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Abstract: The present study investigated the effect of rumen fluid (RF) concentration on the methane
production through anaerobic digestion of wheat straw in batch mode, and compared the microbial
communities in RF and RF inoculated reactors by 16S rRNA genes sequencing. Six levels of RF
concentration including 1%, 5%, 10%, 15%, 20% and 25% (v/v) were used in reactors R1, R5,
R10, R15, R20 and R25 respectively. The results revealed that lower than or equal to 5% RF
concentrations resulted in reactor acidification and low methane production. The highest methane
yield of 106 mL·CH4· g·VS−1 was achieved in R10, whereas higher RF concentrations than 10%
could not improve the methane production significantly. Methanosarcina barkeri was abundant in the
well-working reactors, and Methanobacterium was dominant in the poor-working reactors, implying
the archaeal communities in reactors had changed greatly from the Methanobrevibacter-dominated RF.
Although the relative abundance of Clostridium and Ruminococcus were greatly different between RF
and reactors, the Bacteroidetes and Firmicutes communities were dominant in all the tested samples.
The results indicated that the in vitro anaerobic conditions had altered the rumen methanogenic
communities significantly and the facultative acetoclastic Methanosarcina was important for the
methane production in the RF seeded reactors.
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1. Introduction

Lignocellulosic materials include a large fraction of municipal solid waste, crop residues, animal
manures, woodlot arisings, forest residues, and/or dedicated energy crops [1]. Because they are
abundant in renewable biomass with low treatment costs, they are broadly employed for methane
production in recent years [2]. Anaerobic digestion of lignocellulosic biomass for methane production
is usually used for its simultaneous recovery of methane as a renewable energy source and residual
solids or liquid as green fertilizers [3,4]. However, lignocellulose solubilization is the rate-limiting step
for methane production during anaerobic digestion [5,6], and microorganisms with high efficiency of
lignocellulose degradation are highly important for improving the performance of anaerobic digestion.

A complex microbial community that can cooperatively and completely digest the lignocellulosic
biomass has been universally found in the rumens of ruminant animals [7,8]. Fibrobacter succinogenes,
Ruminococcus albus, and Ruminococcus flavefaciens are the main fibrolytic microorganisms in the
rumens [9,10], and Butyrivibrio fibrisolvens and Prevotella sp. are found to produce xylanases [9].
The non-fibrolytic bacteria, such as Succinivibrio dextrinosolvens, Selenomonas ruminantium, and
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Anaerovibrio lipolytica could facilitate plant fiber digestion in the rumen [10]. Additionally, rumen
methane production, which is mainly due to the hydrogenotrophic Methanobrevibacter, is also a
subject of concern for its contribution to the greenhouse gas increment [11,12]. In rumen, the
aceticlastic pathway was not important with low numbers of Methanosarcina retrieved [13,14]. Recent
years, methylotrophic Methanomassiliicocales, which was one of the most important methanogens
populations [15,16], was found to be abundant in some rumens [17].

It is believed that the rumen microorganisms mentioned above would guarantee the good
performance of RF inoculated reactors, and the potential application of rumen cultures for the
anaerobic digestion of lignocellulosic biomass had been investigated in previous studies [5,6,18–21].
Reactors seeded with rumen microorganisms showed higher rates of cellulose solubilization than
other inocula [5,6]. The effect of different RF concentration on the in vitro degradation of cellulose
was studied, and the hydrolysis rates of cellulose were revealed to decrease with the decrease of RF
concentrations [5]. Although RF has been used for the digestion of lignocellulosic biomass [20,22],
the RF concentration and the experiment procedures cannot be comparable with each other. Thus,
the appropriate RF concentration for in vitro methane production is still unknown. Additionally,
the inoculation of natural microbial communities in the anaerobic digestion process would result
in the changes of community structure, and therefore the in vitro rumen experiments could not be
representative of the performance of rumen microorganisms under in vivo conditions [5,22]. Therefore,
it is necessary to investigate both the microbial communities in RF and RF seeded reactors, especially in
the reactors inoculated with different RF concentration. Experiments were performed using different RF
concentrations for the wheat straw anaerobic digestion to (1) explore the appropriate RF concentration
for methane production and (2) characterize the bacterial and archaeal communities in RF and RF
seeded reactors.

2. Materials and Methods

2.1. Substrate and Inoculum

Wheat straw was collected from Xichuan in Nanyang, China. The sun-dried straws were ground
to pass a 60-mesh sieve (250-µm pore size), and were then used as the substrate for anaerobic
digestion. Total solids (TS) and volatile solids (VS) of the milled straws were 95.0% ± 1.4% and
85.3% ± 1.8% respectively.

The rumen contents were obtained from an adult cow fed with grass silage-based diets after it
was killed at Yulin abattoir in China. Sterile bottles were used for the collection of the rumen contents
and then sealed using gas-impermeable rubber stoppers. The bottles containing samples were kept on
ice and transported back to laboratory, where the rumen contents were squeezed through four layers
of cheesecloth with the protection of N2 to remove coarse solids. Approximately 20 mL of rumen fluid
(RF) was stored at −20 ◦C for DNA extraction, and the remaining RF was used as inoculum.

2.2. Reactors

Batch digestions were carried out in 100 mL (60 mL working volume) serum vials at 39 ± 1 ◦C
for 40 days with RF as the inoculum, and all the serum bottles were filled with high purity nitrogen
gas. The digestion medium was the basal mineral salts solution [5,23], with additional wheat straw
(20 g·L−1) as the sole carbon source. The pH of the combined media and inoculum at the start of the
experiments was between 7.0 and 7.8.

All batch reactors containing RF were prepared at concentrations of 1%, 5%, 10%, 15%, 20%, and
25% (v/v) for the reactors R1, R5, R10, R15, R20, and R25 respectively. In reactors that contained
less than 10% RF, the inoculum was made up to 10% with sterilized RF (the RF was centrifuged at
14,000 × g for 30 min) (e.g., the 5% RF contained 3 mL active RF and 3 mL sterilized RF). In reactors
that contained more than 10% rumen inoculum, the inoculum was prepared by removing certain
volume of supernatant after the active RF was centrifuged at 14,000 × g for 30 min (e.g., 25% RF was
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prepared by removing of 9 mL of supernatant out of 15 mL of centrifuged RF). All the treatments
(batch reactors with different concentrations of RF) were duplicated, and the digestion experiment was
repeated three times.

2.3. Analytical Methods

The biogas generated was measured by downward displacement of water. Biogas samples
were analyzed for CO2 and CH4 concentration with an Agilent 7890A gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA), with helium as the gas carrier, equipped with a Porapak Q column
(2 m length, 3 mm ID) and a thermal conductivity detector (TCD). The temperature of the injector,
column oven and detector were 120 ◦C, 120 ◦C and 160 ◦C respectively. Volatile fatty acids (VFAs)
including acetate, propionate and formate were measured by Shimadzu HPLC system (Shimadzu,
Kyoto, Japan) equipped with TSKgel ODS-100V, C18 reverse phase colum (4.6 mm × 250 mm ID, 5.0
µm particle size; Tokoh, Tokyo, Japan). The mobile phase for separation was 0.1% phosphoric acid. The
solvent was maintained at a flow rate of 1.0 mL·min−1. UV detection was performed simultaneously
at wavelengths of 210 nm. Standard curves were prepared for the measurement of CH4, acetate,
propionate, and formate in this study (the data were not shown).

TS and VS contents were analyzed according to the Standard Methods for the Examination of
Water and Wastewater [24]. The pH was measured by a portable pH meter (Hach, Loveland, CO, USA).

2.4. DNA Extraction, PCR Amplification, SEQUENCING, and Sequences Analysis

For DNA extraction, triplicate 0.5-mL original RF and the digested effluent on day 40 were taken.
DNA Extraction from 0.5-mL sample was performed using FastDNA SPIN kit for soil (Bio 101 Systems,
Carlsbad, CA, USA) according to the manufacturer’s instructions.

To explore the bacterial and archaeal composition, 16S rRNA gene clone libraries were constructed.
Primer pairs BAC8F/926R [25] and AR109F/915R [26] were used to amplify the bacterial and archaeal
16S rRNA genes respectively. PCR amplifications were performed with an iCycler thermal cycler
(Bio-Rad, Richmond, CA, USA), and the amplification conditions were as follows: denaturing step
of 94 ◦C for 4 min; 30 cycles of denaturation at 94 ◦C for 45 s, annealing at 57 ◦C (for bacteria) or
52 ◦C (for archaea) for 45 s, extension at 72 ◦C for 60 s; the final step was followed by post extension
at 72 ◦C for 10 min. The PCR products were purified using a GeneJET PCR Purification Kit (Thermo,
Waltham, MA, USA), and then used for clone libraries constructed directly in accordance with the
procedure used previously [27]. The clones were selected for colony PCR using universal M13
primers [28] and the positive clones were then sequenced with an Applied Biosystems 3730 DNA
analyzer (Applied Biosystems, Carlsbad, CA, USA).

The chimeric sequences were checked by Mallard software [29]. Then the operational taxonomic
unit (OTU) numbers were determined from the remaining sequences using Mothur by defining the
sequences sharing 97% similarity as 1 OTU [30]. The sequences and OTUs classification were conducted
using Mothur with a naïve Bayesian approach at a confidence threshold of 70% [30]. Shannon diversity
indices (H), species richness (Chao 1), and coverage were also calculated using Mothur [30]. The
Libshuff [31,32] and Venn diagram in Mothur were used to compare the community structures in
different samples. Representing sequences of archaeal OTUs were searched against the GenBank
database by using the BLASTn program to determine the closest matches. Then phylogenetic trees
were constructed using Mega (version 5.0, Arizona State University, Tempe, AZ, USA, 2011) [33] by the
neighbor-joining algorithm, and the Jukes-Cantor distance estimation method with bootstrap analyses
for 1000 replicates was performed.

Sequences of unique phylotype obtained in this study were deposited in GenBank under accession
numbers KT024822–KT024936 (bacterial 16S rRNA gene) and KT024937–KT024951 (Archaeal 16S
rRNA gene).
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3. Results

3.1. The Performance of Anaerobic Reactors

The experimental bioreactors were run in batch mode for 40 days. The methane yields of R10,
R15, R20 and R25 ranged from 96 mL·g·VS−1 to 106 mL·g·VS−1 with R10 being the highest yields
(Figure 1a). The results of accumulative methane and biogas yield showed that the rates of methane
and biogas production of R10, R15, R20, and R25 were not greatly different from each other during
the 40-day anaerobic digestion (Figure 1b,c), whereas the rates of methane and biogas production
of R1 and R5 were much lower than that of R10, R15, R20, and R25 during all the digestion times
(Figure 1b,c). R1 and R5 achieved 5 mL·CH4·g·VS−1 and 47 mL·CH4·g·VS−1 and the corresponding
biogas yields were 95 mL·g·VS−1 and 172 mL·g·VS−1 respectively, much lower than that of R10, R15,
R20, and R25 (Figure 1a). On days 0–10, almost no methane was produced in R1 and R5 (Figure 1b),
and the methane content was 0% in these reactors (Figure 1d). However, the methane content in
other reactors began to increase on day 3 and fluctuated between 16% and 83% during the anaerobic
digestion (Figure 1d).
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ranged from 10.6 mM to 13.8 mM, while it was slightly higher in R20 and R25 (Figure 2). At the start 
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Figure 1. Characteristics of the anaerobic reactors for methane and biogas yields. (a) The methane and
biogas yield; (b) Accumulative methane yield; (c) Accumulatice biogas yield; (d) Methane content.
Data represent the means of six replicates, with error bars representing the standard deviation of
the mean.

After 40 days of digestion, the TS and VS reduction of the reactors were 30.0%–38.4% and
33.0%–42.4% respectively (Table 1). The final pH values were below 5.50 in R1 and R5, and between
6.09 and 7.95 in the other reactors (Table 1). Volatile fatty acids (VFAs) mainly containing formate,
acetate, and propionate were detected (Figure 2). No great differences were observed in formate
concentrations among different reactors, which ranged from 0.7 mM to 1.2 mM in all the reactors
(Figure 2). The acetate concentration in R1 and R5 was higher than 58.4 mM, whereas it obviously
decreased in R10, R15, R20, and R25 (Figure 2). The propionate concentration in R1, R5, R10, and
R15 ranged from 10.6 mM to 13.8 mM, while it was slightly higher in R20 and R25 (Figure 2). At the
start time of the anaerobic digestion, the COD of the batch reactors ranged from 4207 mg·L−1 to
4575 mg·L−1, and on day 40 the COD was slightly higher than the start time (Table A1 in Appendix A).
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Table 1. The TS reduction, VS reduction, and pH of the anaerobic reactors.

Reactors TS Reduction a VS Reduction a pH

R1 36.2% ± 2.2% 39.5% ± 3.3% 5.45 ± 0.05
R5 35.7% ± 2.5% 38.0% ± 0.5% 5.40 ± 0.02

R10 38.4% ± 2.9% 42.4% ± 0.6% 7.32 ± 0.83
R15 34.2% ± 0.6% 37.6% ± 1.0% 6.62 ± 0.53
R20 30.0% ± 0.3% 33.0% ± 0.7% 6.68 ± 0.35
R25 35.4% ± 1.2% 35.9% ± 1.3% 7.72 ± 0.23

TS total solids, VS volatile solids; a Mean ± SD of n = 6.Sustainability 2017, 9, 243  6 of 14 
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3.2. Microbial Community Structure

The bacterial and archaeal 16S rRNA gene clone libraries were established from RF and three
batch reactors (R1, R10, and R25). A total of 311 bacterial sequences and 185 archaeal sequences were
derived from the four samples (Table 2). Analysis of the coverage (Table 2) showed that bacterial
libraries could not account for all the bacterial species. However, the coverage of archaeal libraries
surpassed 90% (even surpassed 97% in anaerobic reactors), suggesting almost all of the archaeal
sequences had been sampled (Table 2). R1 had the lowest microbial diversity with Shannon diversity
index of 2.16 and 0.46 in bacterial and archaeal libraries respectively, whereas both the bacterial and
archaeal diversities were highest in R25 among the three reactors (Table 2).

Table 2. Biodiversity indices and statistics among the 16S rRNA gene clone libraries.

Clones OTUs a Coverage (%) a Shanon Diversity a

Bacteria
RF 72 49 52 3.77 (3.59, 3.95)
R1 82 26 78 2.16 (1.81, 2.51)

R10 78 31 78 2.95 (2.70, 3.21)
R25 79 34 72 3.20 (2.97, 3.41)

Archaea
RF 47 7 93 1.23 (0.94, 1.52)
R1 64 4 98 0.46 (0.21, 0.70)

R10 37 3 98 0.77 (0.62, 0.92)
R25 37 5 97 1.44 (1.19, 1.69)

a The values were calculated based on a 97% similarity threshold.
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The phylogenetic analysis showed that the microbial communities were significantly different
among all the samples (Lishuff analysis with all p < 0.0001). The overlaps of the bacterial and archaeal
OTUs among the four samples were shown by venn diagrams in Figure 3, in which no bacterial or
archaeal OTUs were shared among all the four samples. It was observed that no archaeal OTUs
derived from RF were detected from reactor samples and only one RF bacterial OTU was detected
from R1 and R25 (Figure 3). However, there were five bacterial OTUs and two archaeal OTUs shared
among all the reactor samples (Figure 3).Sustainability 2017, 9, 243  7 of 14 
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3.2.1. Bacterial Community Composition

The obtained bacterial sequences of the four libraries fell into 10 phyla (Figure 4). The phyla
Bacteroidetes and Firmicutes were dominant all the samples, composing 37.2%–54.9% (RF, 45.8%; R1;
54.9%; R10, 37.2%; R25 38.0%) and 26.6%–47.4% (RF, 37.5%; R1; 40.3%; R10, 47.4%; R25 26.6%) of
the total bacterial sequences, respectively (Figure 4). The order Bacteroidales in Bacteroidetes and
the order Clostridiales in Firmicutes were the most abundant taxa. The genera detected from the
phylum Bacteroidetes included Bacteroides, Barnesiella, Dysgonomonas, Parabacteroides, Prevotella, RC9,
and vadinBC27, all of which were affiliated to the order Bacteroidales. The genus Bacteroides was
detected from all the four samples and was the most abundant genus in R1 and R10 (representing
52.44% and 20.51% in R1 and R10 respectively), whereas it only composed less than 6% of the bacterial
communities in RF and R25 (Table 3). The genera detected from the order Clostridiales including
Clostridium, Ruminococcus, Anaerobacter, Blautia, Robinsoniella, Syntrophococcus, Acetanaerobacterium,
Ethanoligenens, Oscillibacter, and Subdoligranulum, accounted for 83.3% of the total genera in Firmicutes.
However, the relative abundance of Clostridiales genera varied greatly among the four samples, e.g.,
genus Clostridium was not detected from RF but was abundant in the three reactors, whereas genus
Ruminococcus was not detected from the reactors but was abundant in RF. Phylum Proteobacteria was
the third most abundant phylum, and genus Escherichia in Proteobacteria was detected from all the
reactors. In addition, Sphingomonas, Comamonas, Succinivibrio, and Citrobacter in Proteobacteria were
also detected in this study. Other phyla such as Fibrobacteres, Spirochaetes, Synergistetes, Actinobacteria,
Verrucomicrobia, Tenericutes, and Lentisphaerae were detected in some of the samples and only in minor
proportions (Figure 4).
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Table 3. The identified genera and their relative abundance in RF, R1, R10, and R25 respectively.

Genus
The Relative Abundance (%)

RF R1 R10 R25

Bacteroidetes

Bacteroidales

Bacteroides 5.56 52.44 20.51 3.80
Barnesiella 1.39 NA NA NA

Dysgonomonas NA 1.22 6.41 NA
Parabacteroides NA NA 5.13 NA

Prevotella 4.17 NA 5.13 5.06
RC9 5.56 NA NA 7.59

vadinBC27 NA NA NA 1.27

Firmicutes

Bacillales
Caryophanon NA 1.22 NA NA
Lysinibacillus NA 1.22 NA 10.13

Clostridiales

Anaerobacter NA 1.22 1.28 NA
Clostridium NA 4.88 3.85 2.53

Blautia NA NA NA 1.27
Robinsoniella 1.39 NA NA NA

Syntrophococcus NA NA 1.28 NA
Acetanaerobacterium NA NA NA 1.27
Ethanoligenens NA 1.22 1.28 NA

Oscillibacter 1.39 NA 1.28 NA
Ruminococcus 4.17 NA NA NA

Subdoligranulum NA NA 1.28 NA

Tenericutes

Anaeroplasmatales Anaeroplasma NA 1.22 NA NA
Lentisphaerae
Victivallales Victivallis NA NA NA 3.80

Alphaproteobacteria
Sphingomonadales Sphingomonas NA NA NA 1.27
Betaproteobacteria

Burkholderiales Comamonas NA 1.22 NA NA
Gammaproteobacteria

Aeromonadales Succinivibrio 2.78 NA NA NA

Enterobacteriales
Citrobacter NA 1.22 NA NA
Escherichia NA 1.22 6.41 2.53

Spirochaetes
Spirochaetales Spirochaeta NA NA NA 12.66
Synergistetes
Synergistales Pyramidobacter NA NA 5.13 7.59

NA: the genus was not found in that sample.
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3.2.2. Archaeal Community Composition

All of the obtained archaeal sequences in this study were affiliated to phylum Euryarchaeota,
and these sequences could be assigned to five genera including Methanobrevibacter, Methanobacterium,
Methanosacina, Methanoculleus, and Methanomassiliicoccus (Figure 5).
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of RF, R1, R10, and R25 respectively, and NA indicates that the genus was not found in that sample.

Methanobrevibacter from the order Methanobacteriales was the most dominant genus in the RF
archaeal clone library (89.36%), whereas this genus was not derived from the anaerobic reactors.
Sequences belonging to the genus Methanobacterium, another genus in the order Methanobacteriales,
were dominant in R1 (95.31%) and also abundant both in R10 (59.09%) and R25 (30.55%). The
Methanosarcina sequence detected from the reactors showed 100% similarity to Methanosarcina barkeri
(AF028692), which could utilize both acetate and hydrogen [15]. Methanosarcina barkeri was the most
abundant taxon in R25 (41.67%) and was the second abundant taxon in R10 (40.91%), whereas it was
not detected from RF and only accounted for 4.69% of R1 archaeal community. Genus Methanoculleus
representing 5.56% of R25 archaeal community was not derived from the other samples. In addition,
methylotrophic methanogenic Methanomassiliicoccus was abundant in RF and R25 (10.64% and 21.22%
in RF and R25, respectively). However, they were not detected from R1 and R10.

4. Discussion

Although it had been broadly believed that RF were attractive for the anaerobic digestion of
lignocellulose [4,6,18,20,34,35], little was known about how much RF was needed and how much
methane would be yielded. In this study, a series of different concentrations of RF was used as inocula
to investigate the appropriate RF concentrations for methane production. In R1 and R5, the methane
and biogas yield were much lower than other rectors. In addition, the accumulation of acetate in R1
and R5 might result in the acidification in these reactors, which can deteriorate the anaerobic digestion
process [36,37]. These physiochemical parameters of the reactors indicated that 1% RF concentration
could not start the anaerobic digestion successfully, and 5% RF concentration could not achieve high
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methane production. However, the reactors inoculated with more than 10% RF worked well with
neutral condition and achieved much higher methane production of (96–106 mL·g·VS−1).

The highest methane yield (106 mL·g·VS−1) was achieved in R10, which was a little lower
than other anaerobic batch reactors with lignocellulose as the sole substrate [38,39]. The results
implied that rumen microorganisms might not be the best inoculum for the in vitro biogas digestion of
lignocellulose. The rumen microbial communities might have changed when they were inoculated in
the reactors. Thus effluence of R1, R10, and R25, representing the poor-working, well-working, and
well-working with high RF concentration reactors respectively, were integrated with RF to characterize
the changes in rumen microbial communities.

4.1. Different Methanogenesis between Bovine Rumen and Reactors

Clear differences had been observed among methanogenic communities in RF and RF inoculated
reactors. In bovine rumen, methanogens predominantly utilize H2-CO2 as substrates to produce
methane [13], which was supported by the prevalence of hydrogenotrophic Methanobrevibacter in this
study and previous studies [11,12,40,41]. In addition to the predominance of hydrogenotrophic
methanogenesis, methylotrophic methanogenesis in bovine rumen might be undertaken by
Methanomassiliicoccus, the growth of which could be enhanced by methylamine supplement [42].

However, in the well-working reactors R10 and R25, acetoclastic methanogenesis might be
important, which was supported by the dominance of facultative acetoclastic Methanosarcina barkeri
(Figure 5) and the lower acetate concentration compared to R1 (Figure 2). Acetoclastic methanogenesis
accounting for over 70% methane production in anaerobic digesters [43,44], was considered as
the major process in the biogas fermentation, and the dominance of the genus Methanosarcina
had been found in various anaerobic digesters [45–47]. M. barkeri could utilize acetate, methanol,
and H2-CO2 for methane production [44,48], which might enhance the competitive ability of
Methanosarcina in anaerobic digesters [45]. Besides the importance of acetoclastic methanogenesis,
hydrogenotrophic methanogenesis was also important in R10 and R25 with the abundant presence of
Methanobacterium in both the reactors. In fact, most methanogens could undertake hydrogenotrophic
methanogenesis [44,49] and hydrogenotrophic methanogenesis in reactors had been favored in some
conditions, such as high temperate and low biomass retention time [50]. However, there have been no
general parameters standardized for the anaerobic process, which may favor the hydrogenotrophic
methanogens or acetoclastic methanogenesis in the reactors [49,50].

Unlike R10 and R25, the hydrogenotrophic genus Methanobacterium was dominant in the
poor-working R1, much higher than that in R10 and R25. Among genus Methanobacterium, OTU 1
(Figure 5) showed 99% similarity to Methanobacterium espanolae (NR_104983), which could survive slight
acidic condition (pH 5.0–7.5) [51], and the acid-tolerant characteristics may enhance the predominance
of Methanobacterium espanolae in R1. It is inferred that the low inoculum concentration would lead
to the reactor acidification which may inhibit the growth of Methanosarcina in R1 [44], and the low
presence of acetoclastic Methanosarcina may in turn lead to the accumulation of acetate.

4.2. Characteristics of Bacterial Community

Although significant differences were observed among the four bacterial libraries based on the
phylotype overlaps and Lishuff comparison, Bacteroidetes and Firmicutes were the most abundant
phyla in all the four samples. The predominance of these two phyla has been characterized in various
anaerobic digesters and rumens [45,47,52,53].

Among the two dominant phyla, genera Bacteroides, Parabacteroides, Prevotella, Ruminococcus,
and Clostridium have the potential of performing cellulose hydrolysis [8,54–56]. It should be
noticed that the Ruminococcus, which was one of the representative cellulolytic bacteria in the
rumen [8], was not detected in the anaerobic reactors, implying that they may not adaptive to the
in vitro environment for straw degradation. The well-known cellulolytic genus Clostridium [47]
was not detected in the rumen samples, but replaced genus Ruminococcus conducting the cellulose
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decomposing in the anaerobic reactors. Additionally, the Clostridium-related sequences in this work
were affiliated to Clostridium cluster IV (Clostridium leptum), many of which are fibrolytic and butyrate
producing microorganisms [57]. Some species in genus Bacteroides have the potential of endoglucanase
(carboxymethylcellulase), cellulase, xylanase, and arylb-xylosidase activities [58,59], which may be the
reason for their universal presence in lignocellulose-rich environments.

In addition, members of other phyla were also important for the anaerobic digestion process,
e.g., the presence of Citrobacter and Escherichia in the reactors may be responsible for lignin
degradation [60,61], and Spirochaeta is involved in cellulose degradation [54].

5. Conclusions

The RF concentrations have a significant effect on the anaerobic digestion of wheat straw and 10%
(v/v) or higher RF concentration is necessary for the anaerobic reactors. The microbial profiles showed
that the great variety of lignocellulose-degrading bacteria in both RF and RF inoculated reactors were
responsible for the lignocellulose degradation efficiency and these bacteria could produce enough
methanogenic substrates such as acetate and H2-CO2. However, the rumen archaeal communities had
altered greatly to adapt to the in vitro conditions. It is found that the high abundance of acetoclastic
Methanosarcina was necessary for high methane production in RF inoculated reactors. In contrast, the
low abundance of Methanosarcina may result in accumulative acidification in the reactors due to low
acetate consumption efficiency.
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Appendix A

Table A1. The COD concentration at the end of the experiments.

Reactors COD (mg·L−1)

R1 5758 ± 273
R5 5082 ± 336
R10 4591 ± 95
R15 5389 ± 764
R20 6049 ± 351
R25 4729 ± 56
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