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Abstract

The efficiency and stability of anaerobic digestion technology depend on complex microbial communities
and their activities. Microbial diversity plays a crucial role in the performance of natural and engineered
ecosystems. Over the past decade, significant progress has been made in identifying key groups of
microorganisms that influence anaerobic digestion processes. Recently developed next-generation
sequencing technologies can be used for a comprehensive description of the microbial community in a
digester. In the present study, this technique was used to identify and analyze the microbial structure present
in an anaerobic digester of urban wastewater sludge. Samples were taken from the effluent sludge flow of
an urban wastewater sludge anaerobic digester at different time intervals to perform molecular
identification tests using next-generation sequencing technology. The samples then underwent whole-
genome sequencing analysis to obtain findings regarding the genetic composition and diversity of the
microbial community (species type and abundance). Alpha diversity indices showed that the studied
anaerobic digester had a rich, diverse, and relatively balanced microbial community. Bacterial community
analysis revealed that Proteobacteria and Firmicutes were the dominant bacterial phyla in the anaerobic
digester, while the archaeal community consisted of acetoclastic, hydrogenotrophic, and methylotrophic
methanogens. Methanothrix had the highest abundance in the studied digester. The appropriate diversity of
bacteria in the studied digester indicates good stability and optimal capacity for anaerobic digestion
processes, as well as functional redundancy in the microbial community, which can increase the system's
resistance to stresses and operational changes. The higher abundance of Methanothrix suggests that the
acetoclastic methanogenesis pathway is likely dominant in the digester. The higher abundance of
Methanothrix also indicates that there are no functional disturbances in the digester. Overall, the analysis
of the microbial structure showed that the studied digester is in an optimal condition in terms of digestion
process stability and consistent methane production.
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Introduction

Anaerobic digestion (AD) is an important biological technology for the treatment and stabilization of wastewater
sludge and the recovery of renewable energy through biogas production. The efficiency, stability, and resilience of
anaerobic digestion depend strongly on the structure and activity of complex microbial communities. The
degradation of organic matter in anaerobic digesters occurs through a series of interconnected biochemical stages,
including hydrolysis, acidogenesis, acetogenesis, and methanogenesis, each of which is mediated by different
groups of microorganisms. Therefore, the composition, diversity, and relative abundance of bacterial and archaeal
communities can directly influence substrate degradation, intermediate metabolite conversion, methane formation,
and overall digester performance.

Microbial diversity is a critical ecological characteristic of natural and engineered ecosystems because diverse
microbial communities may provide complementary metabolic functions and improve the capacity of a system to
withstand environmental and operational changes. In anaerobic digesters, the interactions among fermentative
bacteria, syntrophic microorganisms, and methanogenic archaea are particularly important because the products
generated by one microbial group frequently serve as substrates for another. Over the past decade, substantial
advances in next-generation sequencing (NGS) technologies have enabled more comprehensive characterization of
complex microbial communities. Compared with conventional cultivation-based approaches, sequencing-based
methods can identify a much broader range of microorganisms, including populations that are difficult or impossible
to cultivate.

Urban wastewater sludge represents a highly complex substrate for anaerobic digestion, and its microbial
community may vary in response to changes in feed characteristics, operating conditions, and environmental factors.
Characterizing the microbial structure of sludge digesters can therefore provide valuable information for
understanding the biological mechanisms underlying digester performance. In the present study, NGS and whole-
genome sequencing (WGS) were applied to identify and characterize the microbial community of an anaerobic
digester treating urban wastewater sludge. The objectives were to evaluate microbial diversity, identify the dominant
bacterial and archaeal groups, characterize the methanogenic community, and examine the relationship between
microbial community structure and the overall condition of the digester.

Materials & Methods

Samples were collected from the effluent sludge flow of an urban wastewater sludge anaerobic digester at different
time intervals. The sampling strategy was designed to assess the microbial community under the prevailing
operating conditions and to identify potential temporal changes in microbial composition. The collected samples
were subjected to molecular analysis, including DNA extraction and preparation for NGS. WGS was subsequently
performed to obtain comprehensive information on the genetic composition and diversity of the microbial
community.

The sequencing data were analyzed using bioinformatic approaches to determine taxonomic composition and
relative abundance at different taxonomic levels. Particular attention was given to the major bacterial and archaeal
populations involved in anaerobic digestion and methane formation. Alpha-diversity indices were calculated to
characterize microbial richness, diversity, and community evenness. These indices included the Shannon diversity
index, Simpson diversity index, Chaol richness estimator, and sequencing coverage. The bacterial and archaeal
communities were evaluated separately to identify the dominant microbial groups and the major methanogenic
populations. The sequencing results were subsequently interpreted in relation to the available operating conditions
and physicochemical characteristics of the digester.

Discussion of Results & Conclusions

The alpha-diversity analysis indicated that the investigated anaerobic digester supported a relatively rich, diverse,
and balanced microbial community. The high sequencing coverage demonstrated that the generated sequencing
dataset provided substantial representation of the microbial populations present in the analyzed samples. The
observed richness and diversity are consistent with the complex ecological structure expected in anaerobic digesters,
in which a large number of microorganisms cooperate through sequential and syntrophic metabolic pathways.

The bacterial community analysis showed that the phyla Proteobacteria and Firmicutes were among the dominant
bacterial phyla in the anaerobic digester. These groups are frequently associated with anaerobic wastewater
treatment systems and can contribute to several stages of organic matter degradation. Their presence may reflect
active participation in the breakdown and fermentation of complex organic compounds and the production of
intermediate substrates required by methanogenic microorganisms. The coexistence of different bacterial groups
indicates that the degradation of organic matter in the studied digester was supported by a complex microbial
network rather than by a single dominant population.
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The archacal community consisted of several functional groups of methanogens, including acetoclastic,
hydrogenotrophic, and methylotrophic methanogens. The presence of these groups indicates that methane
production potentially occurred through multiple biochemical pathways. Hydrogenotrophic methanogens utilize
hydrogen and carbon dioxide, acetoclastic methanogens convert acetate into methane and carbon dioxide, and
methylotrophic methanogens use methyl-containing compounds as substrates. The coexistence of these functional
groups suggests that the microbial community possessed metabolic flexibility and could potentially maintain
methane formation under changes in substrate availability.

Among the detected methanogenic microorganisms, Methanothrix showed the highest abundance. This finding is
particularly important because Methanothrix is a major acetoclastic methanogen and is frequently associated with
acetate conversion in anaerobic digestion systems. Its relatively high abundance suggests that acetoclastic
methanogenesis may represent an important pathway for methane formation in the investigated digester. The
coexistence of Methanothrix with hydrogenotrophic and methylotrophic methanogens also indicates that methane
production was potentially supported by complementary metabolic routes rather than being dependent exclusively
on one methanogenic group.

The relatively high microbial diversity observed in the digester may contribute to the functional stability and
resilience of the anaerobic digestion process. The presence of multiple microbial populations with complementary
or overlapping functions can provide a degree of functional redundancy, allowing the microbial community to
respond to environmental fluctuations and operational disturbances. A diverse microbial consortium may therefore
improve the ability of the digester to maintain metabolic activity when changes occur in substrate characteristics or
process conditions.

However, microbial diversity alone cannot be considered a definitive indicator of anaerobic digester stability.
Process stability is a multidimensional characteristic that should be evaluated through the integration of microbial
information with operational and physicochemical parameters, including temperature, pH, alkalinity, volatile fatty
acids, ammonia concentration, organic loading, solids or COD removal, and quantitative biogas and methane
production. In this study, the observed microbial structure, together with the available physicochemical
characteristics and proper methane-producing performance of the digester, provided evidence of a favorable
biological condition and effective anaerobic digestion.

The predominance of Methanothrix was also consistent with the stable operation of the digester and steady methane
production. Nevertheless, relative abundance should not be interpreted as a direct measurement of microbial activity.
A microorganism may be highly abundant but not necessarily metabolically active under all conditions. Therefore,
confirmation of the functional contribution of Methanothrix would require additional approaches, such as
metatranscriptomic, metaproteomic, or targeted functional analyses, together with direct measurements of methane
production and acetate conversion. Such analyses could provide stronger evidence regarding the mechanisms
controlling methane formation.
The results demonstrated that NGS and WGS are effective tools for characterizing the complex microbial ecology
of anaerobic digesters treating urban wastewater sludge. The investigated digester contained a rich and diverse
microbial community comprising major bacterial and archaeal groups involved in the different stages of anaerobic
digestion. The phyla Proteobacteria and Firmicutes were dominant bacterial phyla, while the archaeal community
included acetoclastic, hydrogenotrophic, and methylotrophic methanogens. Methanothrix showed the highest
abundance among the identified methanogenic microorganisms, suggesting that the acetoclastic pathway may play
an important role in methane formation.

Overall, the observed microbial diversity and community structure, together with the operating conditions,
physicochemical characteristics, and satisfactory methane-producing performance, indicate that the investigated
anaerobic digester was in a favorable state with respect to biological functioning and process performance. The
findings also demonstrate the potential value of microbial community analysis as a complementary approach for
monitoring anaerobic digesters. However, future studies should combine sequencing data with quantitative methane
production, volatile fatty acid profiles, substrate removal, and functional activity measurements to establish stronger
causal relationships between microbial community dynamics and anaerobic digestion performance.
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