm ID*0.25 um) Column and FID
detector. The flow rate of N, (carrier gas) was 19.0 mL/min,
the split ratio was 1:10, the H, flow rate was 30 mL/min, and
the air flow rate was 300 mL/min. Both detectors were kept at
240 °C. The temperature program was as follows: 100 °C for
0.5 min, 4 °C/min heating rate to 150 °C, and then 5 °C/min
heating rate to 180 °C. And each sample was measured in
triplicate.

Determination of Lignocellulose Content

The NREL laboratory analytical protocol [21] was used to
quantify cellulose, hemicellulose, and lignin in the feedstock
and TAD residues. The degradation rates of cellulose, hemi-
cellulose, and lignin were given by:

Xe=Mco—Mc)Mco

Xy =(Mpo — M)/Mpyo

X =(Mro—Mr)/Mro

Here X stands for cellulose degradation rate; M refers to
the original weight of cellulose in raw materials (before deg-
radation); M refers to the weight of cellulose in the TAD
residue (after degradation); X}, stands for hemicellulose deg-
radation rate; My, refers to the original weight of hemicellu-
lose in raw materials (before degradation); M}, refers to the
weight of hemicellulose in the TAD residue (after degrada-
tion); X; stands for lignin degradation rate; M, , refers to the
original weight of lignin in raw materials (before degradation);
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M refers to the weight of lignin in the TAD residue (after
degradation).

DNA Extraction

On day 1, 3, and 7, 10 mL of mixed thoroughly slurry and
solid residue samples were taken out. Then the samples were
centrifuged at 12,000 rpm for 10 min at 4 °C, and the pellets
were collected. Total community DNA was extracted from the
pellets using the CTAB method [22].

The detection of composition of microbial communities
was conducted according to the protocols described previous-
ly [23]. The V4 region of the 16S rRNA gene in bacteria was
amplified by PCR with the primer set of 515F (5’-GTG CCA
GCM GCC GCG GTA A-3’) and 806R (5’-GGA CTA CHV
GGG TWT CTA AT-3’) [23]. The primers for V4 region of
archaeal 16S rRNA gene were 5’-CAG YMG CCR CGG
KAA HAC C-3’ and 5’-GGA CTA CNS GGG TMT CTA
AT-3’. The PCR products were detected by 2% agarose gel
electrophoresis, and the aimed strips were recovered by
GeneJET Glue Recovery Kit (Thermo Fisher Scientific com-
pany). The library was constructed using Thermo Fisher’s Ion
Plus Fragment Library Kit 48 rxns library, and the sequencing
was carried out by the Life Ion S5™ platform (Beijing
Novogene Technology Co., Ltd. Beijing).

Merging of pairs of reads from the original sequenced
DNA fragments was conducted by Cutadapt [24]. The
Cutadapt software package was used to filter the raw tags
sequences and get clean tags. The UCHIME was used to re-
move chimera sequences and get effective tags [25, 26]. The
operational taxonomic units (OTUs) were determined from
effective tags by UPARSE at the threshold of 97% [27].
Mothur method [28] and SSUrRNA database [29] were used
to annotate the OTUs representative sequences (setting thresh-
old of 0.8~1), and the community composition of each sample
was statistically analyzed at various taxonomic levels.
Homogenization of the sequence was performed based on
the minimum amount of data in the sample. The alpha diver-
sity analysis, including rarefaction curve, Chaol, and
Shannon indices, was then conducted by QIIME [23]. All
sequence data have been deposited in the NCBI Sequence
Read Archive database; the number is PRINA589176.

Biological Information Analysis

The canonical correspondence analysis (CCA) of bacteria and
archaca communities at the genus level with acetic acid,
propionic acid, butyric acid, gas production, methane produc-
tion, cellulose degradation rate, hemicellulose degradation
rate, lignin degradation rate, as well as pH was conducted by
using software Canoco 4.5 [30-32].
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Results

Determination of the Best Growth Stage of Lvzhou
No.1

Composition of ADL-1 at different growth stage is shown in
Table 1. The monthly yields of biogas of TAD using ADL-1
with different growth stages (from 1 month to 8§ months) were
compared. As shown in Fig. 1, results showed that the average
monthly biogas and methane accumulation of dry matter first
increased then decreased over time. And the average monthly
biogas accumulation reached the highest value of
49,222.1 mL per plant using ALD-1 of 3-month growth peri-
od, which was chosen as raw material in the further
experiment.

Changes in Various Components During Anaerobic
Digestion

All anaerobic digestion reactions were carried out at 55 °C,
and the changes in all components during the fermentation
were summarized in Fig. 2. Among VFA detected, acetic acid
was found to have the highest content, which gradually de-
creased as the fermentation progressed (Fig. 2a). Both acetic
acid and butyric acid were present throughout the fermenta-
tion process, but propionic acid was not detected in the later
stages of fermentation. The TAD process lasted for 10 days
with the cumulative biogas and methane yields of 312.7 mL/g
VS and 231 mL/g VS, respectively. The daily production of
biogas had the same trend as methane (Fig. 2b). During the
first 3 days, daily production of biogas and methane showed
the gradual upward trend and reached the maximum on the
third day, which were 47.0 mL/g TS and 32.9 mL/g TS, re-
spectively. They gradually decreased from the third day to the
ninth day but suddenly fell at the last day. The main compo-
nents in the TAD residues were cellulose, hemicellulose, and
lignin (Fig. 2d). Cellulose and lignin accounted for the major-
ity, and hemicellulose was less. And hemicellulose had the
highest degradation rate, while lignin had the lowest
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Fig. 1 Cumulative biogas and methane accumulation by Arundo donax
cv. Lvzhou No.1 grown at different periods

degradation rate (Fig. 2¢). The degradation rates of cellulose,
hemicellulose, and lignin were 27.99%, 41.78%, and 14.46%,
respectively.

Diversity of the Microbial Communities

Microbial communities of all the samples were analyzed by
the high-throughput sequencing of the 16S rRNA genes. Raw
reads of the bacteria and archaea in each sample were approx-
imately 80,000 (Table 2). The rationality of the amount of
sequencing data and the richness of the species in the sample
could be indicated by the rarefaction curve. When the curve
tends to be flat, the abundance of sequencing data was grad-
ually reasonable (Fig. 3). Good’s coverage ranged from 99 to
100% (Tables 3 and 4). Moreover, Shannon diversity of bac-
teria ranged from 5.8 to 6.7 (Table 3), while Shannon diversity
of archaea ranged from 2.3 to 3.5 (Table 4).

Structure of the Microbial Communities

During TAD, the bacteria at the phylum level did not change
much (Fig. 4a). Firmicutes were dominant (60—65%) through-
out the fermentation process. However, it decreased slightly

Table 1 Lignocellulose content

of Arundo donax cv. Lvzhou Growth period Heddle cellulose Cellulose Hemicellulose Lignin Ash

No.1 at different growth stage (month) (%) (%) (%) (%) (%)
1 51.75 2241 13.9 15.44 7.6
2 62.52 23.98 21.27 17.27 7.1
3 67.99 25.09 215 214 6.9
4 78.46 33.77 21.77 2292 59
5 81.96 36.83 222 2293 4.7
6 84.29 37.53 23.79 2297 4.4
7 85.22 39.2 22.48 23.54 3
8 86.5 39.48 22.77 2425 2.9
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<« Fig. 2 Thermophilic anaerobic digestion of Arundo donax cv. Lvzhou

No.l. a Changes of volatile fatty acids (VFA) content in biogas Slurry. b
Changes in daily biogas production and daily methane production. ¢
Changes in the degradation rate of lignocellulose. d Changes in the con-
tent of lignocellulose

on the third day of fermentation and increased in the later
stage. Proteobacteria was the second dominant bacteria (5—
12%) with slight decrease in the late fermentation. However,
at the genus level, the distribution of each genus was different
(Fig. 4b). Sedimentibacter had the highest abundance (10%)
on the third day of fermentation. Tepidiphilus had a relatively
rich abundance at the initial stages and peak period of gas
production but decreased in the later stages. In contrast, the
population of Petrimonas, Hydrogenispora, and Gelria in-
creased at the later stage of fermentation. It is worth noting
that Clostridium sensu stricto 1, Ruminococcus 1, and
Clostridium sensu stricto 8 were found to have the highest
content in the early stage of fermentation, but there were only
little amount at the peak of gas production and disappeared in
the late stage of fermentation.

As shown in Fig. 5, archaea present in thermophilic anaer-
obic digestion were mainly divided into two orders
(Methanomicrobiales and Methanosarcinales), which have
been regarded to involve in hydrogenotrophic and aceticlastic
methanogenesis. Methanomicrobiales was the dominant order
in methanogenesis, but it had a slight decline during peak gas
production. While Methanosarcinales was the most abundant
during the peak period of gas production, the content was
decreased in the later period. At the genus level,
Methanoculleus was the dominant genus, accounting for al-
most 90% at the initial stages, but its content decreased during
the peak period of gas production. Methanosarcina had the
highest content at the peak of gas production, and it was just
the opposite of the trend of Methanoculleus.

Biological Information Analysis

The CCA was conducted to investigate the relationship of
bacterial communities and VFA and gas production. Results
showed that methane production had a strong correlation with
Gelria, butyric acid was related to Clostridium sensu stricto 1,
and propionic acid was associated with Petrimonas (Fig. 6a).
In addition, CCA results of archaca communities and VFA
and gas production suggested that gas production was highly
correlated with Methanoculleus, and butyric acid was related
to Candidatus_Methanoperedens (Fig. 6b).

Discussion

Our results showed that the VFA content was highest on the
first day of anaerobic digestion, possibly because bacteria in
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Table 2 Statistical analysis of
sequence length distribution after Sample name  Bacterial raw reads ~ Bacterial Avglen (nt)  Archaearaw reads  Archaea Avglen (nt)
quality control

BacDla 72,604 252 84,423 277

BacDI1b 75,114 252 84,539 278

BacDlc 83,622 252 85,668 278

BacD3a 74,323 252 87,243 278

BacD3b 84,611 252 84,484 278

BacD3c 76,679 252 84,539 278

BacD7a 78,822 252 82,621 278

BacD7b 83,001 251 84,204 278

BacD7c¢ 82,437 252 81,854 278

the microbial communities are more active. In the early stage
of fermentation, the microbial communities first consumed
complex organic substances such as carbohydrates, crude pro-
tein, etc., originally present in the raw materials. Microbial
communities could convert these organic compounds into
VFA. With the progress of anaerobic digestion, the VFA con-
tent gradually decreased, and the amount of biogas gradually
increased, indicating that VFA was used by microorganisms to
produce methane [33-35]. Our results indicated that the biogas
anaerobic digestion process mainly consisted of two stages,
namely, the acid-producing stage and the methanogenic stage.
The acid generation stage was mainly microorganism first con-
verted complex organic substances such as proteins and carbo-
hydrates into simple monosaccharides, long-chain fatty acids,
and amino acids. Monosaccharides, long-chain fatty acids, and
amino acids are then further decomposed into acetic acid, Hy,
and CO,. The methanogenic stage was mainly methanogen
using acetic acid and H; to produce methane. This phenomenon

700 -
5 600 - —+—BacDla
-]
g 500 - —s—BacD1b
E —+—BacD1c
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(a)

Fig. 3 Rarefaction curves. a Bacterial. b Archaea

was consistent with the result of the study conducted by
Lauwers [36]. When these complex compounds (carbohy-
drates, crude protein, etc.) were decomposed by fermentation,
the lignocellulose content in the TAD residue went up [37, 38].
As the fermentation progressed, cellulose, hemicellulose, and
lignin are continuously consumed by the microbial communi-
ties. As polysaccharides in nature, cellulose and hemicellulose
are both components of the plant cell wall. The difference is that
the polymerization unit of cellulose is only glucose, while the
polymerization unit of hemicellulose is not only one type, in-
cluding xylose, rhamnose, mannose, etc. This leads to a more
branched chemical structure of hemicellulose, which could be
more easily hydrolyzed than cellulose under acidic conditions.
Although cellulose could not be easily degraded, in the middle
stage of fermentation, there were a large number of acetogenic
bacteria; they used cellulose as substrates to decompose and
produce acetic acid by fermentation, and then acetic acid would
be converted to methane [39, 40]. As a biopolymer with a three-
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Table 3 Alpha diversity index

statistics of bacteria Sample name Observed species Shannon Simpson Chaol ACE Goods coverage
BacDla 618 6.668 0.978 706.019  685.667  0.998
BacDI1b 594 6.618 0.976 613.615 619.665 0.999
BacDlc 602 6.425 0.971 632.588 636.814  0.999
BacD3a 576 6.391 0.964 598.226  604.351 0.999
BacD3b 608 6.571 0.973 652.758 652717  0.998
BacD3c 577 6.56 0.975 609.182 608.477  0.999
BacD7a 537 5.907 0.952 572.5 578.946  0.998
BacD7b 550 5.853 0.95 583.581 591.189  0.998
BacD7c¢ 570 6.001 0.95 618.584  628.116  0.998

dimensional network structure and a relatively high molecular
weight, lignin had different degradation degrees during TAD.
Lignin had many active functional groups which may also lead
to slight sulfonation and lead to its degradation in this condition.
At the same time, the acetogens could also play role in partial
degradation of lignin. But cellulose, hemicellulose, and lignin
fractions were almost constant after day 6 (Fig. 2d). This slight
but not obvious reduction in the lignocellulose content after
sixth day possibly resulted from the decreasing activities of
the microbial communities (including the ability to degrade
the substrate and the ability to produce the biogas) which could
be seen from Fig 2 ¢ and b. This result was similar to the results
reported by Neshat SA [41].

As for the analysis of microbial community diversity, high
Shannon index and Chaol indicated that bacterial and archaea
taxa were very rich in these habitats [42].

As a genus of Firmicutes, Gelria had a higher abundance
during the late fermentation period (Fig. 4b). It was worth
noting that Firmicutes were especially common in TAD sys-
tems [43, 44], which suggested that Gelria would play an
important role in TAD systems. As a genus of Clostridium,

Clostridium sensu stricto 1 was most abundant in the early
stages of gas production and during the peak production. At
this stage, VFA also existed in large quantities. The main
function of Clostridium was to further degrade the hydrolyzed
products into small molecules such as alcohols, organic acids,
carbon dioxide, hydrogen, and ammonia. When in the late
stage of digestion, the content of small molecules was re-
duced. This could help explain the fact that the number of
these bacteria was reduced at the later stages of fermentation.

Petrimonas was a hydrogen-producing acetogen, and CCA
results showed that this genus had a strong correlation with
propionic acid. Also it was found to involve in methanogenesis
as a methanogen. Our results showed that Petrimonas popula-
tion increased throughout the TAD. Due to its capability of
biogas (hydrogen and methane) production under the anaerobic
condition, Petrimonas has aroused much attention as microbial
fuel cells [8, 45].

Methanomicrobiales were very common in bioreactors,
landfills, and wastewater. Methanomicrobiales belong to hy-
drogen trophic methanogens. They were the most important
methanogens in anaerobic sludge [46]. Although they had

Table 4 Alpha diversity index

statistics of archaea Sample name Observed species Shannon Simpson Chaol ACE Goods coverage
ArcDla 159 2.966 0.769 165.12 168.564 1
ArcDIb 153 3.462 0.854 161.053 163.276 1
ArcDlc 101 2,993 0.803 103.391 106.802 1
ArcD3a 121 3.399 0.85 131.929 131.424 1
ArcD3b 133 3.395 0.846 145.667 144.616 1
ArcD3c 129 3.337 0.843 159 142.351 1
ArcD7a 143 2.693 0.708 149.955 153.074 1
ArcD7b 110 2.394 0.651 120 120.14 1
ArcD7¢ 116 3.058 0.8 120.565 125.385 1
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Fig. 4 Taxonomic classification B acte ri a I_ p hylu m
of the bacterial communities at
phylum and genus level. a 100%
Bacterial phylum. b Bacterial 0%
genus. Note: BacD1 indicates = 90% = Armatimonadetes
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bacteria on the seventh day of .E 50% B Chloroflexi
fermentation, and abc indicates P 40%
three groups of parallel E 30% M Tenericutes
©
@ 20% m Bacteroidetes
10%
0% H Proteobacteria
2 M Firmicutes
@
F ¥ F I
Pseudomonas

Relative abundance (%)

declined during the peak period of gas production, they still
were dominant population. As another common methanogens,
the number of Methanosarcinales increased during peak peri-
od of gas production, which indicated that Methanosarcinales
were related to gas production. High abundance of
Methanosarcinales would be due to their substrate versatility,
acid tolerance, and higher specific growth rates [47, 48].
Previous studies have shown that when acetic acid content
dropped, Methanosarcinales content would also be reduced
[47-49]. However, different results were found in our study,
which showed that the reduction in acetic acid content did not
lead to the decrease of Methanosarcinales content. On the
contrary, Methanosarcinales increased in the case of a decline

w Clostridium_sensu_stricto_8
1 Hydrogenispora

B Ruminococcus_1

M Petrimonas

M Clostridium_sensu_stricto_1
u Gelria

m Tepidiphilus

m Sedimentibacter

in acetic acid content during the peak period of gas
production.

Methanoculleus was found to be the most dominant ar-
chaea in TAD reactors. In taxonomy, Methanoculleus was a
genus of microbes within the family Methanomicrobiaceae.
The species of the genus Methanoculleus usually live in
bioreactors, landfills, and wastewater. Methanoculleus could
convert hydrolyzed products into small molecules, volatile
fatty acids, carbon dioxide, hydrogen, etc. It was mentioned
above that Methanoculleus could use ethanol and some sec-
ondary alcohols as electron donors to produce methane [50].
Kougias et al. detected samples from 22 bioreactors and
found that Methanoculleus was one of the archaea with high
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Fig. 5 Taxonomic classification
of the archaeca communities at
order and genus level. (a) Archaea

Archaea-Order

0,

order; (b) Archaea genus. Note: 100%
ArcD1 indicates archaea on the 90%
first day of fermentation, ArcD3 80%
indicates archaea on the third day 70%
of fermentation, ArcD7 indicates

60%
archaea on the seventh day of
fermentation, and abc indicates 50%
three groups of parallel 240%

30%

20%
10%
0%

Relative abundance (%)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Relative abundance (%)

abundance [51]. Methanoculleus was the most widely repre-
sented in the methanogenic phase of the four stages of the
anaerobic digestion system [52-55]. Results of the CCA
showed that Methanoculleus had an irreplaceable role in
the methanogenesis phase of biogas fermentation.
Methanosarcina belonging to euryarchacote archaea
genus live on the surface of the Earth, groundwater,
deep sea vents, and animal digestive tracts. These
single-celled organisms and anaerobic methanogens pro-
duce methane using all three metabolic pathways for
methanogenesis. They were capable of using no less
than nine methanogenic substrates to produce methane,

@ Springer
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including acetate [56, 57]. Since Methanosarcina reac-
tors operate at temperatures ranging from 35 to 55 °C
and pH ranges of 6.5-7.5, this genus would play a very
important role in TAD reactors.

Conclusion

In conclusion, the present study focused on dynamic
changes in microbial community structure and function
during on TAD. The use of ADL-1 energy crops as new
raw materials not only can be widely planted but also
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Fig. 6 CCA analysis relating performance parameters (acetic acid,
propionic acid, butyric acid, gas production, methane production,
cellulose degradation rate, hemicellulose degradation rate, lignin
degradation rate, pH) with changes in OTUs of bacterial (a) and
archaeal (b) phylotypes at genus level in AD. Note: Bacterial 1,
Sedimentibacter; 2, Tepidiphilus; 3, Gelria; 4, Clostridium sensu stricto
1; 5, Petrimonas; 6, Ruminococcus 1; 7, Hydrogenispora; 8, Clostridium
sensu stricto 8; 9, Pseudomonas Archaeal; 1, Methanoculleus; 2,
Methanosarcina; 3, Methanobacterium;, 4, Methanocella; 5, Candidatus
Methanoperedens; 6, Methanosaeta; 7, Methanothermobacter; A, acetic
acid; B, propionic acid; C, butyric acid; D, gas production; E, methane
production; F, cellulose degradation rate; G, hemicellulose degradation
rate; H, Lignin degradation rate; I, pH

can increase biogas production and promote the rapid
development of biogas industry. Furthermore, the results
of the correlation between microbial communities and
VFA and gas production during TAD found that bacte-
ria could promote the production of VFA, archaea were
positively related to produce the methane, and the two
complement each other. Therefore, the results of this
study revealed the dynamic changes in the structure
and function of microbial communities during TAD,
providing a theoretical basis for the development of
biogas technology.
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