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1  Introduction 
Bioenergy production from agricultural, municipal, and 
industrial waste is efficiently accomplished through 
anaerobic digestion to biogas. Biogas produced usually 
contains 55 – 70% of methane (CH4) and 30 – 45% of 
carbon dioxide (CO2) and it is stored in gas holders and 
subsequently used as a potential source of energy [1-4]. 

Anaerobic fermentation is a natural process in which 
microorganisms convert biodegradable substrate into 
biogas. It occurs in marshes, wetlands, river sediments, 
and also in the digestive tract of ruminants [5,6]. The 
microorganisms are also active in landfills where they 
are responsible for biodegradable waste decomposition 
[2,5,7]. Biogas is the final product of anaerobic metabolism. 
The process occurs in an anaerobic environment through 
the consecutive biochemical breakdown of polymers to 
methane and carbon dioxide [8, 9]. This is a result of the 
metabolism of different microorganisms which include 
fermentative microbes (acidogens); hydrogen-producing, 
acetate-forming microbes (acetogens); and methane-
producing microbes (methanogens) [10-13].

Recently, the interest in anaerobic fermentation is 
mainly focused on its use in the economic recovery of 
biogas from industrial and agricultural surpluses [14-16].

On the basis of homologous sequence analysis of 16S 
rRNAs, methanogens have been classified into one of the 
three primary kingdoms of living organisms: the Archaea 
[10, 14, 17]. Recombinant DNA technology is one of the most 
powerful techniques for characterizing the biochemical 
and genetic regulation of methanogenesis [18]. This 
necessitates the selection of genetic markers, an efficient 
genetic transformation system, and a vector system for 
genetic recombination as prerequisites [19]. Anaerobic 
methane generation systems are known as methane 
bioreactors. The production of methane and growth of 
methanogenic microorganisms in the bioreactors depend 
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Abstract:  The production of high-quality methane depends 
on many factors, including temperature, pH, substrate, 
composition and relationship of the microorganisms. The 
qualitative and quantitative composition of methanogenic 
and sulfate-reducing microorganisms and their 
relationship in the experimental bioreactors has never 
been studied. The aim of this research was to characterize, 
for the first time, the diversity of the methanogenic 
microorganisms and sulfate-reducing bacteria, and study 
their relationship and biogas production in experimental 
bioreactors. Amplification of 16S rRNA gene fragments 
was carried out. Purified amplicons were paired-end 
sequenced on an Illumina Mi-Seq platform. The dominant 
morphotypes of these microorganisms in the bioreactor 
were homologous (99%) by the sequences of 16S rRNA 
gene to the Methanosarcina, Thermogymnomonas, 
Methanoculleus genera and Archaeon deposited in 
GenBank. Three dominant genera of sulfate-reducing 
bacteria, Desulfomicrobium, Desulfobulbus and 
Desulfovibrio, were detected in the bioreactor. The 
phylogenetic trees showing their genetic relationship 
were constructed. The diversity and number of the genera, 
production of methane, hydrogen sulfide and hydrogen in 
the bioreactor was investigated. This research is important 
for understanding the relationship between methanogenic 
microbial populations and other bacterial physiological 
groups, their substrate competition and, in turn, can be 
helpful for controlling methanogenesis in bioreactors.
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KGaA Germany). Concentration of CH4, CO2, H2S and H2 in 
the biogas produced was determined. Quantity of biogas 
produced was measured by the gasometer PREMGAS BK 
G4 (Elster, Germany) and converted to standard conditions 
(T0 = 273 K, p0 = 101325 Pa). 

2.2  Determination of the physical and 
chemical characteristics

The physical and chemical characteristics of fermenter 
content at each bioreactor, including temperature, pH, 
redox potential, dry matter content, organic dry matter 
content, biogas composition, sulfate content and acetate 
content were determined. DM content was determined by 
oven drying at 105±5°C followed by cooling in a desiccator 
and weighing until a constant weight. EcoCELL 111 (BMT 
Medical Technology Ltd., Czech Republic) was used 
in accordance with the Czech Standard Method  (CSN 
EN 14346 2007) [23]. ODM content was determined by 
incineration of the samples in a muffle furnace at 550°C ± 
5°C in accordance with the Czech Standard Method (CSN 
EN 15169 2007) [24], using a muffle furnace LMH 11/12 
(LAC, Ltd., Czech Republic). The pH, and redox potential 
were determined by using pH/Cond meter 3320 (WTW 
GmbH, Germany) in accordance with the standard (CSN EN 
12176 1999) [25]. Temperature of samples was determined 
by using the high accuracy PT100 RTD thermometer 
HH804U (OMEGA Engineering, INC., USA). Acetate content 
was determined using capillary electrophoresis Ionosep 
2005 (RECMAN, Czech Republic). For determination of 
sulfate concentration, the spectrophotometer DR 3800 
(Hach Lange GmbH, Germany) was used.

2.3  Isolation of DNA from collected samples

For DNA isolation samples from all 6 reactors were taken. 
These samples were combined and then examined. 
The QIAamp Fast DNA Stool Mini Kit (QIAGEN GmbH, 
Germany) is designed for rapid purification of total DNA 
from stool samples and was used for DNA extraction from 
biogas digester samples. DNA extraction was performed 
in accordance to the manufacturers’ instructions, with 
minor adjustments as described below. Briefly, 100 mg of 
sample was washed with 1.4 mL of ASL buffer (QIAGEN 
GmbH, Germany), heated at 95°C for 10 minutes. After 
centrifugation, an InhibitEX tablet was put in the 
supernatant to remove impurities and PCR inhibitors. 
After thorough centrifugation, 200 μL of the supernatant 
was added to 15 μL of proteinase K, and 200 μL of buffer 

on many factors, including temperature, pH, substrate 
quality, composition of specific groups of microorganisms 
and their accumulation of the toxic metabolic products. 
One of such final products of sulfate-reducing bacteria 
metabolism is hydrogen sulfide produced in the process 
of dissimilatory sulfate reduction [6, 7, 20-22]. 

It is known that hydrogen sulfide is toxic for living 
organisms and can inhibit enzymes of different groups of 
microorganisms [6, 20]. The sulfate-reducing bacteria can 
compete with the methanogens for substrate components, 
in this case for molecular hydrogen, and produce hydrogen 
sulfide in high concentration in bioreactors. It, in turn, 
can inhibit the growth of methanogenic microorganisms 
and their process of methanogenesis. 

Recent progress in the molecular biology of 
methanogens is reviewed, new digesters are described 
and improvements in the operation of various types of 
bioreactors are also discussed. However, the prevalence 
of the methanogenic populations and sulfate-reducing 
bacteria in methane bioreactors, their diversity and 
relationship has never been studied properly.

The aim of this research was to characterize the 
diversity of the methanogenic microorganisms and 
sulfate-reducing bacteria using amplification of gene 
fragments and Illumina sequencing, and to study their 
relationship and production biogas in the experimental 
bioreactors.

2  Materials and Methods

2.1  Batch anaerobic fermentation tests

A total of six laboratory batch fermenters of volume 120 
liters each were used. Fermenters were equipped with a 
low speed agitator (operated at 60 rpm, 1 min agitation 
time, 60 min rest), temperature control, monitoring of 
pH, and sampling valve. On the first day of experiments, 
all fermenters were filled up with inoculum substrate 
and maize silage, in ratio 35:65% (v/v). Inoculum and 
maize silage was collected at a full scale biogas plant 
in Čejč, Czech Republic. This biogas plant processes 
as feedstock maize silage and liquid pig manure and 
it is operated in the mesophilic temperature regime 
(39°C). Inoculum characteristics were pH=7.3±0.1; DM 
3.84%±0.3%; ODM 72.71%±0.4%. For maize silage, dry 
matter (DM) was 39.15%±0.5 and organic dry matter (ODM) 
was 99.21%±0.6%. Fermenters were set to 39°C ± 0.1°C. 
The hydraulic retention time was 26 days. During the 
fermentation, the quality of biogas was determined daily 
using X-am® 7000 gas analyzer (Drägerwerk AG & Co. 
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using the experimental data. For estimation of the validity 
of difference between the statistical characteristics of the 
data, Student’s index was calculated. The difference was 
valid when P<0.05 [31, 32]. 

3  Results 
The physical and chemical characteristics of samples 
taken on the 14th day from the experimental bioreactors, 
operated at temperature 39°C±0.5, were pH (7.2±0.1), 
redox (-5.6±0.2), total solids (3.76%±0.3), volatile solids 
(70.85%±0.9). Biogas composition during the tests is 
shown in figure 1. Concentration of acetic acid ranged 
from 460 to 490 mg/L and concentration of sulfate ranged 
from 305 to 333 mg/L, while the sulfate concentration in 
fermenters on the first day of experiment ranged from 
380 to 450 mg/L. The results of our research show that 
methane was intensively produced for the first 12 days, 
after this time, the methane production achieved plateau 
and was almost unchanged (Fig. 1). This can be explained 
by the fact that the methanogenic microorganisms can 
achieve the stationary growth phase after 12 days. As 
growth slowed, methane production (concentration) 
achieved a stable level (46.2–49.3%vol) during the 15–26 
day period. An interesting pattern was observed in the 
production of hydrogen and hydrogen sulfide. The level 
of hydrogen rapidly grew the first 5 days and after that it 
was reduced. This can be explained by the fact that both 
hydrogenotrophic methanogens and sulfate-reducing 
bacteria consume this simple molecule. This is also 
evident when isolated microorganisms are examined 
and compared. Both acetotrophic and hydrogenotrophic 
metanogens were isolated. Sulfate-reducing bacteria 
can use hydrogen as an electron donor in the process of 

AL (QIAGEN GmbH, Germany) was added. The mixture 
was heated to 70°C for 10 minutes and 200 μL of absolute 
ethanol was added. The sample mixture was then passed 
through the QIAamp kit column, followed by two washes 
with buffers AW1 and AW2 (QIAGEN GmbH, Germany). The 
DNA was eluted in a volume of 200 μL of elution buffer.

2.4  Amplification of gene fragments and 
Illumina sequencing

Amplification of 16S rRNA gene fragments was carried out 
using universal primers for amplification of the V3 and V4 
variable regions of the 16S rRNA [26]. The primers were 
flanked by molecular barcodes for sample identification. 
The PCR reaction was prepared using Maxima™ Probe 
qPCR Master Mix (Thermo Fisher Scientific, USA) with 
cycling conditions as follows: 95°C for 10 min. followed 
by 30 cycles of incubation at 94°C for 30 s, 60°C for 30 s 
and 72°C for 120 s, and a final extension step at 72°C for 
2 min. PCR products were visualized using electrophoresis 
on 1.5% agarose gels and purified from the gel using the 
QIAquick Gel Extraction Kit (QIAGEN GmbH, Germany). 
DNA was quantified using the Quant-iTPicoGreen dsDNA 
Assay (Thermo Fisher Scientific, USA) and equimolar 
amounts of the PCR products were pooled together. 

Purified amplicons were paired-end sequenced on an 
Illumina Mi-Seq platform. QIIME data analysis package 
was used for 16S rRNA data analysis [27]. Quality filtering 
on raw sequences was performed in accordance to base 
quality score distributions, average base content per read 
and GC distribution in the reads. Chimeras and reads that 
did not cluster with other sequences were removed. The 
obtained sequences with qual scores higher than 20 were 
shortened to the same length of 350 bp and classified 
with RDP Seqmatch with an operational taxonomic 
unit (OTU) discrimination level set to 97%. The relative 
abundance of the taxonomic groups was calculated to the 
microorganisms detected in this study. 

Sequences were compared using the BLAST feature 
of the National Center for Biotechnology Information 
(NCBI) [28]. The sequences were uploaded to Mega7 
for comparative genomic analyses [29]. Alignments of 
sequences were performed in Mega7 using Clustal W 
and clustering was performed by the neighbor-joining 
method [30].

The research results were analyzed using software 
packages Statistica12 (www.statistica.software.informer.
com) and Origin7.0 (www.originlab.com). The basic 
statistic parameters (arithmetic average (M) and standard 
error (m) of the arithmetic average, M ± m) were calculated 

Fig. 1: Methane, hydrogen and hydrogen sulfide production in the 
biogas generated during fermentation test
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KY172640, KY172645, KY172824, KY172823, KY126837. The 
obtained sequences were compared with reference strains 
using nucleotide Blast:Search. The sequences of the 16S 
rRNA gene of the methanogens were homologous (98–
99%) to genera of Methanosarcina, Thermogymnomonas, 
Methanoculleus, and Archaeon (Table 1). The sequences 
of sulfate-reducing bacteria were homologous (98–99%) 
to the genera of Desulfomicrobium, Desulfobulbus and 
Desulfovibrio (Table 2). It should be noted that most 
described sequences of the methanogenic strains and 
sulfate-reducing bacteria in GenBank are identified only 
to the domain, kingdom, family or genus and, in some 
cases, to species. Most of them are uncultured (www.ncbi.
nlm.nih.gov/genbank). 

Based on all of the 16S rRNA gene sequences of 
methanogens and sulfate-reducing bacteria from the 
bioreactor, a phylogenetic tree demonstrating their 
genetic relationship was built (Fig. 2, 3). The detected 
genera of methanogens were homologous with 
Methanosarcina mazei strain GS14-2aM, uncultured 

dissimilatory sulfate reduction. The final product of this 
process is hydrogen sulfide. The highest concentration 
of hydrogen sulfide was achieved on the 14th day, which 
can confirm the high number of sulfate-reducing bacteria 
(1050 OUT·mL-1) in the bioreactor. Different studies 
have found both unionized and total hydrogen sulfide 
concentrations important in inhibition of the SRB bacteria 
and methanogens. However, our results do not confirm 
the inhibitory effect of H2S at maximal concentration 
390 ppm, as evident by the biogas production trend. 
The distribution of main genera in the bioreactor was 
investigated using amplification of 16S rRNA gene and 
Illumina sequencing. To clarify the genetic relationship 
of the methanogenic and sulfate-reducing populations of 
microorganisms in the bioreactor, sample of 16S rRNA gene 
sequences were compared with sequences of different 
strains from GenBank. The genomic sequences of the 
microorganisms are available in GenBank under accession 
no. KY172649, KY172662, KY172650, KY194790, KY172816, 
KY172822, KY172821, KY172646, KY172643, KY172641, 

Table 1: The results of sequence analysis of the 16S rRNA gene of methanogenic microorganisms

Detected sequences and their 
accession number in GenBank 
(length of the gene fragment )

Reference strains in GenBank Accession number Identity (%)

Sequence 1
KY172649
(424 bp)

Methanosarcina mazei strain GS14-2aM 16S rRNA gene, partial 
sequence KX826992.1 99

Methanosarcina sp. 1H1 gene for 16S rRNA, partial sequence LC170394.1 99
Uncultured Methanosarcina sp. clone T6190SA18-18 16S rRNA 
gene, partial sequence KU355742.1 99

Sequence 2
KY172662
(422 bp)

Uncultured archaeon clone g10-56 16S rRNA gene, partial 
sequence JX576125.1 98

Uncultured Thermoplasmata archaeon clone g8-4 16S rRNA gene, 
partial sequence JX576112.1 98

Uncultured Methanomassiliicoccus sp. clone LZNG25 16S rRNA 
gene, partial sequence JX456453.1 98

Sequence 3
KY172650
(422 bp)

Uncultured Thermogymnomonas sp. partial 16S rRNA gene, 
isolate OTU_11 LT624815.1 99

Uncultured Thermogymnomonas sp. partial 16S rRNA gene, 
isolate OTU_4 LT624808.1 99

Uncultured archaeon partial 16S rRNA gene, clone AKA055 LN874207.1 99

Sequence 4
KY194790
(423 bp)

Uncultured Thermoplasmatales archaeon partial 16S rRNA gene, 
isolate OTU_9 LT624813.1 99

Uncultured Thermoplasmatales archaeon partial 16S rRNA gene, 
isolate OTU_6 LT624810.1 99

Uncultured archaeon clone WWA-D10 16S rRNA gene, partial 
sequence KM870439.1 99

Sequence 5
KY172816
(420 bp)

Methanoculleus sp. strain Biowerk_c-HAW 16S rRNA gene, partial 
sequence KX619406.1 99

Methanoculleus bourgensis isolate BA1 genome assembly, 
chromosome: I LT549891.1 99

Methanoculleus sp. MAB1 isolate MAB1 genome assembly, 
chromosome: chrI LT158599.1 99

http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/genbank
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1062982748
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1062982748
https://www.ncbi.nlm.nih.gov/nucleotide/1062982748?report=genbank&log$=nucltop&blast_rank=2&RID=1KU6E9KV014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1047208946
https://www.ncbi.nlm.nih.gov/nucleotide/1047208946?report=genbank&log$=nucltop&blast_rank=3&RID=1KU6E9KV014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1035526352
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1035526352
https://www.ncbi.nlm.nih.gov/nucleotide/1035526352?report=genbank&log$=nucltop&blast_rank=4&RID=1KU6E9KV014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_410699613
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_410699613
https://www.ncbi.nlm.nih.gov/nucleotide/410699613?report=genbank&log$=nucltop&blast_rank=6&RID=1KUJX3KF014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_410699600
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_410699600
https://www.ncbi.nlm.nih.gov/nucleotide/410699600?report=genbank&log$=nucltop&blast_rank=7&RID=1KUJX3KF014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_406780586
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_406780586
https://www.ncbi.nlm.nih.gov/nucleotide/406780586?report=genbank&log$=nucltop&blast_rank=8&RID=1KUJX3KF014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705870
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705870
https://www.ncbi.nlm.nih.gov/nucleotide/1079705870?report=genbank&log$=nucltop&blast_rank=2&RID=1KVZNM3A015
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705863
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705863
https://www.ncbi.nlm.nih.gov/nucleotide/1079705863?report=genbank&log$=nucltop&blast_rank=3&RID=1KVZNM3A015
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_909638355
https://www.ncbi.nlm.nih.gov/nucleotide/909638355?report=genbank&log$=nucltop&blast_rank=1&RID=1KVZNM3A015
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705868
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705868
https://www.ncbi.nlm.nih.gov/nucleotide/1079705868?report=genbank&log$=nucltop&blast_rank=2&RID=1PH0MCB1014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705865
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1079705865
https://www.ncbi.nlm.nih.gov/nucleotide/1079705865?report=genbank&log$=nucltop&blast_rank=3&RID=1PH0MCB1014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1008424056
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1008424056
https://www.ncbi.nlm.nih.gov/nucleotide/1008424056?report=genbank&log$=nucltop&blast_rank=1&RID=1PH0MCB1014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1048076738
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1048076738
https://www.ncbi.nlm.nih.gov/nucleotide/1048076738?report=genbank&log$=nucltop&blast_rank=3&RID=1PHBN9XG015
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1026137559
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1026137559
https://www.ncbi.nlm.nih.gov/nucleotide/1026137559?report=genbank&log$=nucltop&blast_rank=4&RID=1PHBN9XG015
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_995893115
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_995893115
https://www.ncbi.nlm.nih.gov/nucleotide/995893115?report=genbank&log$=nucltop&blast_rank=5&RID=1PHBN9XG015
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Table 2: The results of sequence analysis of the 16S rRNA gene of sulfate-reducing bacteria

Detected sequences and 
their accession number 
in GenBank (length of the 
gene fragment )

Reference strains in GenBank Accession number Identity (%)

Sequence 1
KY172822
(465 bp)

Desulfovibrio desulfuricans strain E4 16S rRNA, partial sequence KJ459863.1 99

Desulfovibrio desulfuricans strain E2 16S rRNA, partial sequence KJ459861.1 99

Uncultured bacterium partial 16S rRNA gene, clone 48h8 HG531899.1 99

Sequence 2
KY172821
(465 bp)

Uncultured Desulfovibrio sp. clone MFC-2-L19 16S rRNA gene, partial 
sequence

JX944554.1 99

Uncultured bacterium clone MFC4P_127 16S rRNA gene, partial sequence JF309175.1 99

Desulfovibrio simplex strain JCM 16812 16S rRNA gene, partial sequence NR_113296.1 99

Sequence 3
KY172646
(466 bp)

Desulfobulbus propionicus strain DSM 2032 16S rRNA gene, complete 
sequence

NR_074930.1 99

Desulfobulbus propionicus DSM 2032, complete genome CP002364.1 99

Uncultured bacterium clone B01 16S rRNA gene, partial sequence EU136253.1 99

Sequence 4
KY172643
(466 bp)

Desulfobulbus sp. canine oral taxon 078 clone OC011 16S rRNA gene, 
partial sequence

JN713241.1 96

Uncultured Desulfobulbus sp. partial 16S rRNA gene, isolate OTU 265 LT625152.1 96

Uncultured Desulfobulbus sp. partial 16S rRNA gene, isolate OTU 199 LT625082.1 96

Sequence 5
KY172641
(466 bp)

Uncultured Desulfomicrobium sp. gene for 16S rRNA, partial sequence, 
clone:3CP(-)_3

AB908615.1 96

Uncultured Desulfomicrobium sp. gene for 16S rRNA, partial sequence, 
clone:3CP(-)_2

AB908614.1 96

Uncultured Desulfomicrobium sp. gene for 16S rRNA, partial sequence, 
clone: 3CP(+)_10

AB908535.1 96

Sequence 6
KY172640
(466 bp)

Desulfobulbus sp. Prop6 16S rRNA gene, partial sequence KU845305.1 99

Uncultured bacterium clone 02d01 16S rRNA gene, partial sequence GQ138500.1 99

Uncultured bacterium clone 04c04 16S rRNA gene, partial sequence GQ134634.1 99

Sequence 7
KY172645
(466 bp)

Uncultured Desulfobulbus sp. partial 16S rRNA gene, isolate OTU 265 LT625152.1 94

Uncultured Desulfobulbus sp. partial 16S rRNA gene, isolate OTU 199 LT625082.1 94

Desulfobulbus sp. oral taxon 041 clone WWP_SS1_G06 16S rRNA gene, 
partial sequence

GU398208.1 94

Sequence 8
KY172824
(466 bp)

Uncultured sulfate-reducing bacterium clone 2R1V11 16S rRNA gene, 
partial sequence

EF592786.1 93

Uncultured delta proteobacterium clone 2R1U31 16S rRNA gene, partial 
sequence

EU104788.1 93

Uncultured sulfate-reducing bacterium clone 2R1V05 16S rRNA gene, 
partial sequence

EF592783.1 92

Sequence 9
KY172823
(443 bp)

Uncultured Desulfovibrionales bacterium clone Flu2 26 16S rRNA gene, 
partial sequence

JQ701289.1 84

Desulfovibrio sp. S4 gene for 16S rRNA, partial sequence LC186051.1 83

Uncultured Desulfovibrio sp. gene for 16S rRNA, partial sequence, clone: 
LR333B-40

LC001349.1 83

Sequence 10
KY126837
(465 bp)

Uncultured Desulfovibrio sp. clone MFC-2-L19 16S rRNA gene, partial 
sequence

JX944554.1 95

Desulfovibrio simplex strain JCM 16812 16S rRNA gene, partial sequence NR_113296.1 95

Desulfovibrio intestinalis partial 16S rRNA gene, strain JG-G12 AJ295680.1 95

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_656342888
https://www.ncbi.nlm.nih.gov/nucleotide/656342888?report=genbank&log$=nucltop&blast_rank=4&RID=1PS4HDXK014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_656342886
https://www.ncbi.nlm.nih.gov/nucleotide/656342886?report=genbank&log$=nucltop&blast_rank=5&RID=1PS4HDXK014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_563404575
https://www.ncbi.nlm.nih.gov/nucleotide/563404575?report=genbank&log$=nucltop&blast_rank=6&RID=1PS4HDXK014
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_409243500
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_409243500
https://www.ncbi.nlm.nih.gov/nucleotide/409243500?report=genbank&log$=nucltop&blast_rank=2&RID=1PRYCEB001R
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_325304804
https://www.ncbi.nlm.nih.gov/nucleotide/325304804?report=genbank&log$=nucltop&blast_rank=3&RID=1PRYCEB001R
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_631252098
https://www.ncbi.nlm.nih.gov/nucleotide/631252098?report=genbank&log$=nucltop&blast_rank=4&RID=1PRYCEB001R
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_444439615
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_444439615
https://www.ncbi.nlm.nih.gov/nucleotide/444439615?report=genbank&log$=nucltop&blast_rank=1&RID=1PRNU4EA015
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DSM 2032, Desulfobulbus sp. clone OC011, uncultured 
Desulfomicrobium sp. clone: 3CP(-)_3, Desulfobulbus sp. 
Prop6, uncultured Desulfobulbus sp. isolate OTU 265, 
uncultured sulfate-reducing bacterium clone 2R1V11, 
uncultured Desulfovibrionales bacterium clone Flu2_26 
(Fig. 3). 

Percentage ratio of methanogenic and sulfate-
reducing microorganisms was calculated by OUT·mL-1 

archaeon clone g10-56, uncultured Thermogymnomonas 
sp. isolate OTU_11, uncultured Thermoplasmatales 
archaeon isolate OTU_9, Methanoculleus sp. strain 
Biowerk_c-HAW (Fig. 2). Another phylogenetic tree was 
built for 16S rRNA gene sequences of  sulfate-reducing 
bacteria which were homologous with Desulfovibrio 
desulfuricans strain E4 16S, uncultured Desulfovibrio 
sp. clone MFC-2-L19, Desulfobulbus propionicus strain 

Fig. 2: Phylogenetic tree of relationship sequences of 16S rRNA gene of the methanogenic populations in methane bioreactor

 
Fig. 3: Phylogenetic tree of relationship sequences of 16S rRNA gene of the sulfate-reducing bacteria in methane bioreactor
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12 days and correlates with the accumulation of hydrogen 
sulfide. The highest concentration of hydrogen sulfide 
(390 ppm) was detected on the 14th day and it correlates 
with the titer of sulfate-reducing bacteria (1050 OUT·mL-1). 
The sulfate-reducing bacteria (SRB) are a heterogeneous 
group of microorganisms which use sulfate as an electron 
acceptor in the process of dissimilatory sulfate reduction 
[35, 36]. The final product of this process is hydrogen 
sulfide [6, 20, 22, 37]. For sulfate reduction, SRB need 
exogenous electron donors, such as: organic compounds 
(e.g., lactate, propionate, butyrate, ethanol, etc.) and 
molecular hydrogen. Organic compounds for SRB can 
be simultaneously electron donors and carbon sources 
and oxidized completely (to CO2) or incompletely (to 
acetate and CO2) [6, 7]. SRB, oxidizing organic compounds 
incompletely, belong to the group called “Acetogenic 
sulfate-reducing bacteria” [7]. Detected SRB, Desulfovibrio 
(48%), Desulfomicrobium (39.8%), and Desulfobulbus 
(12%) genera, are acetogenic microorganisms which 
oxidize organic compounds, incompletely, to acetate and 
CO2. Produced acetate is consumed by methanogens e.g., 
species of the Methanosarcina genus, which are dominant 
microorganisms (62%) in the bioreactor (see Fig. 4). Our 
results demonstrated the presence of acetotrophic and 
hydrogenotrophic methanogenic archaea. The species 
of the Methanosarcina genus can form multicellular 
colonies and are anaerobic methanogens. They are 
widespread in the rumen of cows, sheep, goats, deer, 
and the large intestine of humans [7]. Recently, there 
has been a study on M. barkeri, because this species 
has the enzyme methylamine methyltransferase, which 
catabolizes methylamines leading to methane production. 
Methanosarcina sp. possess all three known pathways 
for methanogenesis, and can utilize a broad spectrum of 
substrates, including hydrogen. All the other methanogens 
can utilize no more than two methanogenic substrates and 
possess a single pathway for methanogenesis [38]. It also 
has a number of distinct morphological forms, including 
single cells with and without a cell envelope, as well as 
multicellular packets and lamina [39]. 

The other dominant genus of microbial methanogens 
in the studied bioreactor was Thermogymnomonas 
(16%). The species of this genus were also isolated as a 
novel thermoacidophilic, cell wall-less archaeon from 
a solfataric field in Ohwaku-dani, Hakone, Japan. The 
cells were irregular cocci, sometimes lobed, club-shaped 
or catenated, and were highly variable in size, ranging 
from 0.8 to 8.0 µm in diameter [33]. Itoh et al. (2007) 
identified this strain as Thermogymnomonas acidicola. 
The strain grew at temperatures in the range 38–68°C 
(optimally at 60°C) and at pH 1.8–4.0 (optimally at around 

determined from Illumina sequencing (Fig. 4). Results 
indicate that three genera of both physiological groups 
of microorganisms were detected in the experimental 
bioreactors. The dominant genus of methanogens 
was Methanosarcina, which was 62% of all detected 
methanogens. Two other genera, Thermogymnomonas 
and Methanoculleus, were 16 and 2%, respectively, as 
well as other Archaeons which were not identified to the 
genus (20%). For sulfate-reducing bacteria, three genera 
were identified: Desulfomicrobium, Desulfobulbus and 
Desulfovibrio in percentage ratios of 48, 39.8, and 12%, 
respectively. Other sulfate-reducing bacteria (0.19%) were 
not identified to the genus.

Fig. 4: Qualitative and percentage composition of methanogenic and 
sulfate-reducing microorganisms

4  Discussion
Methane is the final product of anaerobic metabolism 
carried out by communities of hydrolytic bacteria and 
fungi, acid-producing intermediary organisms, and 
finally, methanogenic microorganisms [17]. Methane-
producing communities are very stable and resilient, but 
they are also complex and largely undefined. The results 
of our studies are consistent to other research described in 
literature [5, 14, 33, 34]. Production of methane depends 
on many factors, including physical (temperature) and 
chemical (pH), type of substrate, its concentration and 
accessibility for microorganisms, composition and the ratio 
of the microorganisms and their metabolic compounds 
in the bioreactors. Therefore, bioreactors are a complex 
fermentative system which includes various oxidations 
and reduction processes with changes in redox potential. 
Our research demonstrates that the intensive production 
of methane in the experimental bioreactor lasts the first 

https://microbewiki.kenyon.edu/index.php/Methanosarcina_barkeri
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and produce hydrogen sulfide in high concentrations 
in the bioreactors. This, in turn, can inhibit the growth 
of methanogenic microorganisms and their process 
of methanogenesis. It can cause unbalance of other 
microbial communities and instability of the fermentation 
process. However, this was not tested in our experiments 
at a maximum concentration of H2S (390 ppm). The study 
of new isolates is still important for selecting the optimal 
conditions for methane production process. 
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pH 3.0). Strain IC-189T was an obligate anaerobic and 
heterotrophic microorganism, requiring yeast extract 
for growth. Yeast extract, glucose and mannose served 
as carbon and energy sources. Therefore, strain IC-189T 
represents a novel genus (order Thermoplasmatales) and 
species [33]. 

The Methanoculleus genus was found in the lowest 
number among all detected methanogens. The species 
of the genus were frequently described as playing an 
important role in different biogas reactor systems [34, 
40, 41]. Methanoculleus bourgensis was always detected 
as the dominant in biogas systems. The prevalence of 
M. bourgensis in reactors performing syntrophic acetate 
oxidation under high ammonium concentrations [42, 
43, 44], indicates the importance of this methanogen in 
corresponding communities. Isolation and/or cultivation 
of M. bourgensis, together with acetate-oxidizing 
bacteria [45] such as Clostridium ultunense [46], led to 
the assumption that syntrophic association may play an 
important role for members of the Methanoculleus genus 
[42, 47]. The 16S rRNA gene sequence analysis classified 
the isolate as a member of the species M. bourgensis with 
99% sequence identity to the 16S rRNA gene of strain 
MS2T [48, 49]. Genomic DNA of strain BA1 was isolated 
and sequenced, applying the paired-end protocol on an 
Illumina MiSeq system [34, 48]. In our studies, using 
Illumina sequencing, the sequences belonging to this 
genus were the most often detected in all bioreactors.

The detected genera of methanogens and SRB 
described can compete by molecular hydrogen (Fig. 5). 
Hydrogen and CO2 can be used by the methanogens for their 
growth and methane production and, simultaneously, 
SRB can also use H2 as a simple electron donor. Therefore, 
competition for molecular hydrogen may occur between 
methanogens and SRB. Accordingly, decrease of H2 
was observed after the 6th day. Perhaps, the highest 
consumption of hydrogen by both microorganism groups 
occurred during this period because afterwards hydrogen 
levels stabilized. However, SRB produce hydrogen sulfide 
which can be toxic for methanogens, and may inhibit 
methanogenesis. 

5  Conclusions
We conclude that studies of the diversity of methanogenic 
microorganisms under the influence of various factors 
in the bioreactors require further understanding of the 
process of biogas production. The sulfate-reducing bacteria 
can compete with the hydrogenotrophic methanogens for 
substrate components, in this case molecular hydrogen, 

Fig. 5: The hypothetical scheme of the relationship between metha-
nogenic and sulfate-reducing microorganisms
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