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the genus level, Methanosaeta, Methanolinea, and 
Methanofastidiosum predominated initially, while 
post-AD, Methanobacterium, Methanosaeta, and 
Methanospirillum took precedence. This metabolic 
transition may be linked to the increased abundance 
of Firmicutes, particularly Clostridia, which harbor 
acetate-oxidizing bacteria facilitating the conversion 
of acetate to hydrogen.

Keywords Anaerobic digestion · Archaeal 
community · Biochemical methane potential · 16S 
rRNA · Sewage sludge · Wastewater treatment plant

Introduction

Sewage sludge (SWS) generation and disposal have 
become one of the greatest sanitary challenges of 
the twenty-first century (Nascimento et  al. 2018). 
As a by-product of biological wastewater treatment, 
SWS generation is facing a dramatic increase with the 
population growth and the continuous improvement 
in the wastewater treatment facility (Guo et al. 2023). 
In some regions with insufficient sewerage and waste-
water treatment facilities SWS is discharged directly 
into receiving water bodies. In 2020, the volume of 
municipal wastewater generated annually worldwide 
was estimated to be 360–380 cubic kilometres, with 
prediction of a 24% increase by 2030 and a 51% 
increase by 2050 (Giacomo and Romano 2022). 
Feng et  al (2023) estimated that the annual global 

Abstract To assess microbial dynamics during 
anaerobic digestion (AD) of sewage sludge (SWS) 
from a municipal Wastewater Treatment Plant 
(WWTP), a Biochemical Methane Potential (BMP) 
assay at 37  °C under mono-digestion conditions 
was conducted. Utilizing the Illumina MiSeq plat-
form, 16S ribosomal RNA (rRNA) gene sequenc-
ing unveiled a core bacterial community in the solid 
material, showcasing notable variations in profiles. 
The research investigates changes in microbial com-
munities and metabolic pathways to understand their 
impact on the efficiency of the digestion process. 
Prior to AD, the relative abundance in SWS was as 
follows: Proteobacteria > Bacteroidota > Actinobac-
teriota. Post-AD, the relative abundance shifted to 
Firmicutes > Synergistota > Proteobacteria, with Spo-
ranaerobacter and Clostridium emerging as domi-
nant genera. Notably, the methanogenic community 
underwent a metabolic pathway shift from acetoclas-
tic to hydrogenotrophic in the lab-scale reactors. At 
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production of SWS may rise from 53 million tons dry 
solids in 2023 to 160 million tons if the wastewater 
generated globally is to be treated to a similar level 
as in the 27 European Union countries/UK. As the 
production of SWS increases, there is a correspond-
ing rise in the energy demand for its treatment (Fer-
rentino et al. 2023).

As a renewable energy, biogas has been proved to 
be a feasible alternative to fossil fuels, since it can 
contribute to slow down the non-renewable energy 
exhaustion (Fu et al. 2023) and is considered one of 
the key environmental technologies that can provide 
affordable, sustainable, and secure energy (Garlicka 
et  al. 2023). Several investigations have been con-
ducted to improve the SWS anaerobic digestion (AD), 
specially to: enhance biogas/methane yields (Gu et al. 
2020; Nguyen et  al. 2021; Tao et  al. 2020a, b); for 
nutrient rich digestate production; inactivating patho-
gens; decreasing the abundance of antibiotic resist-
ance genes and; degrading emerging contaminants 
(Liew et al. 2022; Li et al. 2022).

The biochemical methane potential (BMP) assay 
is defined as a measure of substrate biodegradabil-
ity determined through the cumulative  CH4 produc-
tion from an organic material anaerobically incubated 
and monitored over time (Hafner et al. 2020; Holliger 
et al. 2021; Raposo et al. 2011; VDI 4630 2016). This 
methodology is widely used to test the degradability 
of different organic wastes and it is considered a suit-
able method to compare the degradability of different 
substrates in bench scale (Lavergne et al. 2018).

It is well-known the complex process of AD is 
based on close interactions between numerous micro-
organisms (MO), which degrade organic polymers in 
a sequence of steps involving hydrolysis, acidogen-
esis, acetogenesis and methanogenesis, resulting in 
methane  (CH4), carbon dioxide  (CO2) and water pro-
duction (Angelidaki et al. 2018).

Microbial methanogenesis activity has been widely 
studied in bench scale systems. Methanogenic archaea 
can produce  CH4 in anaerobiosis through different bio-
chemical pathways, but mainly using acetoclastic and 
hydrogenotrophic metabolisms (Cai et al. 2021). Meth-
anogenic archaea are specialized in using different sub-
strates, such as hydrogen  (H2), methanol and acetate, to 
produce  CH4. Each metabolic pathway creates a unique 
environment able to provide syntrophic relations with 
fermenters bacteria in a complex microbiome (Zhu 
et  al. 2020). Several MO such as Methanobacterium 

sp., Methanosarcina sp., Methanococcus sp., Metha-
nosaeta sp., and Methanospirillum were isolated from 
different ecological systems and identified for their con-
tribution to biogas production (Tao et al. 2020a, b).

In recent decades, culture-independent molecular 
biological techniques have made considerable contribu-
tions to describe the microbial communities involved in 
biological processes, mainly by targeting the 16S rRNA 
gene (Walter et al. 2019). Advances in next-generation 
sequencing (NGS) technologies have revolutionized the 
field of environmental microbiology. NGS platforms 
now enable the retrieval of an unprecedent amount of 
DNA sequence directly from environmental samples, 
providing a cost-effective and precise representation of 
microbial diversity (Treu et al. 2018).

This investigation sought to advance our under-
standing of microbial community dynamics in SWS 
digestion, particularly in the context of AD processes, 
which play a crucial role in wastewater treatment 
plants (WWTPs). While previous studies have indeed 
explored microbial communities in AD, this research 
introduces several novel components that contribute 
to the current scientific knowledge.

Firstly, the study focuses on the specific context of 
a municipal WWTP in Rio de Janeiro, Brazil, which 
may harbour unique microbial populations due to 
regional environmental factors and operational con-
ditions. Understanding microbial communities in 
diverse geographical locations is essential for devel-
oping tailored strategies for wastewater treatment.

Secondly, the investigation employs Illumina 
MiSeq technology, a state-of-the-art high-through-
put sequencing method, to characterize the taxo-
nomic composition of both bacteria and archaea 
communities.

Thirdly, the study evaluates microbial community 
dynamics before and after AD in BMP reactors. This 
temporal analysis provides insights into how micro-
bial communities adapt and evolve in response to AD 
conditions, shedding light on the ecological processes 
underlying AD performance and efficiency.

Methodology

BMP configuration and sampling

SWS were taken from an anaerobic digestor at a large 
municipal WWTP in Rio de Janeiro city/ Brazil. The 
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WWTP has capacity to treat 7,400  m3day−1. The 
hydraulic retention time (HRT) of the anaerobic reac-
tor is 28 days. It currently treats 2.5  m3s−1 of waste-
water and serves a population equivalent to 1.5 mil-
lion inhabitants.

The BPM assay was carried out according to pre-
vious studies by Angelidaki et al (2009), Hafner et al 
(2020) and the German Guideline for Fermentation of 
Organic Materials (VDI 2016), to evaluate  CH4 pro-
duction from SWS in bench-scale. The methodology 
for assembling the BMP and validating the system 
are found in detail in our previous publication (Rocha 
et al. 2024).

The experiment was conducted in 3 replicates 
(n = 3) incubated during 11-days, when daily  CH4 
production during three consecutive days is < 1% of 
the accumulated  CH4 volume (Holliger et  al. 2021) 
under mesophilic conditions (37 ± 0.1 °C) using water 
bath and digestion bottles of 250 mL (total volume) 
and 100  mL (working volume). The reactors were 
called R1, R2 and R3 before AD and R4, R5, R6 
post-AD.

The 3 SWS samples were kept in 1 L Schott bottles 
and immediately taken to the laboratory to set up the 
BMP assays (Table  1). SWS initial and final values 
for the main physicochemical parameters (Table  2) 
were measured according to Standard Methods Pro-
tocol (APHA 2017) as shown in our previous publica-
tion (Rocha et al. 2024).

Chemical oxygen demand (COD) analyses were 
conducted with a Shimadzu UV-1800 UV–VIS 
Spectrophotometer and the alkalinity through poten-
tiometric titration. The pH was measured with MS 
Tecnopon model Mpa210 meter and the temperature 
was recorded with a digital thermometer. The gravi-
metric method in the analytical scale Gehaka AG200 
was used. Total organic carbon (TOC) was analysed 
using Shimadzu Total Organic Carbon Analyzer TOC 
5000A. The SWS used in the assays (100 mL in each 
assay) played the role of both inoculum and substrate. 

All parameters were measured in each replicate and 
the values are presented as mean value and standard 
deviation.

The BMP bottles were sealed with a silicone stop-
per. To prevent gas leakage, caps and connectors were 
sealed with high vacuum grease. To purge the exist-
ing  O2,  N2 gas was flushed into the bottle’s headspace 
for 2 min. The BMP units sealing was checked with 
the aid of a high-pressure pump, a differential dual 
port piezoresistive pressure transducer MPX5050DP, 
a Fluke multimeter and an Arduino data logger. The 
bottles were gently shaken manually twice a day to 
prevent particle retention and to avoid clogging in the 
system.

Note: Tables 1 and 2.

DNA extraction

Genomic DNA was extracted from the samples using 
the PowerSoil™ DNA Isolation Kit (MoBio, Carls-
bad, CA, USA), according to the manufacturer’s 
instructions. The DNA was quantified with a nan-
odrop ND-1000 spectrophotometer, and its yield and 
purity were documented (characterized by the absorp-
tion ratio of 260/280 nm). To verify the integrity of 
the extracted DNA, a 5μL aliquot of the sample was 
subjected to electrophoresis at 80 Volts in agarose gel 
(0.8%) for two hours. The gel was stained for approxi-
mately 15  min in ethidium bromide solution (2  μg/
mL) and observed on a transilluminator with ultravio-
let light.

Microbial communities in both stages (at the 
beginning and the end of the 11-days of AD) in the 

Table 1  BMP assay operational

Parameters Value

Temperature 37 ± 0.1 °C

Manual stirring Twice daily
Reactor volume 250 mL
Sewage sludge 100 mL

Table 2  Sewage sludge (SWS) physicochemical

TS total solids; TVS total volatile solids; VSS volatile sus-
pended solids; TCOD total chemical oxygen demand; TOC 
total organic carbon

Characterization

Parameters Unity Before AD Ater AD

pH - 7.43 ± 0.1 7.60 ± 0.1
TS % 2 1
TVS % 1.1 0.7
VSS % 0.8 0.5
TCOD mg  L−1 21,903 ± 1002 16,502 ± 598
Alkalinity mg  CaCO3  L−1 2,382 ± 102 2,232 ± 101
TOC mg  L−1 895 ± 102 789 ± 100
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BMP assays were characterized using 16S rRNA 
marker gene. Sampling replicates were carried out 
in both stages of the experiment and the results were 
compared to evaluate adaptation and specialization of 
the microbial consortia during the AD.

Library preparation and sequencing analysis

The libraries were prepared following the Illumina 
recommendations. Primers were used for locus-
specific amplification of bacteria flank the locus-
specific region. Overhang sequence of adapters was 
included in locus-specific primers. The following 
Illumina linker sequences (locus-specific sequence) 
were hybridized to the sequences immobilized on the 
sequencing slide:

 i. forward overhang: 5’-TCG TCG GCA GCG TCA 
GAT GTG TAT AAG AGA CAG-

 ii. reverse overhang: 5’-GTC TCG TGG GCT CGG 
AGA TGT GTA TAA GAG ACAG-

Sequencing was conducted using the Illumina 
Miseq system, resulting in paired end reads of 250 
base pairs each. Initially, a polymerase chain reac-
tion (PCR) was carried out to selectively amplify 
locus-specific regions of 16S rRNA. Following this, 
AMPure XP beads were employed to purify the PCR 
products, and the size distribution of the resulting 
fragments was assessed through agarose gel electro-
phoresis. Subsequently, a second PCR step was per-
formed to incorporate barcodes from the Nextera XT 
kit, and additional PCR purification and library vali-
dation steps were executed. Next, the libraries were 
quantified, ensuring that all samples/ libraries were 
combined in equimolar proportions into a unified 
pool. To introduce sequencing diversity, a hetero-
geneous control in the form of the phi-X phage was 
blended with the amplicon pool. Finally, denaturation 
of both the libraries and the phi-X control was carried 
out to facilitate the sequencing process.

Data analysis

Multiplexed reads were assigned on biological sam-
ples. The DADA2 program (Callahan et  al. 2016), 
an open-source package implemented in the R lan-
guage, was used to model and correct amplicons 
errors. The DADA2 package has a complete pipeline 

implemented to transform the sequencer’s fastq files 
into inferred, disassembled, and chimera-free sample 
sequences. Filtering of fastq files was performed to 
cut the PCR primer sequences and filter the 3’ ends of 
the reads due to quality decay (Q < 30).

After filtering, the reads had a size of 2 × 250 bp, 
keeping the overlap for later joining the readings and 
reassembling the fragment. The DADA2 algorithm 
makes use of a parametric error model, and each 
amplicon dataset has a different set of error rates. The 
learnErrors method learns this error model from the 
data, alternating between estimating error rates and 
inferring sample composition until they converge on 
a consistent solution. As with many machine learn-
ing problems, the algorithm must start with an initial 
guess, for which, the maximum possible error rates 
on that data are used (the error rates if only the most 
abundant sequence is correct and everything else is 
errors). For greater accuracy, the error is estimated 
with component samples from the entire sequencing 
run. Then, the denoising step is performed to obtain 
a detailed list of unique sequences and their abun-
dances and produce consensus position quality scores 
for each unique sequence, averaging the positional 
qualities of the component reads.

After the initial processing of the sequencing data 
by DADA2, taxonomies were assigned to each ampli-
con sequencing variants (ASV) using a DADA2 pro-
gram implementation of the naive Bayesian classifier 
method for this purpose. The assignTaxonomy func-
tion takes as input a set of sequences (ASVs) to be 
classified and a training set of reference sequences 
with known taxonomy and assigns taxonomies. The 
Silva 138.2 database was used as a reference. The tax-
onomic classifications, and their quantifications, gen-
erated by DADA2 were imported into the Phyloseq 
program (McMurdie and Holmes 2013), and imple-
mented in R. ASVs that were not classified at least 
up to the family level were filtered out, and ASVs 
assigned the same genus were clustered.

Results and Discussion

Physicochemical analysis

In our previous publication (Rocha et  al. 2024), we 
presented the results of the assembly and valida-
tion of bench-scale bioreactors with the insertion 
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of experimental parameters to feed a theoretical 
model for AD (the ADM1 model), and the subse-
quent mathematical model validation and calibra-
tion for SWS AD biogas yield from a WWTP. The 
bench-scale BMP assays had a methane gas cumula-
tive production of 136 ± 7.5 Nml  CH4 and a yield of 
124 ± 6.23 mL  CH4  g−1  VS−1. Similar results for SWS 
mono-digestion methane production in experimen-
tal assays (138.2, 121, 124.4 mL  CH4  g−1  VS−1) are 
found in scientific publications by Alves et al (2020), 
Kashi et al (2017) and Pan et al (2019), respectively.

Physicochemical analysis (Table 2) shows pH val-
ues (7.43 ± 0.1 in the beginning and 7.60 ± 0.1 after 
AD) within the range expected due to the growth of 
MO and biogas production in all reactors without the 
addition of a buffer solution.

TOC values measured before and after the experi-
ment (895 ± 102 and 789 ± 100 mg  L−1 respectively) 
refers to the organic carbon content in the SWS and 
indirectly reflects the content of organic matter (OM) 
(Zhu et  al. 2020). The high-temperature combustion 
applied in the TOC method has been reported to be 
reliable with higher oxidation rates of various types 
of OM (Park et al. 2021). The OM in the system may 
be relatively stable and resistant to degradation or 
alteration under the experimental conditions. Micro-
bial processes, such as decomposition and assimi-
lation of OM, could have reached an equilibrium, 
which maintains the overall OM content even if there 
are fluctuations in the TOC values.

The alkalinity values measured before and after 
AD (2382 ± 102 and 2332 ± 101  mg  CaCO3  L−1 
respectively) (Table  2) indicates the sludge capabil-
ity of buffering the reaction. High values for alkalin-
ity possibilities that the reaction is buffered, so the pH 
tends to not undergo major changes (Campanaro et al. 
2020).

The SWS TCOD values (Table  2) in the begin-
ning and after 11 days of AD (21,903 ± 1,002 mg  L−1 
and 16,502 ± 598 mg  L−1 respectively) could indicate 
that a significant portion of the OM is converted into 
gases, primarily  CH4 and  CO2, which are released 
from the system.

Serna-García et  al (2020) and Xie et  al (2020) 
found similar values for SWS TCOD from WWTPs 
(22,430 ± 1190 and 20,400 ± 1050  mg  L−1, respec-
tively). In relation to TCOD reduction, our study 
presented 24,66% and other studies with BMP tests 
(Kashi et al. 2017; Maragkaki et al. 2018 and Zhang 

et al. 2016) obtained similar values: 16%, 28.6%, and 
25.22% respectively.

The stability of TOC and the reduction in COD 
can coexist if part of the OM in the sample has been 
transformed into products (such as gases or insolu-
ble compounds) that are not detected by the COD 
method. This can occur due to the diverse nature of 
organic compounds in the sample and the possible 
limited capacity of the COD method to detect all 
types of oxidizable OM.

Total solid (TS), total volatile solids (TVS) and 
volatile suspended solids (VSS) presented a reduction 
after AD from 2.0 ± 0.26 to 1.0 ± 0.13%, 1.1 ± 0.11 
to 0.7 ± 0.09%, and 0.8 ± 0.10 to 0.5 ± 0.08%, respec-
tively. These results suggest that there is a greater pro-
portion of organic compounds compared to inorganic 
compounds in the SWS. The reduction observed in 
the organic fraction during AD, indicates that a sub-
stantial portion of the sludge consists of OM that is 
susceptible to microbial degradation.

Bacterial biodiversity at phylum level

The microbial community profile of the SWS var-
ied before and after the AD process, which means 
the microbial structure in these BMP reactors were 
affected during the process (Fig.  1, Fig.  2 and Sup-
plementary Files). AD needs a complex microbial 
community and specific nutrients in the substrates 
to promote methanogenic activity (Yang et al. 2016). 
The AD assays conducted revealed high bacterial and 
archaeal diversity.

Clear changes were observed in the bacte-
rial diversity after 11  days of the experiment. 
The most represented phyla in terms of Opera-
tional Taxonomic Units (OTU) in the sludge before 
AD were: Proteobacteria (10,667–15,248 OTU, 
52.5%–66.1%) > Bacteroidetes (3544–4943 OTU, 
17.2%–21.8%) > Actinobacteriota (1799–2495 
OTU, 8.6%–11.1%) > Firmicutes (1082–1619 
OTU, 5.5%–6.7%) > Chloroflexi (970–1183 OTU, 
4.1%–5.9%). At the end of the BMP assays bacte-
rial community changed the relative abundance and 
a new dominance community configuration emerged 
in the system as following: Firmicutes (52,648 
OTU–65,368 OTU, 54.3%–78.4%) > Synergistota 
(6980 OTU–8182 OTU, 7.5%–9.6%) > Proteobac-
teria (3530 OTU–4010 OTU, 3.6%–4.7%) > Act-
inobacteriota (2103 OTU–2235 OTU, 
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2.5%–2.7%) > Desulfobacterota (913–1077 OTU, 
1.6%) (Fig.  1). This profile has been consistently 
reported in previous studies, suggesting there is a 
general and consistent signature of the AD microbi-
ome (Abendroth et  al. 2015; Gao et  al. 2022; Goux 
et al. 2015; Treu et al. 2018).

By analysing the resulting chord diagram (Fig. 2) 
insights into the connections and patterns among the 
entities/categories, identify a connection between 
phylum Firmicutes and Synergistes related with AD 
process (R4, R5 and R6). Major variety of bacterial 
phylum was also observed before AD (R1, R2 and 
R3) with an increase in terms of number of organisms 
after AD and phylum variety reduction.

At the phylum level, Firmicutes, Bacteroidota, 
Chloroflexi and Proteobacteria are the main bacteria 
in WWTP SWS in which, Firmicutes and Bacteroi-
dota are the most common in AD reactors, affecting 
the degree of substrate fermentation (Gao et al. 2022; 
Jiang et al. 2022; Nascimento et al. 2018; Schneider 
et  al. 2021). Chloroflexi and Proteobacteria, also 
corroborate with the complex environment associ-
ated with SWS, where microbial diversity adjusts to 
the characteristics of each reactor type, local climatic 
conditions, and operational parameters (Al Ali et al. 
2020; Saha et al. 2020).

Firmicutes are frequently reported in anaerobic 
sludge treatment systems (Yang et  al. 2014) and are 
recognized for its metabolic versatility, enabling them 
to degrade a variety of substrates (Li et al. 2022). In 
AD, they actively participate in hydrolytic and acido-
genic steps (Zhu et al. 2020), producing volatile fatty 
acids (VFA), an important substrate for AD devel-
opment (Nascimento et  al. 2018). They can produce 
cellulases, lipases, proteases and other extracellular 
enzymes that carry out the degradation of several 
substrates, including protein, lipids, lignin, cellulose, 
sugars and amino acids (Qin et al. 2021). This group 
is a well-described fermenting bacterium often devel-
oping syntrophic cooperation with methanogens, by 
degrading butyrate and its analogues (Garcia-Peña 
et  al. 2011). The  H2 released in the process is scav-
enged by methanogens, making the reaction thermo-
dynamically possible for both partners (Walter et al. 
2019). Within the phylum Firmicutes, Clostridia is 
the major class, accounting for 95.5 ± 2.32% of Fir-
micutes reads.

Bacteriodetes are one of the primary populations 
participating in hydrolysis and fermentation in SWS 
carbohydrates. This group is known to play several 
roles in AD, been reported as sugar fermenters and 
plant cellulose degraders (Yang et  al. 2016). Protein 

Fig. 1  Bacterial Phylum 
Heatmap variations in 
OTUs numbers represented 
by colours

R1 R2 R3 R4 R5 R6 

Before AD Post-AD

Firmicutes > 10.000 < 70.000 OTU

Synergistota > 7.000 < 10.000 OTU

Proteobacteria > 3.000 < 7.000 OTU

Bacteroidota > 2.000 < 3.000 OTU

Caldisericota > 1.000 < 2.000 OTU

Actinobacteriota > 500 < 1.000 OTU

Acidobacteriota > 50 < 500 OTU

Chloroflexi < 50 OTU

Desulfobacterota
Hydrogenedentes

Nitrospirota
Bdellovibrionota

Myxococcota
Armatimonadota

Spirochaetota
Patescibacteria
Planctomycetota

Verrucomicrobiota
Thermotogota
Cyanobacteria
Sumerlaeota

Fibrobacterota
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degradation and amino acid fermentation to acetate, 
propionate and succinate have been documented 
among species (Kampmann et al. 2012).

Proteobacteria (52.5–66.1% prior to AD and 
3.6–4.7% post-AD) is a highly diverse bacteria phy-
lum with significant metabolic capacity, actively par-
ticipating in the carbon, nitrogen, sulphur, and phos-
phorus cycles (Meyer et  al. 2016). Proteobacteria 

contributes to all AD steps, producing a broad range 
of fermentation products (Cai et al. 2016), they also 
contribute to all metabolic pathways involved in OM 
degradation (Jiang et  al. 2019a, b). The decrease in 
Proteobacteria post-AD in reactors R4, R5 and R6 
could be attributed to the strict anaerobic environ-
mental conditions and microbiological interactions 
within the system. Some possible explanations refer 

Fig. 2  Bacterial Phylum Chord Diagram related to reactors 
R1, R2 and R3 (before AD) and R4, R5 and R6 (post-AD). 
The 10 most representative Phylum groups: Firmicutes, Sin-

ergy: Synergistota, Proteob: Proteobacteria, Ba: Bacteroidota, 
Ca: Caldisericota, Ao: Actinobacteriota, Ai: Acidobacteria, C: 
Chloroflexi, D: Desulfobacterota and H: Hydrogenedentes 
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to microbial competition for available substrates, 
adaptation to anaerobic conditions in which, some 
species of Proteobacteria may not be well adapted 
to strict anaerobic environments and therefore, may 
decrease in number over time as the system stabilizes 
anaerobically.

Hydrogenedentes is a recently proposed phylum 
of bacteria, previously known as NKB19. This phy-
lum increased 7 to 10% post-AD. Genetic analyses of 
the sequences extracted from the environment sug-
gest these organisms play an important role in nitro-
gen reduction, sulphite oxidation, sulphate reduction 
and homoacetogenesis (Momper et  al. 2018). They 
are syntrophic bacteria that can transfer molecular 
 H2 (Dyksma and Gallert 2022) and they can also be 
related to glycerol and lipids degradation in detrital 
biomass (Nobu et al. 2015).

The metabolic potential of the phylum Chloroflexi 
is still unclear, but several studies suggest a role in 
carbohydrate degradation (Campanaro et  al. 2018). 
Zhou et al (2023) made statistical analysis to uncov-
ers significant correlations between process param-
eters, dominant bacterial phyla and archaeal genera. 
The results indicate that Firmicutes exhibit negative 
correlations with Proteobacteria and Chloroflexi, 
which make sense in the present study.

Microbial diversity at genus level

At genus level, the most representative groups 
(Fig.  3) at the end of AD in terms of OTU and 
relative abundance where Sporanaerobac-
ter (29,013–36,689 OTU, 43%–47%) followed 
by Clostridium (16,208–20,451 OTU, 19%)—
both from Class Clostridia; JGI-0000079-D21 
(2785–3166 OTU, 3.4%–4.1%) and Aminiphilus 
(2380–2874 OTU, 2.9%–3.7%) from Class Syner-
gistia; CI75cm.2.12 from Class γ-Proteobacteria 
(2421–2619 OTU, 3.1%–3.5%), Rhabdanaerobium 
(2356–3035 OTU, 3.1%–3.6%), Caldicoprobac-
ter (1454–1839 OTU, 1.9%–2.3%) and Rombout-
sia (1244–1638 OTU, 1.5%–1.9%) from Class 
Clostridia, Syner-01 (1081–1237 OTU, 1.3%–1.6%) 
from Class Synergistia, Gordonia (1102–1133 
OUT, 1.3%–1.6%) from Class Actinobacteria.

The abundance of all these groups exponentially 
increased with AD, some of them in the beginning 
had an abundance < 100 OTU, such as Sporanaero-
bacter, Clostridium, JGI-0000079-D21, Aminiphi-
lusfrom, CI75cm.2.12, Rhabdanaerobium, Caldico-
probacter and Syner-01. Two groups (Romboutsia 
and Gordonia) presented 100 < OTU < 200.

Fig. 3  Microbial Genus 
Heatmap by OTU
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The most abundant genus in the beginning of the 
operation was Ottowia (2851 OTU), Candidatus 
Competibacter (1933 OTU), Ellin6067 (1480 OTU) 
both from Class γ-Proteobacteria. Defluviicoccus 
(1379 OTU) from Class α-Proteobacteria and OLB8 
(1271 OTU) from Class Bacteroidia.

Changes between communities were expected, 
as each one of them plays a different role in specific 
functions throughout each stage of AD. The Spora-
naerobacter and Clostridium high increase post-
AD could be related to competition between α- and 
γ-Proteobacteria glycogen accumulating organisms 
for acetate.

Sporanaerobacter is a glucose-to-acetate fermenter 
that produces  H2 and  CO2 as the main end products 
(Hernandez-Eugenio et  al. 2002). During the degra-
dation of organic compounds, Sporanaerobacter gen-
erates acetate as a metabolic by-product.

Clostridium is represented as Gram-positive bacte-
ria responsible for degradation of organic compounds 
and is related to the hydrolysis of complex biopoly-
mers (Zhao et al. 2019). High abundance of Clostrid-
ium in domestic sludge is expected since it represents 
10–40% of human intestinal microbiota (Lopetuso 
et al. 2013). Clostridium is commonly the most abun-
dant genera in sludges from WWTPs (Arelli et  al. 
2021).

The genus Aminiphilus is also strictly anaerobic 
and mesophilic. This genus ferments peptide com-
pounds, amino acids, malate, fumarate, glycerol, 
pyruvate releasing acetate, propionate and branched-
chain fatty acids. Carbohydrates are not used by this 
group (Díaz et al. 2007).

The Sporanaerobacter and Clostridium presence 
in the reactors post-AD contributed significantly to 

the ecosystem robustness and stability. By occupying 
various functional niches, these generalist microbes 
ensured that essential metabolic processes continue 
unabated, thus safeguarding the overall efficiency and 
resilience of the reactor ecosystem. Consequently, 
the presence of such generalist microbial communi-
ties represents a vital component in ensuring the sus-
tained functionality and adaptability of AD systems. 
Generalist groups can perform similar ecological 
functions in a reactor and this redundancy ensures 
that even when the environmental conditions change, 
the ecosystem will stay functional, because its func-
tional niches are occupied (Krohn et  al. 2022; Zhu 
et al. 2020).

Archaeal community

The most representative archaeal community at 
phylum level was expressed in terms of relative abun-
dance (Fig. 4) by Euryarchaeota (15.0% before AD; 
76.94 to 93.96% after AD) and Halobacterota (84.0% 
before AD; 6.0 to 23.0% after AD). Phylum Thermo-
plasmatota and Crenarchaeota (0.4%, 0.2%, respec-
tively before AD) represent the minority in the begin-
ning of the experiment, with no detection of these 
groups after AD.

At Genus level (Figs.  5 and 6) the dominance 
of methanogenic groups before AD was repre-
sented by Methanosaeta (32,328–34,497 OTU, 
43.12%–54.52%) > Methanolinea (14,747–16,261 
OTU, 19.7%–25.7%) > Methanofastidiosum 
(6467–7032 OTU, 8.6%–11.1%) > Methanospirillum 
(3277–3987 OTU, 4.4%–6.3%) > Methanosarcina 
(1521–1782 OTU, 2.0%–2.8%) > Methanobrevibacter 
(1213–1471 OTU, 1.6%–2.3%). Post-AD the domi-
nance shifted to Methanobacterium (33,995—62,398 

Fig. 4  Methanogenic com-
munity relative abundance 
at Phylum level. R1 to R3 
(before AD) and R4 to R6 
(post-AD)
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OTU, 76.5%–93.7%) > Methanosaeta (1516–2617 
OTU, 3.9%—4.2%) > Methanospirillum (497–9382 
OTU, 1.5%–17.9%).

The chord diagram results (Fig. 6) make clear the 
connections and patterns between AD and Metha-
nobacterium in these reactors and the dominance 
of this group above others (Methanosaeta, Metha-
nolinea, Methanosarcina). Therefore, a major vari-
ety of archaeal genera (Methanofastidiosum, Metha-
nospirillum, Methanosarcina, Methanobrevibacter, 
Methanolinea) coexisting before AD was followed by 
an increase in terms of number of organisms (espe-
cially Methanobacterium) after AD, but a reduction 
observed in the variety of genus.

Methanosaeta is an obligate acetoclastic metha-
nogen, which produces  CH4 using acetate (Conklin 
et al. 2006; Pan et al. 2016). This is a versatile genus 
that can utilize acetate, methylamines, methanol, and 
 H2/CO2 for methanogenesis (Zhang et  al. 2021) and 
keeps its robustness even when operational conditions 
are not stable. It is worth to mention that high con-
centrations of ammonia and salt, as well as changes 
in temperature are often deleterious for methanogenic 
activity (Jiang et al. 2019a, b).

The hydrogenotrophic Methanobacterium genus 
showed a significant increase in abundance in the 
reactors, with the acetoclastic Methanoaseta follow-
ing as the second-most abundant group. Similar shifts 
in the dominant methanogens from Methanosaeta to 
Methanobacterium and Methanosarcina have been 

observed in other studies of SWS anaerobic diges-
tion (Cai et  al. 2022; Zhang et  al. 2019). This shift 
in microbial community diversity can also result in a 
change in the metabolic pathway for methane produc-
tion, from the acetoclastic to the hydrogenotrophic 
pathway, as observed in other studies (Cai et al. 2022; 
Pan et al. 2021).

Homoacetogenic bacteria, strict anaerobes that 
produce acetate as their only metabolic by-product, 
and acetate-oxidizing syntrophs (SAOB) regulate AD 
through acetate producing and acetate consuming, 
cooperating with acidogenesis and with fatty acids 
oxidizing bacteria (Zeng et  al. 2024). They cooper-
ate with acidogenic bacteria and those that oxidize 
fatty acids, and they establish a syntrophic relation-
ship with acetoclastic methanogenic archaea (Lv et al. 
2023). However,  CH4 can also be produced through 
syntrophic interactions between SAOB and hydrog-
enotrophic methanogenic archaea (HM). The inter-
actions between these functional microbes are quite 
complex, but the microbial conversions and interac-
tions in an anaerobic digestors offer flexibility to 
overcome stress under different environment distur-
bances. The SAO-HM process can replace acetoclas-
tic methanogenesis in some environments where the 
activity of acetoclastic methanogens is inhibited (Pan 
et al. 2021; Wang et al. 2022). This could happen due 
to different possible situations, such as: (i) syntrophic 
relationships, where certain bacteria oxidize acetate 
 (CH3COO) to  H2 and  CO2 in syntrophic relationships 

Fig. 5  Methanogenic com-
munity relative abundance 
at genus level. R1 to R3 
(before AD) and R4 to R6 
(post-AD)
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with HM; this syntrophic acetate oxidation allows for 
the conversion of  CH3COO, a key intermediate in AD 
pathways, into  H2 and  CO2, which can then be used 
by HM to produce  CH4; (ii) substrate availability, 
even when acetoclastic methanogenesis is inhibited, 
and  CH3COO can still be present as a substrate in the 
environment due to the breakdown of complex OM 
by other microbial activities; (iii) redox balance, in 
environments where acetoclastic methanogenesis is 
inhibited and the SAO-HM process helps maintaining 

redox balance by facilitating the conversion of 
 CH3COO to  CH4 and; (iv) flexibility and adaptabil-
ity, when the SAO-HM process offers flexibility and 
adaptability for changing environmental conditions. 
When acetoclastic methanogenesis is inhibited, MO 
capable of SAO and HM can thrive and replace aceto-
clastic methanogens in driving  CH4 production. This 
process is particularly important in environments 
with high  CH3COO concentrations, as it prevents its 
accumulation, which can inhibit microbial activity 

Fig. 6  Methanogenic community at genus level Chord Dia-
gram related to reactors R1, R2 and R3 (before AD) and R4, 
R5 and R6 (post-AD). The seven most representative groups 

were: Methanobacterium; Methanosaeta; Methanolinea; 
Msum: Methanofastidiosum; Mlum: Methanospirillum; S: 
Methanosarcina and B: Methanobrevibacter 
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and disrupt AD processes (Amin et  al. 2021). The 
SAO-HM process provides an alternative pathway 
for utilizing acetate as an energy source for methane 
production, ensuring that this valuable substrate is not 
wasted (Yadav et al. 2022).

The shift in metabolic route could be related 
to the increase in Firmicutes, especially the genus 
Clostridia, that contains acetate-oxidizing bacteria 
who convert acetate to  H2. Full-scale anaerobic diges-
tion bioreactors showed positive correlations between 
populations of hydrogenotrophic methanogens and 
Clostridia (Zhang et  al. 2019). Ruiz-Sánchez et  al. 
(2019) also reported an increase predominance of 
syntrophic bacteria, such as Clostridium and Bacte-
roides, and alternation of acetoclastic to hydrogeno-
trophic pathway during AD.

Pan et  al. (2021) observed that  H2-consuming 
methanogens help to maintain balanced biomass and 
stabilize pH. Both  H2 producers (acetogens) and  H2 
consumers (methanogens) can only be favoured at 
a narrow range of  H2 concentration.  H2 is the most 
important product in determining the free energy of 
the reaction because more  H2 is produced stoichio-
metrically than other products. Several studies have 
found that inoculum dominated by  H2-utilizing meth-
anogens exhibited a higher methane production rate 
than Methanosaeta, and others acetoclastic metha-
nogens (Gao et al. 2022; Qi et al. 2022). Zhou et al. 
(2023) found that bacteria and archaea exhibit poten-
tial competitivity (between syntrophic acetate-oxidiz-
ing bacteria and acetoclastic archaea) and syntrophic 
(between hydrogen-producing bacteria and hydrog-
enotrophic archaea) relationships.

Future research on biogas-producing microbial 
communities will certainly help enhancing AD effi-
ciency and stability. Standardized methods and 
analyses are essential for generating data that can 
be compared and utilized for the development and 
enhancement of anaerobic digestion models.

In summary, the results obtained in the present 
study offer valuable insight into the microbial dynam-
ics during sewage sludge AD and highlight the impor-
tance of considering the microbial community if the 
purpose is optimizing the process to maximize biogas 
production and minimize environmental impacts. 
Future research efforts may focus on exploring inter-
actions between different microbial groups and iden-
tifying strategies to enhance the efficiency of AD in 
municipal wastewater treatment facilities.

Conclusions

BMP assays having SWS as feedstock showed a bac-
terial diversity consistent with the profile expected in 
an AD process. Firmicutes was the dominant Phylum 
during AD followed by Synergistota. Sporanaerobac-
ter and Clostridium were the dominant genera in the 
BMP reactors. The shift of methanogenic archaeal 
community from Methanosaeta to Methanobacte-
rium might be related to the increase of Firmicutes 
and Synergistota Phylum in the reactors, affecting 
the degree of substrate fermentation, that contains 
acetate-oxidizing bacteria who convert acetate to 
hydrogen that is scavenged by methanogens, making 
the reaction thermodynamically possible for these 
groups. The microbial profiles observed in the present 
study expand the current knowledge regarding pos-
sible syntrophic relationships between hydrogen-pro-
ducing bacteria and hydrogenotrophic methanogenic 
archaea in sewage sludge from WWTP. The results 
obtained help to foresee new horizons for future 
microbial ecology studies and improvement of biogas 
production from sewage sludge.
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