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Abstract

Anaerobic digestion (AD) is a process driven by microbes that supports renewable energy production, together with waste 
utilization. The role of microorganisms is undisputable as they are involved in the subsequent processes of hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis. Microbial communities vary in wide ranges, depending on the type of 
substrates used and the conditions provided. Anaerobic systems are addressed, operating under mesophilic and thermophilic 
conditions for the biodegradation of agricultural wastes for biogas/biomethane production. AD comprises successive 
degradation pathways and syntrophic microbial consortia activities. Identifying the microbial content in digesters could help 
attaining new information on the digester performance. Archaeal and bacterial associations have to be determined as their 
important role to be elucidated. Molecular-biological methods of metagenomics are applied to identify the residing mixed 
cultures therein. Methanogens have been attained to the domain Archaea. Bacterial and archaeal populations, specific for each 
stage are differentiated in thermophilic or mesophilic conditions as temperature plays a crucial role in AD process, especially 
for hydrolysis and methanogenesis and determines microorganisms’ variety.
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Introduction

The microbiome residing in anaerobic digesters 
drives the anaerobic digestion process and converts a 
variety of feedstocks to biogas as a renewable source 
of energy [1]. The AD process is a complex one and 
comprises four sequential biochemical steps: hydrolysis by 
hydrolytic bacteria, acidogenesis by acidogenic bacteria, 

acetogenesis by acetogenic bacteria and methanogenesis 
by methanogenic archaea. Most significant during the 
last step of methanogenesis are both acetotrophic and 
hydrogenotrophic methanogens, but their roles during this 
phase are not fully elucidated yet.

Studies on microbial varieties start with cultivation 
methods towards molecular biology techniques such as 
metagenomics, permitting detailed analyses. Microbiome 
in anaerobic digesters is complex and heterogeneous with a 
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huge diversity of uncharacterized microbes. Metagenomics 
is a tool for identification of previously unknown abundant 
species with significant functional potential in the AD process 
[2]. Availability of Next-Generation Sequencing technologies 
and bioinformatic algorithms have raised metagenomic 
analysis to a significant method for understanding microbial 
communities within anaerobic digestion. Knowing the 
functional roles of different microorganisms in the AD 
process, allows adjusting the right process parameters 
for enhanced biogas/biomethane yield [3]. The acivity of 
microbes and their interactions are influenced by various 
environmental and process parameters [4]. 

Role of Substrate and Temperature on 
Microbial Community Structure

In nature, cellulose, lignocellulose and lignin are the 
major sources of renewable plant biomass and therefore, 
their recycling is indispensable for the carbon cycle. Most of 
the feedstocks used for biogas production, such as livestock 
manure [5], crop residues [6], food waste [7], municipal 
sludge [8], are complex and rather not susceptible to 
microbial attack. Biogas production from manure by mono- 
and co-digestion was reported by Ahlberg-Eliasson, et al. 
[5] with particular attention to lowering greenhouse gas 
emissions and promoting the circular economy concept 
and nutrient re-circulation. In both cases, temperature 
increase from 37°C to 52°C, caused no major problems and 
similar shift in the microbial community profile to a typical 
thermophilic community was proven, with an increase in the 
relative abundance of the phylum Firmicutes.

A thermophilic process could accelerate the biochemical 
reactions and lead to higher degradation efficiency, as well as 
higher methane production rates compared to a mesophilic 
process [9]. At mesophilic conditions, different pretreatments 
of the substrate are needed to increace accessibility of hardly 
digestable substrates. Pre-treatment methods to improve 
anaerobic digestion efficiency are being examined with 
regard to their effect on various substrate types. A necessary 
condition is to match the pretreatment type to the exact 
substrate and purpose of application. Steam pretreatment, 
lime pretreatment, liquid hot water pretreatment and 
ammonia-based pretreatments are concluded to be with 
high potentials when lignocellulosic substrates are involved 
[10]. In common, except for lignocellulosic substrates, 
the hydrolysis step is not the rate limiting in anaertobic 
digestion, as all hydrolytic bacteria in the bioreactors are 
able to utilize the hydrolysis products as substrates for 
growth and development through fermentation and produce 
short chain fatty acids. Then, the rate limiting step remains 
methanogenesis [11]. However, the AD process is dependent 
not only on the physicochemical characteristics of the 
substrates, but also on the abundance of anaerobic microbial 

species, forming consortia.

Improvement of biogas production via AD has stepped 
on understanding the associated microbial processes, taking 
place. The synergistic action of a variety of microorganisms 
is necessary for recycling lignocellulosic materials. Li, 
et al. [12] worked on defining the substrate to inoculum 
ratio as a critical factor in AD of food waste for process 
stability and structure of microbial community, with low 
ratios favorable for methanogenesis. Depending on the 
substrate, the optimum temperature for highest biogas 
production may vary. Temperature affects and shapes the 
microbiota in anaerobic digestion and leads to increased 
efficiency. Elevated temperature provoked a shift from 
Bacteroidetes/Proteobacteria to Firmicutes and a transition 
from hydrogenotrophic to acetoclastic methanogenesis 
from 10 to 45 °C, for a manure-based fermentation [13]. 
Temperature influences the methanogens activity and may 
become a reason for changes in the syntrophic community 
composition and hence the degradation capacity. Zinder, et 
al. reported [14], methanogenesis was sharply inhibited in 
sludge, incubated at 70°C. Temperature also plays its role in 
the effective pathogen risk elimination when the resultant 
digestate is being further applied - reuse, recycle, recover, 
because pathogens are rapidly inactivated by heat [15].

Our own experiments included metagenome library 
construction and sequencing, conducted by Macrogen Inc. 
(Seoul, South Korea). For library construction, total DNA 
was extracted from a sample using a GeneJET Genomic DNA 
Purification Kit (Thermo Scientific™, Waltham, MA, USA). 
The microbial diversity was revealed for two temperature 
regimes (35°C and 55°C) of AD processes in laboratory 
anaerobic digesters, operating with 5g/L wheat straw 
(Figure 1 and Figure 2).

Figure 1: Biodiversity in an anaerobic digester at AD for 
biomethane production at 35°C - main phyla relative share. 
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The prevailing phyla defined were Firmicutes 36% to 
39%, Bacteroidetes 58% to 22%, Proteobacteria 1% to 25% 
for mesophilic to thermophilic conditions. The archaeal 
share (Euryarcheota) of the microbiota under mesophilic 
and thermophilic conditions is in favor of the thermophilic 
ones.

Figure 2: Biodiversity in an anaerobic digester at AD for 
biomethane production at 55°C - main phyla relative share.

The proper ratio of key microbiota is an essential 
requirement for the stability and efficiency of the anaerobic 
digestion process. Methane is produced by methanogenic 
archaea, which convert simple substrates and the production 
rates of CH4 increase with increasing temperature. 
Hyperthermophilic methanogenic species were discussed 
by Stetter [16]. However psychrophilic methanogenic 
archaea (4 to 5°C) had also been discussed [17]. By 
metagenome approaches, we analyzed the composition of 
microbial communities in anaerobic digesters under two 
different temperatures. Firmicutes and Bacteroidetes are 
the main bacteria with impact on CH4 yield. Increase in 
their share, leads to significant improvement in methane 
yield in stable mesophilic digesters [18]. Methanothrix 
and Methanosarcina within the Euryarchaeota are the two 
genera performing acetoclastic methanogenesis. The other 
known methanogens use the hydrogenotrophic pathway, 
responsible for the remaining part of methane production 
as a result of the reduction of carbon dioxide with hydrogen 
[19]. Main methanogens have optimum growth rate at 
mesophilic temperatures (30–40°C), with exemption of the 
archaeal representatives, which have optimal growth rate 
at thermophilic conditions (50–55°C) [20]. Deeper studies 
of methanogens could help elucidating the bioenergetics 
basis of life [21]. Methanogens are important in microbial 
conversion of carbon into methane, which is a high-energy 
fuel. 

Conclusion

The microbial consortium metagenomic identification is 
the main tool for better understanding of its structure and 
performance in processes like energy production. It reveals 
its complexity and probable synergetic mechanisms in the 
AD. Finding the most appropriate microbial communities 
involved, at the appropriate conditions chosen, can make a 
successful future application in energy production. Process 
management could be optimized for enhanced methane 
yields with the aim of waste utilization for green energy 
production in the concept of waste-to-energy sustainable 
methods. Renewable energy alternatives such as the 
biotechnological energy production are among the most 
important issues affecting quality of life worldwide.
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