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Abstract
Anaerobic lignocellulosic microbial consortia are known to be prodigiously efficient at converting lignocellulosic biomass 
to methane. In this study, the efficacy of anaerobic fungal consortia (AFC) from five different inocula, including Bubalus 
bubalis rumen fluid (RU), in degrading filter paper, microcrystalline cellulose, and rice straw (RS), was screened. The AFC 
from RU performed best in lignocellulosic material degradation and methane production; thus, RU was selected for further 
experiments. Consecutive batch subculturing (CBS) was performed in RU to enrich and stabilize the dominant and key 
microorganisms categorized as anaerobic fungi, using the addition of antibacterial agents to suppress the growth of untar-
geted bacteria. After the CBS, subculture E19 proved the most efficient, with RS degradation of 84% and a methane yield 
of 310 mL/g  VSadded, representing 1.83- and 2.25-fold increases compared to the initial seed, respectively. The microbial 
community of E19 consisted of anaerobic fungi (uncultured Neocallimastigales, Anaeromyces sp., Orpinomyces sp., and 
Feramyces sp.) coexisting with anaerobic bacteria (streptomycin resistant Proteiniphilum acetatigenes), and methanogens. 
The E19 consortium was able to use various carbon sources (87.5%) and contained potential genes encoding enzymes 
involved in RS degradation. The microbial community of E19 was highly stable, making it a promising inoculum for biomass 
degradation, especially for anaerobic digestion to produce biogas.
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Abbreviations and nomenclatures
16S rRNA  16S ribosomal RNA is the RNA component 

of the 30S subunit of a prokaryotic ribosome
AB  Anaerobic bacteria
AD  Anaerobic digestion
AF  Anaerobic fungi
AFC  Efficacy of anaerobic fungal consortia
ALMC  Anaerobic lignocellulosic microbial 

consortium
AMT  Acetoclastic methanogens
ANOVA  One-way analysis of variance
AOAC  Association of Official Agricultural Chemists
APHA  American Public Health Association

B-ARISA  Automated method of ribosomal intergenic 
spacer analysis for bacteria

BMP  Biochemical methane potential
BUSCO  Benchmarking Universal Single-Copy 

Orthologs
CAZy  Carbohydrate-active enzymes
CBS  Consecutive batch subculturing
CM  Cow manure
COD  Chemical oxygen demand
CSTR  Continuously stirred tank reactor
E1 − E19  Serial number of subculture during enrich-

ment and stabilization
F-ARISA  Automated method of ribosomal intergenic 

spacer analysis for fungi
FP  Filter paper
GC  Gas chromatography
GH  Glycoside hydrolase
GM  Goat manure
HMT  Hydrogenotrophic methanogens
ISR  The inoculum (I) to substrate (S) ratio
ITS  Internal transcribed spacer
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MCC  Microcrystalline cellulose
MT  Methanigens
MS  Microbial sludge from anaerobic wastewater 

treatment system of a palm oil mill factory
PCR  Polymerase chain reaction
PM  Pig manure
qPCR  Quantitative real-time PCR
RS  Rice straw
RU  Rumen fluid
SSU  Small subunit
TS  Total solids, defined as mass remaining after 

drying at 105 °C
VFAs  Volatile fatty acids
VS  Volatile solids, determined as weight loss 

from heating in air at 550 °C
°C  Degree celsius (temperature unit)
bp  Base pairs (nucleic acid unit)
g  Gram (mass unit)
h  Hour (time unit)
L  Liter (volume unit)
m  Meter (length unit)
μm  Micrometer (length unit)
mL  Milliliter (volume unit)
mg  Milligram (mass unit)
mm  Millimeter (length unit)
mM  Millimolar (concentration unit)
min  Minute (time unit)
M  Molar (concentration unit)
s  Second (time unit)

1 Introduction

Issues of energy security and environmental problems 
from using fossil fuels are the main factor that requires the 
acceleration of the search for the renewable bioenergy from 
biomass. Biomass is arguably the most widespread renew-
able energy source and is increasingly used as a feedstock 
because of concerns over fossil fuel consumption, includ-
ing global warming and human health. Understanding the 
chemical composition, properties, and ways to use biomass 
in a cost-effective and environmentally friendly way is there-
fore essential [1]. Among the various forms of bioenergy 
introduced to date, biogas has been one aspiration of play-
ing an important role in the bio/circular/green (BCG) econ-
omy. This is due to it being a proven form of energy, having 
worldwide use, as well as being clean and cheap renewable 
energy. Furthermore, biogas is mainly composed of methane 
and carbon dioxide via anaerobic digestion (AD) of all types 
of biomasses.

Biogas is mainly produced from agricultural residues, 
energy crops (i.e., maize, grass, and sugar beet), animal 
waste (i.e., livestock manure), and some residues from food 

industries and biorefineries [2]. Thailand is an agricultural 
and agro-industrial country that annually generates a huge 
number of agricultural residues as a potential feedstock in 
biogas production. In 2018, a total amount of 116 million 
tons of agricultural residues was produced. After sugarcane 
(55.33%), rice straw (RS) is an important residue in Thai-
land (25.75%), followed by cassava pulp (9.05%), oil palm 
residues (5.62%), and maize straw (3.16%) [3]. Rice straw, as 
a source of renewable feedstock, consists of 32% cellulose, 
18% hemicellulose, and 11% lignin but has not been fully 
exploited as its complex lignocellulosic structure makes 
biogas production difficult [4].

In AD, the hydrolytic step is a rate-limiting step of biogas 
production from agricultural residues due to the complex 
lignocellulosic structure of the plant cell wall; the enclosure 
of cellulose fibrils by lignin and hemicellulose makes deg-
radation challenging [5]. Starter seeds from various sources 
can yield different amounts of methane depending on the 
hydrolytic enzyme activity. Lignocellulolytic microbial pop-
ulations from cow rumen gave a methane yield of 223 mL/g 
COD [6], whereas those from mesophilic wastewater treat-
ment, municipal wastewater treatment, and animal manure 
gave methane yields of 130–226 mL/g [7–9]. Anaerobic bac-
teria (AB), anaerobic fungi (AF), and methanogens (MT) are 
main microorganisms in degrading lignocellulosic biomass 
for biogas production. Hydrolytic AB such as Acetivibrio 
cellulolyticus, Bacteroides cellulosolvens, Butyrivibrio fibri-
solvens, Clostridium acetobutylicum, C. cellulovorans, C. 
cellobioparum, C. cellulolyticum, C. josui, C. papyrosol-
vens, Ruminococcus albus, and R. flavefaciens, commonly 
found in soils, the rumen of ruminants, compost, wastewater, 
and wood-processing plants, are known degraders of ligno-
cellulosic biomass. These AB can produce cellulase-com-
plex enzymes and cellulosomes, converting cellulosic matter 
into hexose sugar [10]. Most AF found in the gastrointestinal 
tract of ruminants, including Orpinomyces, Neocallimastix, 
and Piromyces, produce a multi-enzyme complex as cellu-
losomes that can degrade cellulose, hemicellulose, and pec-
tin in lignocellulosic biomass [11], as well as hexose and 
pentose sugars from hemicellulose [12].

Although AD technology is applied on a full scale in 
many countries worldwide, it remains necessary to further 
enhance biogas production through transformative advance-
ment in order to boost the microbial efficiency, methane 
productivity, and sustainability of AD systems. Recent bio-
logical innovations to enhance biogas production can be 
characterized by three approaches: biological pretreatment 
(upstream) [13], bioaugmentation (mainstream) [14], and 
improvement of effective inoculum as starter seed using an 
AD reactor [15]. A summary of studies involving biological 
approaches at a laboratory scale to boost methane production 
from straw at mesophilic temperatures is shown in Table 1. 
Biological pretreatments by aerobic fungi [16, 17], microbial 
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consortium [18, 19], and bacteria [20] aim to increase the 
digestibility of biomass before feeding in AD. These strate-
gies provide good results but tend to be time-consuming 
and require extra equipment. Bioaugmentation can enhance 
biogas production by inoculating the external sources of 
certain microorganisms (pure, co-culture, and microbial 
consortium) into the AD system [21–29]. Bioaugmenta-
tion is highly recommended to speed up biogas production. 
However, there are some limitations concerning the adapt-
ability of bioaugmented microorganisms in new environ-
ments and their competitiveness with indigenous microor-
ganisms, which result in the washout of bioaugmented cells 
from the AD system. The AD of lignocellulosic biomass 
without pretreatment requires effective lignocellulolytic 
microorganisms to accelerate the conversion to methane 
and save costs. Therefore, the increased number of adaptive 
and stabilized effective anaerobic microorganisms for starter 
seeds in the AD system is a major concern. The enriched 
and stabilized anaerobic microbial consortium could be a 
strategy for maintaining and prolonging the effectiveness of 
microorganisms in the system.

The rumen of ruminants is known as the natural inoculum 
for AD reactors in which the complex and synergistic micro-
bial communities are extremely efficient in converting ligno-
cellulose to volatile fatty acids (VFAs) and then to methane 
[30]. The lignocellulolytic microbial consortia can accom-
plish these processes better than individual species [21]. 
Anaerobic bacteria, AF, and MT involve biogas production, 
with AB being the most common in AD reactors [21–24], 
despite the fact that AF has a higher efficiency in lignocel-
lulose degradation than AB [24, 26, 28]. The increase of the 

lignocellulolytic microbial population, especially AF in the 
microbial consortium, will accelerate lignocellulose degra-
dation to VFAs and enhance biogas production. Besides, the 
mycorrhiza of AF can penetrate and help break the plant cell 
wall, facilitating hydrolysis. Anaerobic bacteria can degrade 
lignocellulosic material more rapidly than AF in separated 
cultures (mono-cultures) due to the different types of deg-
radation mechanisms; the spores of AF take time to grow 
filamentous rhizoids (16–24 h) that can attach to the ligno-
cellulosic material and degrade it later [31]. After filamen-
tous rhizoids of AF grow and cover lignocellulosic biomass, 
cellulases are still active and can degrade the biomass more 
rapidly than AB during AD [32]. For co-culture, AF associ-
ated with MT can degrade wheat straw and RS better than 
only AF [29]. Recently, Ma et al. [24] found that AF co-
cultured with MT could degrade lignocellulosic biomass and 
produce more methane than the co-culture of AB and MT.

In this study, to maximize the use of the lignocellulosic 
biomass from agriculture residues, the efficacy and potential 
of an enriched anaerobic lignocellulolytic fungal consor-
tium (AFC) with high methane production from lignocel-
lulosic biomass were established. Screening, selection, and 
enrichment techniques were used to establish the AFC under 
AD. Five different sources of seed inoculum were explored 
by sorting the sources with the best AFC potential and the 
highest activity in the degradation of lignocellulose and the 
production of methane. Both anaerobic Gram-positive and 
Gram-negative bacteria were removed by antibiotics during 
screening. Consecutive batch subcultures were cultivated 
until the enriched and stabilized. AFC was obtained, which 
was then stabilized AFC was characterized based on the 

Table 1  A summary of studies on biological approaches to enhance methane production (2016–2022)

Biological approaches Microorganisms Substrate Increasing methane 
production (fold)*

References

Pretreatment
Aerobic fungi Phanerochaete chrysosposrium Rice straw 1.36 [17]

Polyporus brumalis (white rot) Wheat straw 1.76 [16]
Microbial consortium Mixed microorganisms Corn straw 1.22–1.32 [18, 19]
Bacteria Bacillus subtilis Corn straw 1.17 [20]
Bioaugmentation
Microbial consortium Lignocellulolytic consortium from cow, goat, sheep, and yak rumen Rice straw 1.22–1.27 [21–24]
Bacteria Clostridium thermocellum Wheat straw 1.34 [25]

Phanerochaete chrysosposrium 1.11
Anaerobic fungi
AF mixture (Orpinomyces sp., Piromyces sp., Anaeromyces sp., and Neocal-

limastix frontalis)
Wheat straw 1.60 [26]

(Neocallimastix sp. and Orpynomyces sp.) 1.66 [28]
Mono-culture Orpinomyces sp. Wheat straw 1.33 [27]
Co-culture (Neocallimastix frontalis and Methanobrevibacter ruminantium) Rice straw 1.93 [29]
Inoculum (starter seed)
Microbial consortium

Effective ALMC containing bacteria, fungi, and methanogens by 
enriching from rumen fluid

Rice straw 2.12 [15]
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biochemical methane potential (BMP), the metabolic diver-
sity by Biolog®EcoPlate, the anaerobic microbial commu-
nities by using the ITS1 gene target for AF, the 16S rRNA 
gene target for AB including MT, and metagenomics shot-
gun sequencing for the microbial role and function.

2  Materials and methods

The effective AFC for RS conversion to methane was 
obtained by (1) screening of anaerobic lignocellulolytic 
fungi in wastewater sludge, animal manure, and the rumen 
fluid of swamp buffalo, (2) enriching and stabilizing the 
consortium by consecutive batch subculturing (CBS), (3) 
determining its efficacy for lignocellulosic biomass deg-
radation and methane production by BMP and metabolic 
diversity, and (4) analyzing the microbial communities and 
functions by 16S/ITS gene target Illumina and metagenomic 
sequencing shotgun approaches. In this study, the substrate 
is expressed as per gram of volatile solids (g VS). The strate-
gies and methods used are shown in Fig. 1.

2.1  Materials and growth medium

The lignocellulolytic microbial seed inocula were selected 
from five different seed sources in Thailand: cow (CM), 
goat (GM), and pig (PM) manure from livestock farms 
in Phitsanulok province, the swamp buffalo rumen fluid 
of Bubalus bubalis (RU) from a local farm in Phichit 

province, and microbial seed sludge from the anaerobic 
wastewater treatment system of a palm oil mill factory 
(MS), Eastern Palm Oil Co., Ltd., in Chonburi province. 
The inocula were preliminarily characterized by analysis 
of total solids (TS) and volatile solids (VS) using a stand-
ard technique according to the American Public Health 
Association (APHA) [33]. The seed biomass of CM, GM, 
and PM (presented as VS based on %TS) ranged from 76 
to 80%, whereas the RU and MS values were 81 and 94%, 
respectively (Table S1).

The ability of these inocula to degrade cellulose was 
tested with various cellulosic substrates in basal growth 
medium [34]. The antibacterial agents penicillin and strep-
tomycin (Sigma-Aldrich, Japan) were added to the medium 
to inhibit the growth of Gram-positive and Gram-negative 
bacteria, respectively. Whatman no. 1 filter paper (FP) 
(GE Healthcare UK Ltd., UK), representing amorphous 
cellulose, and microcrystalline cellulose (MCC) (Avicel 
PH-101; Sigma-Aldrich, Japan), representing crystalline 
cellulose, were used. Rice straw was used as the lignocel-
lulosic substrate. It was prepared by drying at 50 °C for 
48 h and cutting and sieving through a mesh with a pore 
size of 205–350 µm. The lignocellulose content of RS was 
analyzed by a Fibretherm® (C. Gerhardt GmbH & Co. KG, 
Germany) according to the Association of Official Agricul-
tural Chemists’ (AOAC) method for neutral fiber [35]. Rice 
straw is composed of cellulose (35.66 ± 0.24%), hemicellu-
lose (18.70 ± 0.16%), and lignin (8.62 ± 0.12%) as reported 
in previous study [15].

Fig. 1  Strategies and replica-
tions of screening and enrich-
ment of anaerobic lignocellulo-
lytic fungal consortium
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2.2  Screening of anaerobic lignocellulolytic fungal 
consortium for lignocellulose conversion 
to methane

To select the effective AFC from five different seed inocula, 
screening was first performed using amorphous and crystal-
line cellulose. Subsequently, the seed inocula that showed 
cellulose degradation were further screened using the ligno-
cellulosic biomass RS. The primary screening was carried 
out in two steps. First, the screening of AFC was performed 
in a Hungate tube (a working volume of 10 mL) contain-
ing 0.1 g of FP (5 × 40 mm) as the substrate, 0.5 g of each 
inoculum, the basal growth medium [34], 0.5 mL of 40 mg/
mL streptomycin sulfate salt, and 40 mg/mL of penicillin G 
sodium salt. Nitrogen gas was flushed into the headspace of 
the vial and the liquid phase for 15 and 10 s, respectively, 
and the vial was then sealed with a butyl rubber septum 
and an aluminum cap for anaerobic conditions, followed by 
incubation at 37 °C for 7 days until the complete degradation 
of FP. Each inoculum had a treatment set that comprised 27 
replicates with FP and a control set (no FP added), replicated 
thrice. Three replicates were randomly selected from the 
treatment set to measure FP removal after 7 days. Only three 
FP-degrading seed inocula (CM, GM, and RU) were found, 
and these were used in the following step. Then, the remain-
ing FP-degrading treatment sets (24 replicates) for CM, GM, 
and RU were transferred to an MCC assay; a 10 mL working 
volume containing 0.5 g of the inoculum, 0.1 g of MCC, 
basal medium, and 0.5 mL of the antibiotics used earlier. 
The subculturing was performed under anaerobic condi-
tions at 37 °C for 7 days (till completion of MCC degrada-
tion), using three replicates each for the treatment and con-
trol (no MCC added) experiments, and MCC removal was 
determined at the end of the experiment. For the secondary 
screening, the remaining 18 MCC-degrading replicates of 
each inoculum were transferred to an RS removal assay, a 
10 mL working volume containing 0.5 g of the inoculum, 
0.1 g of RS, the basal medium, and 0.5 mL of the antibiotics 
used earlier. The subcultures were incubated at 37 °C under 
anaerobic conditions for 14 days to complete RS degrada-
tion, using three replicates each for the treatment and control 
(no RS added) experiments, and RS removal was measured 
at the end of the experiment. The schematic diagrams of 
the screening experiment are shown in Figs. 1 and S1. Dur-
ing the primary and secondary screenings, biogas produc-
tion was monitored daily using the pressure transducer by 
Theodorou et al. [36]. The methane content was determined 
via gas chromatography (Shimadzu, Class-GC 14B, Japan) 
as described by Panichnumsin et al. [37]. The biodegrada-
tion of substrates (VS removal) was determined at various 
time intervals. The calculation of substrate removal and the 
rate of degradation over time was done using Eqs. 1 and 2, 
respectively:

where VS is the volatile solids of the substrate, t0 is the 
initial time, and t is the time of degradation (d).

2.3  Enrichment of the anaerobic lignocellulolytic 
fungal consortium

The AFC from RU showed the highest RS removal effi-
ciency and was selected for enrichment and stabilization 
using CBS, denoted by E1 − E19. The experiment was con-
ducted in a 120-mL sealed vial with 0.5 g of RU, 0.5 g of 
RS (ISR of 1:1), 2.5 mL of the antibiotics used earlier (at 
similar concentrations), supplemented only to the first batch 
subculture, and the basal growth medium, filled to a 50 mL 
working volume at pH 7.0–7.2. The vial was flushed with 
nitrogen gas for anaerobic conditions and incubated at 37 °C. 
Each subculture was replicated seven times; three replicates 
were selected randomly to determine RS removal, pH, and 
the molecular characteristics at the end of the experiment 
(Fig. S1). For each batch subculture, biogas production was 
measured daily. The percentages of  CO2 and  CH4 in the 
biogas were analyzed using a gas chromatograph; biogas 
production stopped after 14 days of RS degradation. Two 
milliliters of culture was collected at the end of each batch 
culturing for chemical and microbial analysis. The chemical 
analysis of VS was performed to determine the solid removal 
of RS (Eq. 1). Subsequently, the new batch was subcultured 
in a vial using 24 mL of the pellet fraction from the previous 
batch (0.5 g of RU), 0.5 g of RS at ISR of 1:1, and the fresh 
basal medium, totaling a working volume of 50 mL adjusted 
to pH 7.0–7.2.

To assess the stability of the AFC and the microbial com-
munity profile, the DNA information was analyzed. DNA 
samples of the initial buffalo rumen (RU0) inoculum and 
each subculture batch were evaluated for AB and AF com-
munity patterns using B-ARISA and F-ARISA, respectively 
[38]. The DNA fragments were examined by QIAxcel (QIA-
GEN, Germany). The fragment of B-ARISA and F-ARISA 
from the enriched and stabilized AFC was detected in sep-
arated bands by 2% agarose gel, and the dominant bands 
were cut and cloned into pGEM®-T Easy (Promega, USA). 
The PCR product was inserted into the plasmid, which was 
then transferred into competent cells of E. coli from kits. 
The selected clones were sent to a laboratory (1st BASE 
Pte. Ltd., Singapore) for Sanger sequencing. The BLAST 
program of NCBI was used to identify the microorganisms. 
The enriched and stabilized consortium was determined 
by the quantitative gene targets of AB, AF, and MT using 

(1)Substrate degradation (%) =
VS

t0 − VS
t

VS
t0

× 100

(2)Substrate degradation rate =
VS

t0 − VS
t

t

,
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real-time PCR. Moreover, the enriched and stabilized AFC 
culture was investigated by BMP assay, Biolog®EcoPlate, 
16S rRNA and ITS1 sequencing, and shotgun metagenomic 
sequencing to determine the degradation performance and 
methane production performance, metabolic diversity, and 
classify the microbial communities and functions.

2.4  Quantitative determination of anaerobic fungi, 
anaerobic bacteria, and methanogens

The enriched and stabilized AFC was used to prepare the 
standard DNA via real-time PCR to quantify the AF, using 
the primer and PCR conditions as described in Kittelmann 
et al. [39]. Briefly, 2 mL of AFC sample was centrifuged at 
5000 rpm, 22 °C, for 5 min to collect the pellet, which was 
purified using the Monarch Total RNA Miniprep Kit (New 
England Biolabs Inc., USA), following the manufacturer’s 
instructions. The DNA quality and quantity were measured 
using a NanoDrop®ND-1000 spectrophotometer (Thermo 
Fisher Scientific Inc., USA). The PCR product of approxi-
mately 120 bp was cloned into pGEM®-T Easy and inserted 
into a plasmid, followed by transferal to competent cells of 
E. coli from kits. Ten selected clones were sent to the labo-
ratory for sequencing of the nucleotide base pairs. Identifi-
cation was done using the BLAST program of NCBI. One 
clone of AF was selected as the standard anaerobic fungal 
gene for quantitative real-time PCR (qPCR). The standards 
of AB and MT gene targets were prepared as those of the 
AF, using different specific primers (Table S2).

The enriched AFC microbial community was measured 
by qPCR and then compared to the original seed RU0 and 
the anaerobic lignocellulosic microbial consortium (ALMC), 
to which antibiotics were not added during screening and 
enrichment [15]. Briefly, 2 mL of RU0, ALMC, and AFC 
samples were extracted for DNA, which was then used to 
determine the quantities of AF, AB, and MT by qPCR with 
specific primers. The PCR conditions are described in Yu 
et al. [40] and Kittelmann et al. [39].

2.5  Potential for methane production from rice 
straw

The BMP was used to determine the potential of the 
enriched and stabilized AFC for the conversion of RS to 
methane. The BMP assay was set up in a 120-mL vial with 
a 50 mL working volume containing 1.0 g of RS, 1.0 g of 
the inoculum (ISR of 1:1, by weight), and the basal medium, 
with the pH adjusted to 7.2. The vial was flushed with  N2 
to obtain anaerobic conditions and incubated at 37 °C. The 
assay was done in triplicate. Each set had five vials for the 
determination of pH, VS, and VFAs at days 4, 7, 14, and 40; 
biogas and methane production were measured daily. The 
VS removal and rates were determined using Eqs. 1 and 2. 

The biogas composition in the gas phase and the VFA con-
tent in the liquid phase was measured as described by Pan-
ichnumsin et al. [37]. The methane production was analyzed 
using a BMP assay, and the cumulative  CH4 potential data 
were fitted by a modified Gompertz equation [41], as shown 
in Eq. 3. The maximum methane production rate was deter-
mined and compared with other experimental results [7, 15, 
42, 43]. All kinetic data of the enriched and stabilized AFC 
were checked and fitted by using Solver in the Microsoft 
Excel 365 software. Equation 3 is as follows:

where M is the volume of cumulative methane produc-
tion (mL), Rm is the maximum specific methane potential 
rate (mL/d), P is the methane production potential (mL), λ 
is the period of the lag phase (d), t is the time of microbial 
degradation (d), and e is 2.718.

2.6  Metabolic diversity

The enriched and stabilized AFC was assayed for its abili-
ties to use the different carbon sources on Biolog®EcoPlate 
(Biolog Inc., USA). The metabolic diversity of the enriched 
and stabilized AFC was determined using the same tech-
nique as mentioned by Thongbunrod and Chaiprasert [15].

2.7  Microbial community and functions

The enriched and stabilized AFC was analyzed for its micro-
bial community and functions in converting lignocellulose 
to methane by 16S rRNA and ITS1 gene target amplicon and 
metagenomic shotgun sequencing analysis.

2.7.1  Taxonomy of the microbial community 
by metagenomics analysis

The DNA of the enriched and stabilized AFC sample was 
prepared in the barcode of 16S rRNA gene and ITS1 librar-
ies for Illumina sequencing, as described by Li et al. [44]; 
this was done in the Anaerobic Microbiology and Biotech-
nology (AMB) group of the Swedish University of Agricul-
tural Sciences (SLU). The PCR products were sequenced at 
the Swedish Institute for Infectious Disease Control in Solna 
(Stockholm, Sweden). The obtained raw DNA sequencing 
data of the 16S rRNA gene of RU0 can be found under the 
BioProject accession number PRJNA609587 [15]. The 16S 
rRNA gene and ITS1 region sequencing of the enriched and 
stabilized AFC for this study are stored under the BioPro-
ject accession number PRJNA666510. The derived pair-
end reads of the 16S rRNA gene and ITS1 were processed 
and analyzed using the Mothur pipeline tutorial on Galaxy 
(https:// usega laxy. org/), as described by Schloss et al. [45]. 

(3)M = P × exp
{

−exp
[

Rm × e

P
(� − t) + 1

]}

https://usegalaxy.org/
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The ITS1 region was analyzed to determine the anaero-
bic fungal community, using three databases: Silva V132 
(20,246 eukaryote sequences of full-length sequences and 
taxonomy references) [46], UNITE V8.2 (12,664 fungal 
sequences) [47], and the anaerobic fungi ITS region data-
base version 3.5 (705 anaerobic fungal sequences) [48]; files 
can be downloaded at https:// anaer obicf ungi. org/ tools/.

2.7.2  Gene potential and functional role analysis using 
metagenomic shotgun sequencing

The raw read of the enriched and stabilized AFC was depos-
ited under BioProject accession number PRJNA666510 and 
analyzed following the Galaxy training material for shot-
gun metagenomics data [49], assembled by the metaSPAdes 
tool [50]; the taxonomic information was generated by Met-
aPhlAn2, and the pathways and lignocellulolytic genes were 
classified using HUMAn2 (Galaxy Version 0.11.1.0) [51]. 
The websites uniport (https:// www. unipr ot. org) and Cazy 
(http:// www. cazy. org) were used to find the enzymes and 
functions of the genes.

For AF, the eukaryotic metagenomics data were classified 
by using the BUSCO tool (http:// busco. ezlab. org) and the 
discovered genes by the MetaEuk Easy Predict tools [52] 
and then was predicted as Neocallimastix californiae G1 
by Augustus [53]. Genes were classified by BlastP in NCBI 
to find enzymes involved in biodegradation. The enzymes 
from dominant AB, AF, and MT involved in degradation, 
fermentation, and methanogenesis were used to describe the 
functions linked to lignocellulose degradation, using RS as 
a substrate for methane production.

2.8  Statistical analysis

One-way analysis of variance (ANOVA) was used to 
compare the FP and MCC removal for each seed inocula, 
biogas production, RS removal at each CBS cycle for AFC 

enrichment and stabilization, and RS removal and biogas 
production at various incubation times. Values are presented 
as mean. Tukey’s tests were used for multiple comparisons 
with a level of significance at P < 0.05.

3  Results

3.1  Screening and selection of anaerobic fungal 
consortia from various sources

The five different seed sources were sequentially screened 
for FP (amorphous cellulose), MCC (crystalline cellulose), 
and RS degradation, with the addition of antibiotics (penicil-
lin and streptomycin) during incubation. The PM and MS 
inocula were unable to degrade FP and were dropped. CM, 
GM, and RU could degrade FP, MCC, and RS, as presented 
in Table 2. The AFC from RU showed the highest rate of 
biodegradation for FP, MCC, and RS; it degraded MCC at 
a lower rate (2.0 to 2.5 times) than FP. The FP, MCC, and 
RS degradation rates were 107, 54, and 27 mg/d for RU, 
72, 30, and 22 mg/d for CM, and 85, 34, and 24 mg/d for 
GM, respectively. The rates of methane production from 
RS degradation by RU, CM, and GM were 5.97, 4.14, and 
4.02 mL/d, with methane production of 49, 40, and 38 mL, 
respectively.

3.2  Enrichment and stabilization of the anaerobic 
fungal consortium for methane production

This study aimed to enrich and stabilize the dominant AFC 
for high lignocellulosic biomass degradation and methane 
production. Using RS enrichment by the CBS technique, the 
selected AFC from RU was applied to establish the stabi-
lized microbial consortium. Removal of RS, production of 
biogas, and the microbial community were investigated for 
each cycle of CBS by the DNA fragment bands pattern of 

Table 2  Rates of microbial 
degradation for various seed 
inocula

a,b,c  Mean values within a row using different alphabet of superscript letters were significant difference 
(p ≤ 0.05); SEM, standard error of mean. Sources of inoculum seed: CM, cow manure; GM, goat manure; 
RU, buffalo rumen

Parameters Unit Various sources of microbial seed 
sludge

SEM P-value

CM GM RU

Primary screen
FP degradation rate mg VS/d 72.34c 85.04b 107.05a 0.25 0.01
MCC degradation rate mg VS/d 30.02b 34.23b 53.72a 0.31 0.01
Secondary screen
RS degradation rate mg VS/d 22.24c 24.21b 27.48a 0.29 0.01
Accumulated methane production mL 38.18c 39.87b 48.52a 0.31 0.01
Methane production rate mL/d 4.14b 4.02b 5.97a 0.22 0.01

https://anaerobicfungi.org/tools/
https://www.uniprot.org
http://www.cazy.org
http://busco.ezlab.org
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AF (F-ARISA) and AB (B-ARISA). This AFC inoculum was 
checked to confirm the existence of AF by primer ITS1 and 
qPCR. Accordingly, 19 cycles of CBS (E19) were performed 
to enrich and stabilize the dominant and key microorganisms 
in RU. This inoculum (E19) was used for the BMP assay to 
monitor the stability of the microbial community.

3.2.1  Methane production and RS degradation

The CBS cycles (E1 − E19) were classified into three phases, 
namely acclimatization, intermediate, and stabilized phases, 
based on the profiles of RS removal, biogas production, and 
DNA fragment, as shown in Fig. 2. For the acclimatization 
phase (E1 − E6), RS removal was slightly increased from 

48 to 55%, while biogas and methane production increased 
from 96 to 168 mL and from 48 to 89 mL, respectively 
(Fig. 2a). For the intermediate phase (E7 − E13), a higher 
increase in RS removal (60 to 83%), biogas production (179 
to 294 mL), and methane production (91 to 145 mL) was 
found. The stabilized phase (E14 − E19) varied minimally 
(< 1%) in RS removal, biogas production, and methane 
production, with E19 showing values of 84%, 310 mL, and 
152 mL, respectively.

3.2.2  DNA fragment band pattern

We found no effects of the addition of antibiotics on the 
AF based on the DNA fragment band pattern obtained by 

Fig. 2  Performance and com-
munity of AFC during enrich-
ment and stabilization
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F-ARISA during enrichment and stabilization (Fig. S2a–c). 
In addition, the DNA fragment band pattern of AB, obtained 
by B-ARISA, was observed (Fig. S2d–f). Anaerobic bacteria 
were not detected after antibiotics addition. The DNA frag-
ment band patterns of AF and AB were also investigated 
in all three CBS phases (acclimatization, intermediate, and 
stabilized phases). Anaerobic bacteria were undetected in 
E1 (with antibiotics) and E2 but were detected in E3 − E19. 
No changes in the DNA fragment band patterns of the 
anaerobic fungal community were observed (Fig. 2b). It was 
noticed that at least two groups of anaerobic lignocellulo-
lytic fungi were successfully enriched and stabilized during 
the 19 cycles of CBS. For the AB community (Fig. 2c), the 
DNA fragment band pattern varied in the acclimatization 
(E1 − E6) and intermediate (E7 − E13) phases, but no shift 
was observed in the stabilization phase (E14 − E19). The 
dominant DNA fragment bands (306, 313, 330, 339, and 
720 bp) from E19, by B-ARISA were cut, cloned, and then 
sequenced for identification. Analysis using BLAST from 
NCBI showed these fragments belonged to the Thermoto-
gales, Bacilliles, Frankiales, Bacteroidales, and Clostridi-
ales order, with similarities of 84–98%. For AF, two domi-
nant DNA fragment bands (380 and 400 bp) were cloned, 
sequenced, and identified as uncultured fungi.

3.2.3  Number of microorganisms

The uncultured fungi (380 and 400 bp fragments) were 
further investigated using the ITS1 primer and qPCR tech-
niques. Primers targeting the small subunit (SSU) and the 
ITS1 region of AF [39] were used. Eight clones of vari-
ous fragments (110–119 bp) of this region were amplified 
and then cloned into E. coli competent cells for identifica-
tion (Table S3) according to the NCBI database. Clones 2 
and 4 were uncultured fungi with 90.00–92.50% similar-
ity, clones 1 and 5 were uncultured Neocallimastigales 
with 93.81–96.43% similarity, clones 6–8 and clone 3 were 
Orpinomyces sp. with 92.79–100.00% similarity and Anaer-
omyces sp. with 99.12% similarity, respectively. This means 
that the primer was specific to AF and could identify four 
groups of AF in the stabilized AFC. Besides, this specific 
primer could be applied to amplify these four groups of AF 
in any samples. Therefore, one plasmid of eight clones can 
be a representative DNA standard for qPCR to determine the 
number of AF in a consortium. In this experiment, clone 5 
was selected as a DNA standard to monitor and compare the 
number of AF in the enriched and stabilized AFC (E19) with 
RU0 and ALMC from a previous study.

The numbers of AB, AF, and MT from RU0, as deter-
mined by qPCR, were 3.6 ×  109, 5.1 ×  103, and 1.7 ×  105 
copies/mL, respectively, whereas the numbers of enriched 
and stabilized ALMC and E19 were 5.8 ×  1010, 7.3 ×  102, 
2.9 ×  106, and 3.8 ×  108, 9.6 ×  104, and 3.2 ×  106 copies/mL, 

respectively (Table S4). The number of AF in ALMC (no 
antibiotics added) decreased compared to RU0. Anaerobic 
bacteria grew faster than AF and competed for substrates 
with fungi. The addition of antibiotics, however, eliminated 
AB during the screening stage and the first CBS cycle, 
allowing the enrichment of AF during the consecutive sub-
culturing. Antibiotics did not affect MT, whose number 
in AFC  (106 copies/mL) was close to that in ALMC (no 
antibiotics).

3.3  Metabolic diversity profiles by EcoPlate

The metabolic diversity of E19 was further investigated 
for the use of various carbon substrates. The active stage 
of E19 (14 days) was assayed for its metabolic diversity. 
Biolog® EcoPlate contained 31 different types of carbon 
sources with five groups of biochemical reagents: 10 carbo-
hydrates, 9 carboxylic acids, 6 amino acids, 2 amines and 
amides, and 4 polymers. The results are shown in Table S5. 
Out of 31 different carbon sources, 28 carbon sources were 
used: carbohydrates (10/10), carboxylic acids (7/9), amino 
acids (6/6), polymers (3/4), and amines and amides (2/2). 
E19 showed high functional diversity at 90.3%, covering 
five groups of essential nutrients. Carbohydrate substrates 
such as β-methyl-D-glucoside, D-cellobiose, D-xylose, 
glucose-1-phosphate, i-erythritol, N-acetyl-D-glucosamine, 
α-D-lactose, pyruvic acid methyl ester, and D, L-α-glycerol 
phosphate were rapidly degraded within 24 h, whereas 
D-mannitol (mono hexose sugar alcohol) was used up within 
48 h. E19 could degrade D-cellobiose (two molecules of 
hexose sugar), D-xylose (mono pentose sugar), and pyru-
vic acid methyl ester within 24 h, and L-phenylalanine and 
4-hydroxy benzoic acid (derivative compounds of lignin) 
within 24–96 h. Amino acids such as L-arginine, L-aspara-
gine, L-phenylalanine, L-serine, L-threonine, and glycyl-L 
glutamic acid were degraded within 24–96 h. Polymers such 
as tween 40, tween 80, and glycogen were degraded rapidly 
within 24 h. E19 also used carboxylic and acetic acids within 
24–96 h.

3.4  Potential methane production

The potential of the enriched and stabilized consortium 
E19 for RS conversion to methane was investigated 
(Fig.  3). Values of pH and VFAs were determined to 
monitor AD stability. RS removal and methane production 
were also investigated for AD performance throughout the 
experiment. The pH values at 0, 4, 7, 14, and 40 days of 
AD were 7.21 ± 0.02, 6.93 ± 0.11, 7.13 ± 0.16, 7.24 ± 0.11, 
and 7.41 ± 0.14, respectively (Fig. 3a). Acetic, propionic, 
and butyric acids were the main intermediate VFA prod-
ucts during AD of RS. The concentration of acetic acid 
peaked at 805  mg/L (4 d) and gradually decreased to 
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750 mg/L at 7 days, 350 mg/L at 14 days, and 20 mg/L at 
40 days. Propionic acid concentrations of 300 and 20 mg/L 
were found at 4–14 days and 40 days, respectively. Con-
centrations of butyric acid stood at 400 mg/L at 4–7 days, 
300 mg/L at 14 days, and 20 mg/L at 40 days. At the end 
of the incubation period (40 days), less accumulation of 
propionic and butyric acids was found in the system. In 
addition, RS removal of 35, 52, 84, and 86% and biogas 
production of 290, 426, 655, and 690 mL were found at 4, 
7, 14, and 40 days, respectively (Fig. 3b).

The findings for VFAs were related to RS removal and 
biogas production. At 14 days of incubation, RS removal 
gradually increased from 35 to 84%, as was reflected by 
the decrease in accumulated VFAs, the intermediate com-
pounds of biogas production. In the same period, methane 
production gradually increased from 124 to 310 mL with 
the conversion of acetic acid (from 805 to 350 mg/L) and 
butyric acid (from 400 to 290 mg/L) to methane at a neu-
tral pH. Propionic acid was constant at 300 mg/L for 4 to 
14 days, decreasing to 20 mg/L by the end of the experi-
ment (40 days). RS was slightly degraded from 84 to 86% 
with decreasing acetic acid (from 350 to 20 mg/L), propi-
onic acid (from 300 to 23 mg/L), and butyric acid (from 
290 to 25 mg/L) values, owing to the conversion of VFAs 
to smaller molecules for methane production (336 mL at 
40 days). During AD, no impact of VFAs on methane pro-
duction was found. It was noticed that E19 displayed a good 
balance between non-MT (acid production) and MT (acid 
consumption), resulting in less VFA accumulation and main-
tenance of a neutral pH.

The kinetic parameters of methane production from RS 
by E19 and RU0 at 14 and 40 days of AD are shown in 
Table 3. The modified Gompertz model described by Eko 
and Chaiprasert [54] was used to estimate the maximum 
 CH4 production, the maximum rate of  CH4 production, 
and the duration of the lag phase. A close relationship 
between the experimental data (the BMP assay) and the 
fitted curve of the Gompertz equation was indicated by 
R2 > 0.99. The results indicated that E19 was highly effi-
cient in degrading RS for  CH4 production. The methane 
rate, yield, and selectivity of E19 and RU0 were com-
pared. A lag phase was not found during RS degradation 
by E19 and RU0. Methane production by E19 plateaued at 
14 days, with just a slight increase afterward. RS removal 
of 84%,  CH4 production of 310 mL, a maximum  CH4 pro-
duction rate of 32 mL/d,  CH4 yield of 310 mL/g  VSadded, 
and  CH4 selectivity of 370 mL/g  VSremoved were obtained 
from E19 at 14 days. When compared to RU0, RS removal 

Fig. 3  Ability of the stabilized E19 culture for converting RS to 
biogas during 40 days incubation

Table 3  Removal of RS and kinetic data of  CH4 production in RU0 and E19

a,b,c  Mean values within a row using different alphabet of superscript letters were significant difference (p ≤ 0.05)
SEM, standard error of mean. Treatment: RU0, inoculated with rumen fluid; E19, inoculated with the enriched and stabilized anaerobic fungal 
consortium

Parameters Unit RU0 E19 SEM P-value

14 days 40 days 14 days 40 days

RS removal %VS 46.22c 49.86b 83.89a 84.29a 0.08 0.01
Maximum  CH4 production rate mL/d 15.28c 15.02c 32.16a 31.07b 0.45 0.01
CH4 production potential mL 138.08d 147.15c 310.24b 336.00a 2.69 0.01
CH4 yield mL/g  VSadded 138.08c 147.15c 310.24b 336.00a 2.69 0.01
CH4 Selectivity mL/g  VSremoved 298.75c 295.13c 369.81b 398.62a 1.19 0.01
Fit index R2 0.9982a 0.9992a 0.9922b 0.9932b 0.0020 0.01
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by E19 increased 1.82-fold, cumulative  CH4 production, 
 CH4 yield increased 2.25-fold, and the rate of  CH4 pro-
duction was 2.10-fold faster. At the end of the experiment 
(40 days), RS removal and methane production of E19 
were 84% and 336 mL/g  VSadded, whereas RU0 showed 
values of 50% and 147 mL/g  VSadded, respectively. Also, 
E19 could accelerate the degradation of lignocellulosic 
biomass and the production of methane in a shorter period 
than RU0 during AD.

3.5  Microbial community and functions 
of anaerobic fungal consortium

The community and functions of AB, MT, and AF in E19 
were analyzed by 16S rRNA/ITS1 gene and metagenomic 
sequencing shotgun. The taxonomic profiles for phylum, 
genus, and species levels were classified, including gene 
functions and pathways in converting lignocellulosic bio-
mass to methane.

3.5.1  Taxonomic identification

The E19, RU0, and ALMC microbial consortia were investi-
gated by the 16S rRNA gene sequencing technique to study 
the structure and communities of AB and archaea (Fig. 4a). 
The results showed bacterial populations of 99.70% in 
E19, 99.98% in ALMC, and 99.90% in RU0, with archaeal 
populations of 0.3%, 0.2%, and 0.1%, respectively. RU0 
comprised Proteobacteria (46%), Bacteroides (31%), and 
Firmicutes (15%), ALMC comprised Synergistetes (30%), 
Bacteroides (22%), and Firmicutes (19%), and E19, com-
prised Synergistetes (32%), Bacteroides (20%), Firmicutes 
(12%), Spirochaetes (8%), and Proteobacteria (5%). Pro-
teobacteria were absent in ALMC and E19, whereas Syn-
ergistetes was enriched by up to 30–32% relative to RU0, 
which had less than 0.1%.

The archaeal communities of RU0, ALMC, and E19 
are shown in Fig. 4b. Three groups of archaea were found 
in RU0, namely Methanobrevibacterium (52%), Metha-
nosphaecra (4%), and unclassified Euryarchaeota (44%). 

Fig. 4  Microbial community of E19 culture using 16S and ITS gene target
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The E19 consisted of the phyla Euryarchaeota (62%), Cre-
narchaeotes (13%), and unclassified archaea (25%). The 
archaeal diversity of E19 was higher than RU0. Consider-
ing the phylum Euryarchaeota, these MT were affiliated with 
Methanosaeta (13%), Methanomethylovorans (6%), Metha-
nofollis (6%), Methanoculleus (6%), Methanobrevibacter 
(6%), Methanobacterium (6%), and the unclassified genus 
(19%). The archaea in ALMC were classified into Metha-
nosaeta (23.1%), Methanofollis (23.1%), Methanospirillum 
(15.4%), Methanobacteriaum (7.7%), and Methanoculleus 
(7.7%). Most of the MT were hydrogenotrophic methano-
gens (HMT). Only the acetoclastic methanogens (AMT) 
of the genus Methanosaeta could produce methane from 
acetate. The other five genera, mostly hydrogenotrophic 
methanogenesis, could use  H2/CO2 for methane production.

The structure and community of AF in the E19 micro-
bial consortium were investigated using the high-through-
put ITS1 region amplicon technique. The pair-end reads 
of 82,478 × 301 bp were processed by the Mothur pipeline 
resulting in 78,560 reads. A threshold of 0.03 was applied 
with an average length of 456 bp. To date, only a few data-
bases for the classification of AF can be accessed. E19 
showed an AF number of 9.60 ×  104 copies/mL. The ITS1 
sequence was classified using three different databases, the 
Silva V132, Unite V8.2, and AF V3.5 databases (Fig. 4c). 
The Silva V132 database showed low taxonomic clusters, 
accounting for 4% of eukaryotes and 96% of unknown phyla. 
The Unite V8.2 database revealed 34.557% unknown phyla, 
59.359% unclassified phyla, 4.004% Ascomycota, 2.049% 
Basidiomycota, 0.003% Mucoromycota, 0.024% Neocalli-
mastigomycota, and 0.004% Rozellomycota. However, when 
using the AF V3.5 database, we found 100% classified AF, 
providing more details for the taxonomic classification. The 
phylum with the highest abundance was Neocallimastigo-
mycota (93%). The genus Feramyces (7%) was also clas-
sified in this database. The classification of AF in ALMC 
showed similar results, with Neocallimastigomycota (94%) 

as the most abundant phylum and Feramyces (6%) as the 
most abundant genus.

3.5.2  Anaerobic microbial community and functional roles

We investigated the functions of E19 with the aim to boost 
RS degradation. The metagenomic shotgun sequencing 
analysis demonstrated the functional roles of the anaerobic 
microbial consortium using the Galaxy pipeline. A total of 
43,264,498 quality reads of 150 bp (6.48 GB) with a 49% 
GC content were assembled by the metaSPAdes assem-
bler for metagenomic datasets (Galaxy Version 3.9.0) into 
914,083 scaffolds (565 MB), ranging in size from 618 to 
1,243,548 bp (N50 = 899). This assembly scaffold was used 
to classify the abundance of AB, AF, and archaea by Met-
aPhlAn2, and the gene family and pathway abundance by 
HUMaN2.

The taxonomic classification of AB and archaea via Met-
aPhlAn2 is shown as a pie chart (Fig. 5). Anaerobic fungi 
were not found, most likely because of the low DNA con-
centrations or the small AF database in this tool; therefore, 
BUSCOs were used to classify the gene abundance of AF in 
E19. Anaerobic bacteria and archaea in E19 accounted for 
62 and 38% of the taxonomic abundance, respectively. The 
abundances of hydrolytic and fermentative microorganisms 
such as Bacteroidetes, Synergistetes, Spirochaetes, Firmi-
cutes, and Proteobacteria were 37, 7.5, 5.8, 4.9, and 4.7%, 
respectively. The dominant phylum Bacteroidetes was classi-
fied into Proteiniphilum acetatigenes (12%), Bacteroides sp. 
(20%), and Sphingobacterium sp. (3%). The second domi-
nant taxon, Pyramidobacter piscolens (7%) was classified 
into Synergistetes, and the third one, Sphaerochaeta sp. (5%) 
was classified into Spirochaetes. Firmicutes and Proteobac-
teria species accounted for less than 1% of the total bacte-
ria. Four species accounted for approximately 34% of MT; 
two HMT species: Methanoculleus bourgensis (14%) and 
Methanoculleus marisnigri (13%), one AMT: Methanosaeta 

Fig. 5  Taxonomic profile based 
on the metagenomic shotgun 
sequencing of E19
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harundinacea (5%), and HMT and AMT species: Methano-
sarcina mazei (2%).

3.5.3  Gene family abundance

Two species of AB (P. piscolens and P. acetatigenes) and 
three species of MT (M. bourgensis, M. harundinacea, 
and M. marisnigri) were analyzed for their functions by 
HUMaN2. In total, 5776 genes were found, 1835 in P. pis-
colens, 1104 in P. acetatigenes, 1478 in M. bourgensis, 1466 
in M. harundinacea, and 741 in M. marisnigri. The BUSCO 
application was used to classify the gene abundance of fungi 
in E19. This application is used for quality assessments of 
genetic and phylogenomic predictions to classify genes from 
metagenomic data. The assembly of E19 was identified as 
complete, duplicated, fragmented, and missing genes, ena-
bling a like-for-like quality comparison of different data sets 
by the current version of BUSCO (V. 4.1.2) on the Galaxy 
website, with lineage data sets of 549 fungal species, con-
taining proteins and data of 758 expected genes in BUSCOs. 
Fungal genes accounted for 102/758 of the complete genes 
(13.5%). The complete genes could be separated into 53/102 
and 49/102, respectively, with complete and single-copy 
genes (7%) and complete and duplicate genes (6.5%). In 
addition, 43/758 were fragment genes (5.7%), and 613/758 
were missing genes (80.8%), as most of the available data-
sets were for aerobic fungi. However, based on the complete 
genes in E19, we could predict the functions of AF in E19 
using InterPro (https:// www. ebi. ac. uk/ inter pro/), by search-
ing the gene functions and adding possible pathways. From 
the fungal database, gene GH31, which is involved in cell 
wall degradation, was found in E19.

In the assembly of E19, we discovered the genes of 
eukaryotic metagenomics contigs using the MetaEuk Easy 
Predict tools, and found 37 sequences, which were pre-
dicted, using Augustus, to belong to AF such as Neocalli-
mastix californiae G1. Sixteen protein sequences, including 
the glycoside hydrolase family 11 protein (GH11), endo-
1,4-beta-xylanase, and cellulosome enzyme (dockerin type 
I), were predicted to belong to N. californiae G1 and be 
involved in biomass degradation, based on the NCBI BlastP 
tool. A hypothetical protein close to GH5, GH11, and endo-
1,4-beta-xylanase was found in seven sequences. A leucine-
rich repeat protein close to the cellulosome enzyme (dock-
erin type I) was found in three sequences. Most likely, the 
leucine-rich repeat protein is part of the dockerin structure 
associated with the cellulosome enzyme.

3.5.4  Pathway abundance

Ninety-one pathways involved in biosynthesis (75), degrada-
tion (5), fermentation (10), and anaerobic respiration (1) in 
hydrogenotrophic methanogenesis were found in E19. Most 

biosynthesis pathways in E19 were involved in nucleoside 
and nucleotide biosynthesis. This class consisted of the syn-
thetic pathways of the nucleoside triphosphates (building 
blocks of RNA and DNA), such as pyrimidine deoxyribo-
nucleotide phosphorylation (PWY-7197), adenosine ribo-
nucleotide de novo biosynthesis (PWY-7219), adenosine 
deoxyribonucleotide de novo biosynthesis II (PWY-7220), 
guanosine ribonucleotide de novo biosynthesis (PWY-7221), 
and guanosine deoxyribonucleotide de novo biosynthesis 
II (PWY-7222). The biosynthesis compound of methane 
production, factor 420 biosynthesis (PWY-5198), a redox-
active compound that plays a role in methanogenesis, was 
found in E19. The multi-step biosynthesis pathway involves 
enzyme-catalyzed processes and elements such as precur-
sor compounds, catalytic enzymes (which may require 
coenzymes such as NADH and NADPH), and chemical 
energy (e.g., ATP). Besides, five pathways of degradation 
were generated, namely starch degradation V (PWY-6737), 
D-galactose degradation V (PWY66-422), L-histidine deg-
radation I (HISDEG-PWY), purine nucleobase degrada-
tion I (anaerobic: P164-PWY), and adenosine nucleotide 
degradation IV (PWY-5532). Ten fermentation pathways 
were found, namely, pathways of homolactic fermentation 
(ANAEROFRUCAT-PWY), pyruvic acid fermentation to 
acetic acid and lactic acid II (PWY-5100), pyruvate fermen-
tation to isobutanol (PWY-7111), incomplete reductive TCA 
cycle (P42-PWY), urea cycling (PWY-4984), and five path-
ways of glucose fermentation to pyruvate, namely glycolysis 
I (GLYCOLYSIS), glycolysis II (PWY-5484), glycolysis III 
(ANAGLYCOLYSIS-PWY), glycolysis IV (PWY-1042), 
and glycolysis VI (PWY66-400). The respiration pathway 
METHANOGENESIS-PWY, which is involved in methane 
production from  H2/CO2, was found in HMT.

3.6  Gene functions linked to lignocellulose 
degradation for methane production

Four main steps of AD for methane production: hydroly-
sis, acidogenesis, acetogenesis, and methanogenesis, were 
identified. The dominant enzymes from AF, AB, and MT 
from the E19 consortium were used to construct the pos-
sible pathway of methane production from lignocellulosic 
biomass, with RS as a substrate.

Hydrolysis is the first step of the AD of RS for methane 
production. The gene families involved in the degradation of 
cellulose, hemicellulose, and lignin were characterized. The 
genes associated with polysaccharide degradation, fermen-
tation, and production of methane are shown in Tables S6 
and S7. The gene function of cellulase, hemicellulase, and 
pectinase in the degradation of RS cell walls were classi-
fied into families of glycoside hydrolases (GHs) of CAZy 
(carbohydrate-active enzymes) database from the reference 
clusters gene family as shown in Table S8. The glycoside 

https://www.ebi.ac.uk/interpro/
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hydrolase (GH) enzymes were divided according to their 
substrates, EC numbers, abbreviations, and corresponding 
CAZyme families. Anaerobic bacteria were found in fami-
lies such as GH2, 3, 5, 15, 28, 29, 43, and 105. Anaerobic 
fungi were found in three families, GH5, GH11, and GH31. 
Archaea were found in GH57. The function of these GHs 
could degrade cellulose, hemicellulose, and pectin (Table 4).

For cellulose degradation, linear cellulose chains 
of the repeating unit of β-1,4-linked D-glucose in 
the form of crystalline and amorphous regions were 
degraded by β-1,4-glucosidase (BGL; EC 3.2.1.21) and 

β-1,4-endoglucanase (EG; EC 3.2.1.4), from GH3 and 
GH5, and cellulose 1,4-β-cellobiosidase (nonreducing end) 
(CBH1; EC 3.2.1.91) from GH5 of P. acetatigenes and 
AF. For hemicellulose degradation, four structural types 
of hemicellulose, xylan, galactomannan, xyloglucan, and 
arabinoxylan, with different main monosaccharide units 
in their backbones were degraded by GH2, 3, 5, 28, 29, 
and 43. Xylan was cleaved by 1,4-β-xylosidase (BXL; EC 
3.2.1.37). Endo-1,4-β-xylanase (XLN; EC 3.2.1.8) hydro-
lyzed xylobiose into its monomeric units. Mannose was 
cleaved by endo-β-1,4-mannosidase (MAN; EC 3.2.1.78) 

Table 4  Plant polysaccharide-degrading enzymes of E19

Substrate Enzyme activity EC no Abbreviation CAZyme families (GH)

Bacteria Fungi Archaea

Cellulose β-1,4-endoglucanase 3.2.1.4 EG 3, 5 5
β-1,4-glucosidase 3.2.1.21 BGL 3, 5 5
cellulose 1,4-β-cellobiosidase (nonreducing end) 3.2.1.91 CBH 1 5 5

Xylan Endo-1,4-β-xylanase 3.2.1.8 XLN 5, 43 5, 11
1,4-β-xylosidase 3.2.1.37 BXL 2, 3, 15, 43
α-L-arabinofuranosidase 3.2.1.55 ABF 2, 3, 5, 43 5
α-1,2-L-arabinofuranosidase 3.2.1.- ARA 43
Exo-1,4-β-xylosidase 3.2.1.- xlnD 11

Galactomannan Endo-β-1,4-mannosidase 3.2.1.78 MAN 5 5
β-1,4-mannosidase 3.2.1.25 MND 2, 5 5
β-1,4-galactosidase 3.2.1.23 LAC 2
α-galactosidase 3.2.1.22 AGL 31 57
α-L-arabinofuranosidase 3.2.1.55 ABF 2, 3, 5, 43 5

Xyloglucan α-L-arabinofuranosidase 3.2.1.55 ABF 2, 3, 5, 43 5
α-xylosidase 3.2.1.177 AXL 31 31
α-L-fucosidase 3.2.1.51 AFC 29
α-galactosidase 3.2.1.22 AGL 31, 57 31 57
β-1,4-galactosidase 3.2.1.23 LAC 2

Arabinoxylan α-L-arabinofuranosidase 3.2.1.55 ABF 2, 3, 5, 43 5
α-galactosidase 3.2.1.22 AGL 31, 57 31 57
β-1,4-galactosidase 3.2.1.23 LAC 2

Pectin Endopolygalacturonase 3.2.1.15 PGA 28
exo-polygalacturonosidase 3.2.1.82 EPGD 28
Exo-polygalacturonase 3.2.1.67 PGX 28
Rhamnogalacturonase 3.2.1.171 RHG 28
Rhamnogalacturonan α-1,2-galacturonohydrolase 3.2.1.173 RGGH 28
Xylogalacturonan hydrolase 3.2.1.- XGH 28
α-L-arabinofuranosidase 3.2.1.55 ABF 2, 3, 5, 43 5
Endo-α-1,5-L-arabinanase 3.2.1.99 ABN 43
Exo-α-1,5-L-arabinanase 3.2.1.- ABX 43
Exo-β-1,3-galactanase 3.2.1.145 Exo-1,3-Gal 43
β-D-galactofuranosidase 3.2.1.146 Araf-ase 2, 5, 43 5
d-4,5-unsaturated β-glucuronyl hydrolase 3.2.1.- UGH 105
Unsaturated rhamnogalacturonyl hydrolase 3.2.1.172 URH 105
1,4-β-xylosidase 3.2.1.37 BXL 2, 15, 43
β-1,4-galactosidase 3.2.1.23 LAC 2
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into mannooligosaccharides, and the terminal ends of 
mannan were cleaved by β-1,4-mannosidase (MND; EC 
3.2.1.25), releasing D-mannose. For pectin degradation, 
enzymes involved in pectin degradation from E19 were 
GH2, 3, 5, 18, 28, 43, 31, 57, and 105. Xylogalacturonan 
hydrolase (XGH; EC 3.2.1-) of the glycoside hydrolase 
family 28 (GH28) could hydrolyze the glycosidic bond of 
two β-xylose-substituted galacturonic acid residues in pec-
tin. The homogalacturonan backbone of pectin was cleaved 
by endopolygalacturonase (PGA; EC 3.2.1.15) and exo-
polygalacturonase (PGX; EC 3.2.1.67), which act within 
and at the end of the terminal to release D-galacturonic 
acid. The backbones of rhamnogalacturonan and xyloga-
lacturonan were cleaved by rhamnogalacturonase (RGH; 
EC 3.2.1.171) and xylogalacturonan hydrolase (XGH; 
EC 3.2.1.), respectively. Debranching enzymes cleaved 
monomers like D-galactose, D-xylose, L-arabinose, 
L-fucose, D-glucuronic acid, acetate, ferulic acid, and 
p-coumaric acid and short oligomers such as α-1,2-L-
arabinofuranosidase (ARA; EC 3.2.1.-), α-galactosidase 
(AGL; EC 3.2.1.22), and α-L-arabinofuranosidase (ABF; 
EC 3.2.1.55) belonging to GH31 from fungi and GH57 
from MT.

During acidogenesis, P. acetatigenes was involved in 
glucose fermentation to pyruvate via glycolysis I, II, III, IV, 
and VI pathways. The α-D-phosphohexomutase superfamily 
found in fungi was involved in the conversion of D-glucose 
1-phosphate to D-glucose 6-phosphate and in the breakdown 
and synthesis of glucose. In addition, this enzyme could use 
glucose and mannose from hemicellulose as substrates. The 
steps of acetogenesis and methane formation are tightly con-
nected. Acetogenesis supplies substrates for (a) acetoclas-
tic/autotrophic methanogens (acetate), (b) hydrogenotrophic 
methanogens  (H2/CO2), and (c) methylotrophic methanogens 
(methyl group) [55]. Pyruvate from glycolysis is converted 
to  H2,  CO2, acetate, and lactate via the PWY-5100 path-
way. The Thermotoga sp., which accounted for less than 
1% of the total bacteria in E19, was involved in the fermen-
tation of pyruvic acid to acetic acid and lactic acid. The 
incomplete reductive TCA cycle P42-PWY was also found. 
Another pathway of acetogenesis found in E19 was PWY-
7111, which is involved in pyruvate fermentation to  CO2 
and then to isobutanol by P. acetatigenes. The syntrophic 
P. piscolens was not found in the acetogenesis pathway but 
was involved in L-histidine degradation in L-histidine deg-
radation I (HISDEG-PWY), producing ammonium, which 
was further degraded for urea production in the urea cycle 
(PWY-4984).

The methanogenesis pathway METHANOGENESIS-
PWY, a hydrogenotrophic  (H2/CO2) pathway, was found in 
M. marisnigri, M. bourgensis, and M. harundinacea. Based 
on the gene family abundance and pathways, consortium 
E19 contained specific species of AF, AB, and MT that 

could hydrolyze RS, ferment soluble monomers to VFAs, 
generate  H2/CO2, and finally, produce methane through 
hydrogenotrophic methanogenesis pathways.

4  Discussion

The enriched and stabilized AFC was discussed in terms of 
anaerobic microbial existence, stability of the AD system, 
enhancement of methane production, and microbial com-
munity related to RS degradation and biogas production.

4.1  Existence of anaerobic microorganisms

Rumen microbial communities of AF and AB are well 
known for lignocellulosic biomass degradation, with a 
wide range of enzymes and microorganisms involved in 
the breakdown of lignocellulosic materials [56]. Rumen 
microorganisms contribute to the digestion of high-fiber 
feed, significantly promoting biogas yield with lignocel-
lulose as a substrate [44, 57]. In this study, we focused on 
the enrichment and stabilization of an AF consortium to 
produce methane from lignocellulosic biomass. Removing 
AB in the RU inoculum using antibiotics such as penicil-
lin and streptomycin resulted in high FP, MCC, and RS 
degradation over 7 days. During the screening of the AFC, 
no effect of antibiotics on AF was found, whereas the AB 
population was highly affected at the end of the incubation 
period (Fig. S2). The RU inoculum was used to digest RS by 
adding antibiotics that could inhibit the growth of AB at the 
first cycle of the CBS (E1). Thus, the subsequent consecu-
tive batch subcultures with RS (E2 − E19) were no longer 
supplemented with antibiotics through enrichment and sta-
bilization. One cycle had an incubation period of 14 days 
and no biogas production occurred. Anaerobic bacteria and 
AF were detected at the end of the incubation period of 
14 days, via analysis by B-ARISA and F-ARISA as shown 
in Fig. 2b–c. Anaerobic bacteria were not detected in E1 
(with antibiotics) and E2 (transition batch) but in E3 − E19 
(no antibiotics); the patterns of fragments after several CBS 
were changed, with stable fragments at E13 − 19 (Fig. 2c). 
Antibiotics such as penicillin and streptomycin are widely 
used to remove AB from anaerobic fungal cultures [12, 34, 
58–62], although some resistant bacteria may persist [63]. 
We, therefore, assume that the buffalo rumen sample in this 
study contained antibiotic-resistant bacteria that can be cul-
tured in the long term with AF and MT for methane produc-
tion under anaerobic conditions. During E3 − E19 cycles, 
AB and AF were found in the system, and methane produc-
tion was high (Fig. 2a). The increase in the anaerobic bacte-
rial population of E3 − E19 did not affect the growth of AF 
in the culture; thus, methane production in the E13 − E19 
CBS cycles remained stable. The fragments of AF and AB 
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in Figs. 2b and c refer only to the quality and not to the 
quantity of the microbial community. The quantities of AF, 
AB, and MT in the enriched and stabilized E19 are shown 
in Table S4.

4.2  Stability of AD system

The efficiency of methane production is strongly dependent 
on a balanced microbial consortium, whose high-resolution 
characterization, functional potential, and interactions are 
pivotal for process optimization [64]. Optimal environmen-
tal conditions (temperature, pH, buffering capacity, and 
fatty acid concentrations) inside the digester are important 
to promote microbial interactions and boost the conversion 
of lignocellulosic biomass to methane. Most reactors oper-
ate at either mesophilic or thermophilic temperatures, with 
optimal temperatures at 35 and 55 °C, respectively. The 
optimum temperature for methanogenesis may not neces-
sarily be the optimum one for other processes in AD, such 
as hydrolysis or acidification [65]. This experiment with 
E19 was set at 37 °C, which should not significantly affect 
microorganisms in the system, being in the mesophilic tem-
perature range. The system pH of 6.9–7.4 should promote 
the synergy between the anaerobic microbial community, 
including the hydrolytic/fermentative bacteria (non-MT) and 
MT, in the consortium. The balance between non-MT and 
MT in the E19 consortium resulted in low accumulation 
and a stable neutral pH in the AD system. No acid inhibi-
tion was found in this study. The optimum pH for MT is 
in the range of pH 6.7–7.5. The pH lower than 6.6 could 
significantly inhibit MT, and pH below 6.0 is toxic to MT 
[66]. The optimal pH for methanogenesis is a neutral pH, 
whereas the optimal values for hydrolysis and acidogenesis 

ranges from 5.5–6.5 [67]. Volatile fatty acids (acetic, pro-
pionic, and butyric acids) are key intermediates in AD and 
can inhibit methanogenesis at high concentrations. The pro-
duction of fatty acids in anaerobic processes will change the 
pH, thereby inhibiting methanogenesis [65]. The inhibition 
of microbial activity caused by VFAs has been reported at 
concentrations above 2 g/L for cellulolytic activity and con-
centrations above 4 g/L for methanogenesis in AD [68]. In 
previous studies, the accumulation of VFAs resulted in a 
decrease in pH values during fungal growth in an anaerobic 
reactor [69]. The optimal pH for the growth of AF ranges 
from 6.0 to 7.0. Also, a slow growth rate of AF can lead to 
small populations [70].

As expected, the AF stayed alive up to 40 days when 
inoculated in RS at pH 6.9–7.4 (Fig. 3). During AD (40 d), 
the pH in E19 was in the neutral range. In this pH range, the 
concentration of VFAs was less than 2 g/L, and no effect 
of VFAs on methanogenesis was found. Consortium E19 
showed a good balance between acid production by non-
MT and acid consumption by MT, resulting in less VFA 
accumulation and a stable pH.

4.3  Enhancing methane production

The E19 consortium showed high RS degradation and meth-
ane production, with 84%VS and 310 mL/g  VSadded within 
14 days, respectively. Compared to previous studies on RS 
degradation and methane production at 37 °C in a batch sys-
tem (Table 5), E19 showed higher RS degradation and meth-
ane yield in a shorter incubation time of 14 days. Mesophilic 
inocula from municipal wastewater treatment systems and 
sewage sludge showed a methane yield of 200–281 mL/g 
 VSadded and RS removal of 62%VS within 30–36 days [7, 15, 

Table 5  Rice straw degradation and methane production in batch system from E19 and literature review (2013–2021)

nd, not determined

Inoculum source Pretreatment ISR AD time
(d)

Degra-
dation 
(%VS)

CH4 yield
(mL/g VS)

Reference

Lignocellulolytic consortium from yak Mill to powders nd 30 nd 326 [21]
Mill to powders and bioaugmentation 

(lactic acid bacteria)
nd 30 nd 346 [21]

Mesophilic anaerobic digestor Sodium hydroxide pretreatment 7 60 nd 338 [72]
Mesophilic biogas plant Biological (incubation with aerobic fungus) 2 30 nd 258 [9]
Municipal wastewater treatment Unpretreated 2 30 62 281 [43]
Mesophilic inoculum Unpretreated 2 19 nd 226 [7]
Thermophilic inoculum Unpretreated 2 19 nd 281 [7]
Sewage plant Unpretreated 2 32 nd 281 [42]
Enriched and stabilized buffalo rumen 

(ALMC)
Unpretreated 1 14 78 293 [15]

40 82 310 [15]
Enriched and stabilized AFC Unpretreated 1 14 84 310 This study

40 84 336 This study
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42, 43]. At 40 days, E19 had a methane yield of 336 mL/g 
 VSadded compared to 310 mL/g  VSadded for ALMC. The 
methane yield of E19 at day 14 was similar to that of ALMC 
at day 40. E19 had slightly higher RS degradation and meth-
ane yield than ALMC at 14 days.

Efforts have been made to accelerate the degradation 
process using thermal and biological pretreatments, includ-
ing pre-digestion with hyperthermophilic AB (Caldicellu-
losiruptor bescii). The pre-digestion of RS with C. bescii 
at 75 °C in an 1875 L CSTR reactor under anaerobic con-
ditions resulted in 75–85% RS removal and 75% methane 
[71]. Pretreating RS with physical, chemical, and biologi-
cal methods in a mesophilic AD bioreactor at 37 °C at ISR 
of 2–7 for 30–60 days provided methane yield in a range 
from 258 to 346 mL/g VS [9, 21, 72]. These results showed 
that AFC performed better than pretreatment, predigestion, 
and bioaugmentation for methane production and biomass 
removal in terms of the shorter time for AD, a lower amount 
of inoculum, and no extra work or equipment needed to pre-
pare feedstock and bioaugmented cells prior to feeding to the 
AD system. Other factors to be considered include the size 
and type of reactors as well as the chemical composition 
and properties of the biomass [1], which may require differ-
ent conversion technologies and specific microbial consortia 
[73]. In addition, O’Shea et al. [74] reported on a strategy 
to maximize the benefits of biogas by balancing the ben-
efits and drawbacks of using a compromised programming 
approach. This methodology can implement and integrate an 
AD plant by selecting the optimal blend of by-products to 
use. It can help decision-makers to design AD projects for 
decarbonizing accounts with different criteria.

The numbers of AF, AB, and MT in the enriched and sta-
bilized E19, as measured by qPCR, were 9.6 ×  104, 3.8 ×  108, 
and 3.2 ×  106 copies/mL, respectively. The number of AF 
in E19 increased by 1–2 log cycle times compared to RU0 
and ALMC, whereas that of AB in E19 decreased by 1–2 
log cycle times compared to RU0 and ALMC. Consortium 
E19 could enrich MT and had a higher number, 1 log cycle 
more, than RU0 (Table S4). The ratio of AF to AB was 1:104 
in E19 and 1:108 in ALMC. Also, E19 showed higher RS 
degradation and methane production than ALMC. The AD 
of RS by E19 was highly stable, with less VFA accumula-
tion and a stable neutral pH, promoting RS degradation and 
methane production. In a similar study, Nagler et al. [57] 
investigated the AD of corn straw (1.6%) using ox rumen 
fluid at 37 °C within 32 days. They reported an AF to AB 
ratio of 1:105, high VFAs accumulation, pH of 5.74, MT 
inhibition, and low methane production from day 7 until 
the end of the experiment. Most likely, the higher AF to AB 
ratio helped promote lignocellulosic biomass degradation 
and work in balance with MT. E19 showed an AF:AB:MT 
ratio of 1:104:102, mutually converting RS to methane. The 
ratio of anaerobic microorganisms and the existing key 

dominant species is important to accelerate lignocelluloses 
degradation and enhance methane production.

4.4  Microbial community of E19 for rice straw 
degradation and methane production

The dominant AB in ruminants belongs to the phyla Bac-
teroidetes, Fibrobacteres, Firmicutes, Proteobacteria, Spi-
rochaetes, Synergistetes, Spirochaetes, and Actinobacteria 
[44]. In our study, we found three main anaerobic bacte-
rial phyla in the buffalo rumen fluid (RU0), namely Proteo-
bacteria (46%), Bacteroides (31%), and Firmicutes (15%). 
Following the enrichment (E19), the most dominant was 
Synergistetes (32%), followed by Bacteroidetes (20%) and 
Firmicutes (12%). The decrease in Bacteroidetes and Firmi-
cutes as a result of the addition of antibiotics, which allowed 
syntrophic prokaryotes such as Synergistetes and Spiro-
chaetes to grow. The microbial diversity can vary depending 
on the conditions of growth and substrates [75].

According to previous studies, Synergistetes like hydrog-
enotrophic methanogens can degrade acetate by syntrophic 
acetate oxidation and hydrogen consumption [76]. Spiro-
chaetes are also involved in syntrophic acetate oxidation 
[44]. Higher abundance of syntrophic acetate oxidizing 
bacteria (Synergistete and Spirochaetes) and HMT (Metha-
nomethylovorans, Methanofollis, Methanoculleus, Methano-
brevibacter, and Methanobacterium) than AMT were found 
in E19, based on metagenomic shotgun sequencing of E19.

P. piscolens, a syntrophic member of the phylum Syner-
gistetes, is involved in protein degradation and amino acid 
fermentation to provide  H2/CO2 and VFAs for MT. As an 
anaerobic acid-producing bacterium, it produces acetic, 
propionic, isobutyric, isovaleric, succinic, and phenylacetic 
acids as end products of metabolism. This species can grow 
and oxidize various amino acids in syntropy with HMT [77]. 
Here, we found the gene function and genes of the peptidase 
family and an enzyme for lignin degradation from P. pisco-
lens. Thus, the role of P. piscolens in biogas reactors is to 
provide VFAs and  H2 to HMT.

P. acetatigenes, belonging to the phylum Bacteroides, can 
produce proteolytic enzymes for the production of acetate, 
propionate, and  CO2 [78]. In our study, we found genes 
encoding cellulolytic enzymes such as glycosidase hydroly-
sis family proteins (GH2, 3, 5, 15, 26, 28, 29, 43, 92, and 
105), involved in peroxiredoxin (Prx) degradation [79], and 
genes encoding enzymes for degrading starch and glycogen, 
such as α-amylase [80] in E19. Based on the results, P. ace-
tatigenes can degrade the cellulose of plant cell walls. Genes 
encoding enzymes and pathways involved in acidogenesis 
and acetogenesis were found in P. acetatigenes, suggesting 
that it plays a crucial role in the degradation of complex 
substrates (cellulose, hemicellulose, lignin, and pectin) to 
smaller molecules, which are then fermented to acetate,  H2, 



8246 Biomass Conversion and Biorefinery (2024) 14:8229–8250

1 3

and  CO2 and used as substrates. Both P. acetatigenes and P. 
piscolens are rod-shaped Gram-negative bacteria containing 
genes encoding enzymes for lignin degradation. According 
to Wilhelm et al. [81], who studied the diversity of cellulase-
producing microbes in coniferous forest soil, fungi showed a 
higher cellulase activity than other microbes, whereas Gram-
negative bacteria were more involved in the decomposition 
of lignin.

Rumen AF of the phylum Neocallimastigomycota 
are potential lignocellulosic biomass degraders and can 
potentially be used for biogas production [11]. The phy-
lum Neocallimastigomycota contains one order (Neocalli-
mastigales) and one family (Neocallimastigaceae) with 17 
genera of strictly AF, which have recently been described 
and characterized, namely 13 monocentric rhizoidal gen-
era: Agriosomyces, Aklioshbomyces, Buwchfawromyces, 
Capellomyces, Feramyces, Ghazallomyces, Joblinomyces, 
Khoyollomyces, Liebetanzomyces, Neocallimastix, Onto-
myces, Piromyces, and Tahromyces, 2 polycentric rhizoi-
dal genera: Orpinomyces and Anaeromyces, and 2 bulbous 
genera: Caecomyces and Cyllamyces [58–62, 82–84]. The 
AF present in the rumen of herbivores produces hydrolytic 
enzymes involved in plant fiber digestion [85]. Feramyces, 
found in E19, can grow on sugar and lignocellulosic biomass 
[83]. Peng et al. [86] studied the genomic and functional 
characteristics of AF in goat rumen by metagenomic shotgun 
sequencing and found genes encoding glycoside hydrolase 
for cellulose degradation, GH5, GH6, GH9, GH45, and 
GH48, and for hemicellulose degradation, GH5, GH10, 
GH11, GH26, and GH43. The assembly of E19 showed 
genes of eukaryotic metagenomics by MetaEuk Easy Pre-
dict tools, with 37 sequences and GH5, 11, and 31. The gene 
number in our study was lower compared to Peng et al. [86], 
most likely because of the different ruminants involved and 
the low ratio of AF to AB in the inoculum.

Methanogenic species in E19 were mostly classified 
into HMT, such as Methanomethylovorans, Methanofollis, 
Methanoculleus, Methanobrevibacter, and Methanobacte-
rium. Hydrogenolysis genes and pathways were found in 
E19. The AMT species, M. harundinacea, was found to 
contain genes involved in formate degradation to  H2 and 
 CO2, based on metagenomic shotgun sequencing, as shown 
in Table S6. Thus, M. harundinacea in both HMT and AMT, 
owing to syntrophic acetate oxidation (Synergistetes and 
Spirochaetes) and an abundance of HMT, methane produc-
tion from RS, using the enriched and stabilized AFC (E19) 
as inoculum, was mainly from  H2.

4.5  Limitations of the study

Although the ITS gene target analysis could not identify the 
genera and species, Sanger sequencing of SSU and ITS1 
(110 bp) showed four groups of AF (Table S3). The AF 

genera from the ITS1 gene target and SSU/ITS1 were dif-
ferent; the SSU/ITS1 region presented more species than 
the ITS1 gene target. Hanafy et al. [87] endeavored to find 
a barcode marker for anaerobic gut fungi in domain D1/
D2 of the large ribosomal subunit. Full-length ITS and the 
large ribosomal subunit (primer ITS1-NL4) are highly rec-
ommended for use in identifying AF [84]. Metagenomic 
shotgun sequencing was used for functional analysis. This 
method did not show which specific lignocellulolytic genes 
are expressed during RS degradation. These key genes can 
be identified by transcriptomic analysis. Anaerobic fungi 
in AFC contained fewer lignocellulolytic enzyme genes 
than AB in ALMC. This higher number of lignocellulolytic 
enzyme genes in ALMC did not result in higher RS degrada-
tion. Other researchers who studied transcriptomic analysis 
have presented a higher number of cellulase and hemicel-
lulase gene expressions in AF than in AB [86, 88].

5  Conclusions and outlook

Successful CBS with initial supplementation of antibiotics, 
the stabilized and effective AFC was established and could 
be used directly as a starter seed in a single AD reactor. 
The anaerobic lignocellulolytic microbial consortium E19 
consisted of AF coexisting with AB and MT under meso-
philic and anaerobic conditions. The enrichment and sta-
bilization of AFC boosted lignocellulose degradation and 
methane production was compared to rumen fluid. The AFC 
illustrated that the stabilized consortium of anaerobic cel-
lulolytic bacteria, syntrophic acetate-oxidizing bacteria, and 
HMT worked together in harmony to degrade RS. This AD 
system could keep pH neutral and lower VFA accumulation. 
The higher performance of AFC in converting RS to meth-
ane, compared with the conventional pretreatment approach, 
makes it a promising inoculum for lignocellulosic biomass 
degradation.

The monitoring of AFC in degrading various kinds of 
lignocellulosic biomass, scaling up the AD system, and 
shifting the feed pattern of a single AD reactor from batch 
to semi-continuous/continuous in low/high solid content for 
methane production can provide pilot data for demonstrating 
the efficacy of stabilized AFC. Such informative data could 
be used to conduct a feasibility study of techno-economic 
analysis with acceptable accuracy. The characterization of 
isolated AF and their functions, identification of key ligno-
cellulolytic genes by transcriptomic analysis, and qPCR for 
key genes associated with lignocellulosic biomass conver-
sion to methane are important for process monitoring and 
enhancement.
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