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ABSTRACT

This study investigated temporal dynamics in reactor performance and microbial community structure during anaerobic di-
gestion of sewage sludge when the temperature was changed from 37°C to 55°C, followed by an increase in organic loading
rate (OLR). Performance instability was observed immediately following the temperature increase and in the end of the study
when the OLR was 11.1+0.3kgVSm~3d~L. The specific methane production peaked at 0.31+0.06 Nm3kg~! volatile solids (VS)
during thermophilic operation and when the OLR was 3.5+0.9kgVSm—d~!. Using metagenomic sequencing, 304 species-
representative genome bins (SGB) were assembled. Network analysis revealed that 186 SGB were associated with thermophilic
conditions and several new species putatively involved in key reactor functions were identified. When reactor function initially
stabilised, two hydrogenotrophic and one aceticlastic methanogen (Methanothermobacter spp. and Methanosarcina thermoph-
ila), the hydrolytic Coprothermobacter proteolyticus, and putative syntrophic propionate oxidisers (e.g., Pelotomaculaceae) had
high relative abundance. During the peak in specific gas production, the community was dominated by one hydrogenotrophic
Methanothermobacter species coexisting with syntrophic acetate oxidising bacteria (Thermacetogenium phaeum and other spe-
cies). Finally, when the reaction function deteriorated due to high OLR, new hydrolytic taxa emerged and the same aceticlastic
methanogen as seen during the initial acclimatisation phase returned.

1 | Introduction rate-limiting step in the digestion of waste activated sludge

(Appels et al. 2008) and is performed by both free and sludge-

Anaerobic digestion (AD) is commonly used to hygienise, mi-
nimise, and valorise sewage sludge (Kjerstadius et al. 2013;
Zhang et al. 2017; Ferrer et al. 2024). In the process, a mi-
crobial community degrades complex organic matter and
produces biogas, mainly consisting of methane and carbon
dioxide. The digestion process is accomplished by several co-
dependent functional groups of microorganisms (Narihiro
et al. 2015; Zhang et al. 2023). The first step, hydrolysis, sol-
ubilises particulate organic substrates. It is considered the

bound hydrolytic enzymes (Guo et al. 2021). The second step
is acidogenic fermentation of amino acids, carbohydrates,
and lipids into organic acids and alcohols. Butyrate, propio-
nate, and acetate are typically major fermentation products
(Bengtsson et al. 2008; Wang, Chen, and Chang 2024; Wang,
Zhang, et al. 2024). In the third step, acetogenesis, the organic
acids and alcohols are further degraded into mainly acetate,
H,, formate, and CO,; and in the fourth step, methanogenesis,
H,/formate and CO, or acetate are converted into methane.
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Several other compounds including methanol, methylated
amines, and methylated sulfur compounds may also be used
by some methanogens (Kurth et al. 2020). The degradation of
butyrate and propionate into acetate and H,/formate is only
thermodynamically favourable at very low concentrations
of the products. Syntrophy between propionate- or butyrate-
oxidising bacteria and H,/formate consumers such as hydrog-
enotrophic methanogens is therefore important for the process
to function (Liu et al. 2021). Acetate can be directly converted
to methane by aceticlastic methanogens but under certain
conditions, such as elevated ammonium and temperature, an
alternative route via syntrophic acetate oxidation to H,/for-
mate and CO,, in a next step used by hydrogenotrophic meth-
anogens, becomes more important (Westerholm et al. 2016).

Temperature is a determining factor for both the performance
and microbial community composition of anaerobic digesters
(Zhang et al. 2022). Large-scale digesters treating sewage sludge
are typically operated at either mesophilic (~35°C) or thermo-
philic (~55°C) conditions. A major advantage of thermophilic
operation is that the hydrolysis rate is approximately twice as
high in comparison to mesophilic operation (Ge et al. 2011).
Thus, a mesophilic digester that is converted to thermophilic op-
eration could in theory increase the sludge degradation and bio-
gas yield, which in turn could allow treatment of a comparably
larger mass flow of sludge and a shorter retention time. Another
advantage of thermophilic operation is improved inactivation
of microbial pathogens, including eukaryotes, bacteria, and vi-
ruses (Kato et al. 2003; Kjerstadius et al. 2013; Yang et al. 2024).
However, thermophilic temperature also presents some opera-
tional challenges. For example, thermophilic digesters are less
stable and more prone to suffer from ammonia inhibition and
acidification (Labatut et al. 2014; Ryue et al. 2020). Ammonium
is released during degradation of proteins and is in equilib-
rium with ammonia, which is inhibitory to the overall process.
Aceticlastic methanogens are more prone to inhibition than syn-
trophs and hydrogenotrophic methanogens (Liu et al. 2024). The
ammonium equilibrium shifts towards ammonia with increas-
ing temperatures leading to thermophilic processes being more
prone to having problems. Temperature and ammonia levels are
both strong regulators of microbial community structure and di-
versity, which decrease with increasing values (Sun et al. 2015;
Westerholm et al. 2017; Theuerl et al. 2018). Thermophilic con-
ditions and/or high ammonia levels also influence the relative
importance of different functional groups of microorganisms.
For example, as mentioned above, syntrophic acetate oxidation
coupled to hydrogenotrophic methanogenesis is often more
prevalent compared to aceticlastic methanogenesis at high tem-
perature and ammonia levels (Westerholm et al. 2016).

The start-up of a thermophilic anaerobic digester for treatment
of sewage sludge is often carried out with mesophilic sludge,
especially if such a digester is already existing at the waste-
water treatment plant (WWTP) (Angelidaki et al. 2006; Shin
et al. 2019). The transition of mesophilic sludge to thermophilic
conditions leads to a drastic change in microbial community
composition and typically a temporary drop in biogas produc-
tion (Tian et al. 2015; Westerholm et al. 2018). Several strategies
for the temperature change have been tested and a rapid and
immediate increase appears to lead to faster recovery of reactor
performance as compared to a successive transfer (Bouskova

et al. 2005; Shin et al. 2019). However, the possible rate of tem-
perature increase is in practice limited by the heating capacity of
the digester (Tezel et al. 2014). If the reason for the temperature
change is to increase treatment capacity, an increase in organic
loading rate (OLR) will follow the transition to thermophilic
conditions. Increased OLR is known to affect the concentra-
tion and composition of produced volatile fatty acids (Wijekoon
et al. 2011; Liu et al. 2017) and the microbial community compo-
sition and structure (Xu et al. 2018; Mercado et al. 2022). A too
high OLR can also lead to reactor failure (Nkuna et al. 2022).
Previous studies on the effects of a transition from mesophilic to
thermophilic operation and/or increased OLR on the anaerobic
digester microbiome have typically focused on taxonomic com-
position and diversity analysed by sequencing of the 16S rRNA
gene (Shin et al. 2019; Wu, Shan, et al. 2020; Wu, Lin, et al. 2020;
Zhang et al. 2022) while studies of changes in the functional po-
tential of the microbiome using genome-resolved metagenomics
are lacking. Moreover, studying shifts in functional potential
and microbial community structure in digesters treating sew-
age sludge is particularly relevant as its lower nitrogen content,
compared to for example food waste, minimizes the confound-
ing effects of elevated free ammonia. This enables a clearer as-
sessment of the impacts of temperature and organic loading rate
(OLR) transitions. Furthermore, it remains unclear whether the
thermophilic taxa that emerge during the temperature transi-
tion phase are the same as those that finally dominate under
thermophilic operation at optimal loading conditions.

In this study, we examined temporal changes in reactor func-
tion and microbial community composition in a thermophilic
anaerobic digester started up from mesophilic sludge at a mu-
nicipal WWTP. The reactor was monitored throughout both the
thermal adaptation phase and a subsequent period of stepwise
increases in organic loading rate (OLR), under conditions where
free ammonia concentrations remained stable. This controlled
setting enabled us to isolate the effects of temperature and load-
ing on microbial and functional shifts. Shotgun metagenomic
sequencing was used to obtain information about both taxo-
nomic composition and functional potential of both bacteria
and archaea in the reactor at 26 time points during the 300-day
operational period. The functional analysis included different
metabolic steps in the AD process, i.e., hydrolysis, anaerobic oxi-
dation, sulphate reduction, and methanogenesis, which could be
linked to reactor performance. The study provides insights into
the ecological and metabolic restructuring of microbial commu-
nities during thermophilic adaptation and loading transitions in
sewage sludge digesters.

2 | Experimental Procedures
2.1 | The Anaerobic Digester System

The semi-full scale digester system was set up at Kdppala
WWTP in Sweden and consisted of a buffer tank (1.2m?), a
weighing tank (0.4m?3), a digester (5m?), a gasholder, and a
flare (Figure S1) (Lundwall 2021; Elejalde Bolanos 2022). A
mixture of primary sludge (65% of substrate mass) and waste
activated sludge (35% of substrate mass) was pumped from the
main WWTP to the buffer tank. Part of the sludge mixture in
the buffer tank was pumped to the digester via the weighing
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TABLE1 | Operational conditions.

Phase Time Event OLR (kgVSm™—3d™) HRT? (d)
1 Day 0-40 Temperature transition (37°C-55°C) and acclimatisation 0.7£0.6 ~38

2 Day 41-110 Acclimatisation 2.3+0.1 ~18.4

3 Day 111-159 Increased load 2.8+0.4 ~14.1

4 Day 160-201 Increased load 3.5+£0.9 ~11.3

5 Day 202-236 Increased load 49+0.4 ~8.4

6 Day 237-264 Increased load 5.8+0.5 ~71

7 Day 265-288 Increased load 7.3£0.5 ~5.1

8 Day 289-300 Increased load 11.1£0.3 ~4.1

aThe hydraulic retention time (HRT) approached this value at the end of the phase.

tank once per hour. The weighing tank enabled precise mea-
surements of the mass of substrate fed to the digester. The
total solids (TS) content in the sludge was 5.2% + 0.3% and the
volatile solids (VS) fraction of the TS was 81% =+ 2%. The total
organic carbon content was 22.0-24.4 gL, the total nitrogen
content was about 2.4-2.8 g L1, and the total fat content was
5.2-7.3gL"L

2.2 | The Experimental Campaign

The experimental campaign was divided into 8 phases
(Table 1). Phase 1 was the temperature transition from me-
sophilic to thermophilic conditions, which was accom-
plished by a linear temperature increase from 37°C to 55°C
over a period of 7days. This phase also included an ini-
tial period with low OLR at the target temperature for 34d
to avoid overloading the reactor during acclimatisation of
the sludge to thermophilic conditions. In Phase 2, the OLR
was increased to 2.3+0.1kgVSm=3d~!, which is similar to
the OLR of the full-scale mesophilic digester at the WWTP.
This OLR was maintained for three hydraulic retention times
(HRT). In Phases 3-8, the OLR was gradually increased to
11.1+0.3kgVSm~3d~!, which corresponded to a successive
decrease in HRT to about 4.1d. The increases in OLR were
done in increments over a period of 7 days to avoid overloading
the digester. Two exceptions were the change from Phases 6 to
7, which was done in increments over 14 days, and the change
from Phases 7 to 8, which was done in one step. In each phase,
the OLR level was maintained for at least three HRTs, except
Phase 8, which was slightly shorter (see Table 1).

2.3 | Calculations

The HRT was calculated dynamically using the approach for
solids retention time by Takéacs et al. (2008). The mesophilic an-
aerobic digester used to inoculate the thermophilic pilot reac-
tor had an HRT of 18days. Therefore, the starting HRT was set
at 18days and then the HRT was approximated recursively for
each day of the experiment using Equation (1).

_Q-HRT[>

|4

HRT,,,, = HRT, + At - <1 ©

HRT, is the HRT at time ¢ (d), At is the recursion time
step (i.e., 1day), Q is the flow (m3d"), and V is the volume of the
reactor (m?>).

The OLR is the mass of added organic material (i.e., kg VS) per
cubic meter of the reactor and per day. OLR was calculated using
Equation (2).

Q- TSy - VS
14

OLR = @)

Q is the daily flow of sludge (m*d~), TS, is the dry matter of
the sludge (kgTSm™) fed to the reactor, VS, is the organic frac-
tion of the dry matter (kgVSkg™'TS), and V is the volume of the
digester (5m?).

The VS removal efficiency was calculated using Equation (3).

©)

TSy - VS — TSg - VS
REVS=100%-< IN IN E E)

TSy - VSinv

RE,y is the VS removal efficiency (%), TSy, is the dry matter of
the sludge in the reactor effluent, and VS is the organic fraction
of the dry matter in the effluent.

The free ammonia concentration was calculated using
Equation (4).

TAN
FAN = @

1+ 10(0.09018+@—p1—1)

FAN is the free ammonia nitrogen concentration (mg
NH,-NL), TAN is the total ammoniacal nitrogen concentra-
tion (mgNL™), and T is the temperature (K).

2.4 | Analytical Methods

Online measurements and controls in the digester system in-
clude temperature; masses of sludge and digestate; overpressure
in the digester (PTX1400, GE Druck); levels of CH,, CO,, H,S,
and O, in the biogas (gas analyser BIOLYZER, AFRISO); and
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FIGURE1 | Hydraulic retention time (HRT), organic loading rate (OLR), removal efficiency of volatile solids (VS), specific CH, production nor-
malised to the reactor volume or the VS loaded to the reactor, volatile fatty acid (VFA) and total alkalinity (Alk) concentrations in the reactor over
time. Sampling points for DNA are marked with red asterisks (*) in the upper panel. Vertical lines show major changes in OLR. Numbers on top show

phases of the experiment (see Table 1). As indicated by the black and grey a

rrows, data series shown with black points correspond the left y-axis while

data series shown with grey crosses correspond the right y-axis in the panels.

biogas flow (flow meter, model GD6471, Fluid Inventor AB).
Other analytical methods such as volatile fatty acids (VFA), al-
kalinity, and ammonium (i.e., TAN), TS, VS, foam, and pH mea-
surements were carried out as specified in Data S1.

2.5 | DNA Extraction and Sequencing

Sludge samples were collected from the reactor on 26 occa-
sions (Figure 1). The samples were kept frozen at —20°C until
DNA extraction, which was done using the FastDNA Spin
Kit for Soil (MP Biomedicals). The manufacturer's protocol
was followed except for an extra homogenization step as de-
scribed in Abadikhah et al. (2022). DNA sequencing was car-
ried out by Eurofins Genomics, where library preparation was
done using a protocol based on the NEBNext Ultra II FS DNA
Library Prep Kit for Illumina, and paired-end 2 X 150 base pair
(bp) sequencing was done on the NovaSeq 6000 platform. The
raw sequence reads are deposited at the NCBI SRA with bio-
project PRINA9730109.

2.6 | Bioinformatics

Initial read-based analysis of microbial community composi-
tion was done using SingleM and MetaPhlan4 (Blanco-Miguez
et al. 2023; Woodcroft et al. 2024). The SingleM output was
grouped at the genus level, pairwise dissimilarities between
samples were calculated using a Hill-based index with diver-
sity order 1 (Modin et al. 2020), and a principal coordinate
analysis (PCoA) was carried out to visualise the differences
in community composition between samples. Another PCoA
using the MetaPhlan4 output showed a similar pattern
(Figure S2). Based on the PCoAs, the samples were divided
into four groups. Assembly and binning of contigs were done
for each group of samples using the following steps: (1) Quality-
filtering was done using fastp v0.20.0 (Chen et al. 2018); (2)
normalisation to a target depth of 100 and mindepth of 2
was done using BBNorm (BBMap v38.61b, sourceforge.net/
projects/bbmap); (3) assembly was done using Megahit v1.2.9
with presets meta-large (Li et al. 2015); (4) reads from each
sample were mapped to the contigs using Bowtie v2.3.5.1
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(Langmead and Salzberg 2012) and Samtools v1.10 (Danecek
et al. 2021), binning was done using Metabat v2.12.1 (Kang
et al. 2019), BinSanity v0.5.4 (Graham et al. 2017), and Vamb
v3.0.2 (Nissen et al. 2021); and (5) consensus bins were deter-
mined using DASTool v1.1.4 (Sieber et al. 2018). The bins from
all four groups of samples were combined and dereplicated
using dRep v3.3.0 (Olm et al. 2017) with an average nucleo-
tide identities (ANI) threshold of 0.95. The dereplicated bins
can be considered species representatives (Olm et al. 2020).
To further refine the bins, the completeness and redundancy
were checked with Anvio v7 (Eren et al. 2021). Bins with high
completeness (>90%) but also high redundancy (> 5%) were
manually refined using anvi-refine. Bins with low complete-
ness (<90%) but low redundancy (<5%) were reassembled
with sequence reads from all 26 samples using the reassem-
ble_bins module in MetaWrap (Uritskiy et al. 2018). Finally,
the completeness and redundancy (contamination) of all the
bins were checked with both CheckM (Parks et al. 2015) and
Anvio. Bins that had a completeness > 50% and redundancy
< 10% with one of the methods were retained for further anal-
ysis. Taxonomic affiliations of the bins were determined using
GTDB-TK with database R207 (Chaumeil et al. 2022).

The relative abundances of the bins were determined using
CoverM v0.6.1 (github.com/wwood/CoverM) with bwa-mem as
mapping software (Vasimuddin et al. 2019). The relative abun-
dance of a bin in a sample was set to 0 if less than 50% of the
nucleotides in the bin were covered by at least one read.

The coding sequences (CDS) of the bins were predicted and
annotated using Prokka v1.14.6 (Seemann 2014), which uses
Prodigal (v2.6.3) to determine amino acid sequences of the
translated CDS. Functional annotation was also performed
by Interproscan v5.64-92.0 and by querying the translated
CDS amino acid sequences against reference sequences
using BLASTP implemented in DIAMOND (Buchfink
et al. 2021). Criteria for categorising taxa as putative aceto-
gens, syntrophic acetate-oxidising bacteria (SAOB), syntro-
phic propionate-oxidising bacteria (SPOB), sulfate-reducing
bacteria (SRB), and methanogens, as well as the gene anno-
tations and database accession codes used to identify genes
involved in methanogenesis, Wood-Ljungdahl, glycine cleav-
age, methylmalonyl-CoA, and dissimilatory sulfate reduction
pathways are listed in Data S2. For identification of genes en-
coding enzymes responsible for hydrolysis of polysaccharides,
lipids, and polypeptides, the CAZ (Drula et al. 2021), lipase
engineering v4.1.0 (Fischer and Pleiss 2003), and MEROPS
(Rawlings et al. 2017) databases were used. For the CAZ da-
tabase, CAZy-Parser (Honorato 2016) was used to download
sequences of glycoside hydrolases, polysaccharide lyases, and
carbohydrate esterases. For the MEROPS database, peptidase
inhibitors were removed manually.

Phylogenetic trees were constructed using Phylophlan v3.0.67
(Asnicar et al. 2020). Reference genome assemblies were down-
loaded from NCBI (ncbi.nlm.nih.gov/sites/batchentrez). The
phylogenetic trees were rooted with Methanopyrus kandleri
(GCA_000007185.1) as the outgroup and plotted using ete3
(Huerta-Cepas et al. 2016) or pyCirclize (github.com/moshi4/

pyCirclize). FastANI v1.33 (Jain et al. 2018) was used to calcu-
late average nucleotide identities (ANT).

2.7 | Statistical Methods

Correlations in occurrence between bins were estimated using
FastSpar (Watts et al. 2018), which is based on the SparCC algo-
rithm (Friedman and Alm 2012) and Spearman's p calculated
using Scipy (Virtanen et al. 2020). The network was con-
structed and analyzed using NetworkX (Hagberg et al. 2008)
and was based on significant pairwise correlations (p <0.05)
with a correlation coefficient >0.5 with both FastSpar and
Spearman.

The weighted average fraction of hydrolysis genes in a sample
was calculated using Equation (5).

N

b,
&= 2|8 ©)
=t Zpi,s
i=1

where g  is the weighted average fraction of genes in sam-
ple s; g; is the fraction of genes in species i; p, ; is the relative
abundance of species i in sample s; and N is the total number
of bins.

3 | Results
3.1 | Reactor Performance

During the temperature transition in phase 1, the volumet-
ric CH, production rapidly dropped from 0.42Nm*m~d~! on
Day 2 to 0.06 Nm3*m=3d~! on Day 8. Due to equipment mal-
function, the OLR was zero between Day 10 and 21. Once the
substrate feeding was resumed, the CH, production gradually
increased from 0.03 to a relatively stable production rate of
0.51+0.6Nm3m~3d~! in Phase 2. During Phases 3-8, the vol-
umetric CH, production increased with increasing OLR. The
specific CH, production rate, normalized to the mass of VS
fed to the reactor, peaked at 0.31 +0.06 Nm*kg~'VS, in phase
4 when the OLR was 3.5+0.9kgVS m~3d~! and the HRT ap-
proached 11.3d. In phases 7-8, the specific CH, production
rate dropped to 0.23+0.02Nm?*kg™'VS, when the OLR and
HRT approached 11.3kgVSm=3d~! and 4.0d, respectively
(Figure 1). Previous studies of thermophilic anaerobic diges-
tion of sewage sludge have found optimal specific methane
production at an OLR of around 2.5-3.7kgVSm~—3d~! and
deteriorating performance above 7.5kgVSm=d-! (Braguglia
et al. 2015; Liu et al. 2017).

The VSremoval peaked at 68% in phase 1 when the HRT was high
and the OLR was low. During Phase 2, it approached 50%, and
the mean values for the following phases with increasing OLR
were in the range 44%-48%. The total VFA concentration was
high in the initial samples following reactor startup, reaching
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FIGURE 2 | (a) Diversity (D) of the microbial community (black line), and the diversity of species in each network module. (b) Network show-
ing positive correlations (edges) between species (nodes). The major modules of clustered species are indicated in the legend. (c) The total relative
abundance of all species in each major module over time. (d-1) The relative abundance of the most abundant species in the experiment. Time periods

marked with grey lines show the eight experimental phases.

3.1 gHAc L~! on Day 6. Then, the VFA concentration was stable
until the final phases, when it increased from 1.5+0.3gHAcL™!
in Phase 7 to 3.1+0.3gHAcL! in Phase 8. However, the alka-
linity was sufficiently high to maintain a stable pH of 7.0-7.3
throughout the experiment (Figure 1, Figure S3). Acetate was
the dominating VFA, with concentrations typically around
1.0g/L, except in Phases 1 and 8, where concentrations exceed-
ing 3.0gL7! could be observed. Propionate and iso-valerate
were detected in concentrations up to 1.1gL~! and 0.4gL! in
phases 1 and 8, respectively. The TAN concentration decreased
from 1.8gNL™! in Phases 1 to 1.0-1.2gNL~! in Phases 3-8,
indicating decreasing efficiency of protein degradation with
increasing OLR. Similarly, the free ammonia concentration de-
creased from a peak of 0.2gNL~! to 0.04-0.07gNL! in Phase
1 and Phases 3-8, respectively. In contrast, the H,S propor-
tion in the produced gas increased gradually from Phase 4 and
with increasing OLR. Some high values could also be observed
in Phase 1. H,S is produced during the degradation of sulfur-
containing proteins and via the activity of sulphate-reducing
bacteria (Daly and Ni 2023). Foam was observed in the reactor
at the end of Phase 4 and remained until the end of the experi-
ment (Figure S3). The H,S levels and foaming problems at the
end of the experiment increased with increasing OLR. Overload
and fluctuations in OLR are reported as the most common
causes of foaming in full-scale anaerobic digesters because of
the accumulation of organic compounds such as surface-active
substances (Yang et al. 2021).

3.2 | Microbial Community Structure

3.2.1 | Diversity Decreased During Adaptation to
Thermophilic Conditions

Sequencing of the 26 samples collected at the time points shown
in Figure 1 resulted in the assembly of 304 species-level genome
bins (SGB), which represented 61%-74% of the sequence reads.
Among the SGB, 109 could be classified as high-quality draft
metagenome-assembled genomes (MAGs) with >90% com-
pletion and <5% redundancy according to both CheckM and
Anvio; 182 were medium-quality draft MAGs with >50% com-
pletion and <10% redundancy (according to reporting standards
suggested in Bowers et al. 2017); and 13 were low quality with
either a completeness < 50% or a redundancy > 10% in one of the
quality control methods. Detailed information about the SGB,
including size, number of contigs, N50, completeness, redun-
dancy, and taxonomic affiliation, is shown in Data S1.

The species diversity in the reactor was calculated as the Hill
number with order 1 (D) (Jost 2006). This diversity index takes
relative abundance into account and can be interpreted as the
number of species that are common in a community. For the
whole community, the diversity dropped from 72 in the be-
ginning of the experiment to 15 in phase 3. Then it gradually
increased again, eventually reaching 28 (Figure 2a). The assem-
bly- and binning-independent methods SingleM and Metaphlan4
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showed the same alpha- and beta diversity patterns as the anal-
ysis with assembled SGB.

3.2.2 | Network Analysis Revealed a Microbial
Community Succession

All 304 SGB were included in a network analysis, which re-
vealed three major modules (Figure 2b). Each module can be
considered a subcommunity of co-occurring taxa. Module 1 in-
cluded 99 SGB, which made up 50% of the community at the
first sampling point but rapidly decreased in relative abundance
to less than 1% by Day 76. Module 2 included 118 SGB, which
rapidly increased in relative abundance from 8% on Day 6 to
62% on Day 83 (phase 2). The SGB in this module then gradu-
ally decreased down to a relative abundance of 22% at the end
of the experiment. Module 3 included 68 SGB, which made up
less than 6% of the community until Day 139 (Phase 3). Then,
they gradually increased in relative abundance, reaching 47% at
the end of the experiment. There were 19 SGB that could not be
placed in a network module. They represented a minor part of
the community, having a relative abundance of 2% at the first
sampling point and then ranging between 0.3% and 1.1% at the
other sampling points. The network analysis, thus, showed a
succession between three major subcommunities during the ex-
periment (Figure 2c).

3.2.3 | Microbial Community Composition
of the Network Modules

The microbial community composition of the three networks
modules is shown in Figure S4. Module 1 contained mesophilic
taxa that were inactivated and gradually washed out from the
reactor during the thermophilic acclimatisation in Phases 1-2.
It had high diversity (Figure 2a) and several phyla, includ-
ing Cloacimonadota, Desulfobacterota, Fermentibacterota,
Spirochaetota, and Verrucomicrobiota, were exclusively found
in Module 1 (Figure S4) and have previously been observed
in mesophilic anaerobic digesters (Kirkegaard et al. 2016;
Vanwonterghem et al. 2016; Dyksma and Gallert 2022; Wang,
Chen, and Chang 2024; Wang, Zhang, et al. 2024). Modules
2-3 contained thermophilic taxa and had lower diversity than
module 1 (Figure 2a). Among bacteria, Modules 2-3 had larger
numbers of SGB within Actinobacteriota, Proteobacteria, and
Firmicutes in comparison to Module 1. The diversity of archaea
was high in module 1, with seven detected SGB from three
phyla (Halobacteriota, Methanobacteriota, Thermoproteota).
Modules 2 had three archaeal SBG in Halobacteriota
and Methanobacteriota, while module 3 only had one in
Methanobacteriota (Figure S4).

The nine most abundant SGB in the three modules are shown
in Figure 2d-l. Only three could be taxonomically classified
at the species level. Candidatus Fermentibacter daniensis
(KM55) in Module 1 is known to be abundant in mesophilic
anaerobic digesters at wastewater treatment plants and likely
contributes to the fermentation of sugars into acetate and hy-
drogen (Kirkegaard et al. 2016). Coprothermobacter proteolyti-
cus (Km244) in Module 2 reached a relative abundance of 30%
in Phase 3. This is a known thermophilic species that has been

observed in other thermophilic anaerobic digesters treating sew-
age sludge (Wu, Shan, et al. 2020; Wu, Lin, et al. 2020). The spe-
cies degrades peptides and some sugars, while producing acetate,
H,, and CO, as main products (Olliver et al. 1985). Dictyoglomota
thermophilum (KM256), another Dictyoglomaceae sp. (KM237),
and a Fervidobacterium sp. (KM49) increased rapidly in rel-
ative abundance at the end of the experiment. The phylum
Dictyoglomota contains members that are extremely thermo-
philic, and the type strain D. thermophilum is saccharolytic
and ferments various carbohydrates to mainly acetate, lactate,
H,, and CO, (Patel et al. 1987). The most abundant SGB also
included a Smithellaceae sp. (Km3) and a Prolixibacteraceae sp.
(KM19) in Module 1, a Firmicutes E sp. (KM192) in Module 2,
and a Methanothermobacter sp. (Km228r) in Module 3. The lat-
ter in Module 3 reached a relative abundance of 20% in phase 5.

3.3 | Functional Analysis
of Species-Representative Genome Bins (SGB)

Using gene annotation and phylogenetic analysis, taxa putatively
involved in hydrolysis and fermentation, syntrophic propionate
oxidation, acetogenesis, syntrophic acetate oxidation, sulfate re-
duction, and methanogenesis were identified (Figure 3).

3.3.1 | Hydrolysis and Fermentation

Microorganisms involved in the hydrolysis of polysaccharides,
lipids, and polypeptides were identified by genes annotated as
encoding CAZymes, lipases, and peptidases, respectively. All
SGB except four Methanobacteriota spp. contained hydrolysis
genes. The fraction of hydrolysis genes in each SGB was cal-
culated, and for each sample, the weighted average fraction of
hydrolysis genes was determined (Figure 3a). The fraction of
CAZyme genes initially dropped from 1.4% on Day 6 to 0.7% in
Phase 3-5 but increased again to 1.6% in Phase 8. The fraction
of lipases peaked at 4.6% in phase 1, dropped to 3.8%-4.0% in
Phase 3-5, and then increased to 4.6% again in Phase 8. The
fraction of peptidases increased from 2.7% on Day 6 to 3.3% in
phase 2, after which it gradually decreased to 2.9% in phase 8.
Previous research has shown that the composition of hydroly-
sis genes in the microbiome changes as a result of changes in
the feed composition (Orellana et al. 2022). Here, it appears to
change both by the temperature change and by the increase in
OLR during thermophilic conditions.

In module 1, major hydrolytic and fermentative taxa included
a Smithellaceae sp. (Km3) and an Anaerolineae (KM72),
which both had a high fraction of lipase genes, as well as a
Prolixibacteraceae sp. (KM19), which had the highest frac-
tion of CAZyme genes among the SGB (Figure S5). The family
Smithellaceae contains several species known to degrade short-
chained fatty acids (Galushko and Kuever 2021). In Module 2, the
dominant Coprothermobacter proteolytica (Km244, Figure 2g)
had a low fraction of CAZyme genes but was among the top 3%
of SGB in terms of peptidase gene content. This taxon is known
to be proteolytic and has been identified in several studies of the
microbial community structure in anaerobic thermophilic reac-
tors (Gagliano et al. 2015). Other abundant taxa in Module 2 in-
cluded a Firmicutes E sp. (KM192), which was among the top 1%
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FIGURE 3

| (a) Weighted average fraction of lipase-, peptidase-, and CAZyme genes per SGB. (b-f) Relative abundances of putative syntrophic

propionate oxidising bacteria (SPOB) (b), acetogens (c), syntrophic acetate oxidising bacteria (SAOB) (d), sulfate-reducing bacteria (SRB) (e), and
methanogens (f). Time periods marked with grey lines show the eight experimental phases. The criteria for including SGB within the functional

groups are listed in Data S2.

in terms of peptidase content, and a Limnochordia sp. (KM261),
which had quite a high gene fraction in all three groups of hy-
drolysis genes. Microthrix parvicella (KM249) and another
Microthrix sp. (Km109) were also abundant in Modules 2 and
3, respectively. Both species had a high fraction of lipase genes.
In Module 3, a Fervidobacterium sp. (KM49) belonged to the
top quartile of SGB in terms of CAZyme content. Fervidobacter
is a well-known hydrolytic taxon (Javier-Lépez et al. 2024).
Dictyoglomota thermophilum (KM256) and the Dictyoglomaceae
sp. (KM237) belonged to the top quartile in terms of lipases and
peptidases and the top 10% in terms of CAZymes (Figure S5),
which is consistent with D. thermophilum being known as a sac-
charolytic thermophile (Patel et al. 1987).

3.3.2 | Syntrophic Propionate Oxidation

Propionate is an intermediate in the fermentation process, and
its accumulation can indicate process failure. Thermophilic
anaerobic digesters suffer from high propionate concentration
more often than mesophilic digesters (Wiegant et al. 1986). The
presence of SPOB was analysed by taxonomic affiliation to fam-
ilies or genera known to contain SPOB and by the presence of
genes for all steps of the methylmalonyl-CoA (mmc) pathway
(Westerholm et al. 2021). The relative abundance of putative
SPOB decreased rapidly in phase 1 (Figure 3b). Module 1 had
15 SGB classified as putative SPOB (Figures S6-S10). These in-
cluded three Smithellaceae spp. and four Syntrophosphaera spp.,
which are known to harbour SPOB (Liu et al. 1999; Dyksma and
Gallert 2019) and are affiliated with mesophilic conditions (Chen
et al. 2020). The dominating Smithellaceae sp. (Km3, Figure 2d)
was also classified as a hydrolytic bacterium because of its high
proportion of lipases and peptidases. Ca. Syntrophosphaera ther-
mopropionivorans (Km269) also had high relative abundance
in the mesophilic sludge but was eliminated from the reactor

during the temperature increase in Phase 1 (Figure S10d). The
species was previously identified in a thermophilic propio-
nate oxidising reactor, but other Syntrophosphaera spp. have
been associated with mesophilic conditions (Dyksma and
Gallert 2019). The genus Smithella, as well as representatives of
Cloacimonadaceae, e.g., Syntrophosphaera, are commonly de-
tected potential propionate degraders in sludge-based processes
(Puengrang et al. 2020; Johnson and Hug 2022).

In Module 2, none of the most abundant putative SPOB was
identified at the species level (Figure S10g—j). The most abun-
dant taxon was a bacterium (KM79) with the placeholder species
name DTUO030 sp012842325 in GTDB. It belongs to the family
Smithellaceae and has previously been assembled from anaero-
bic digesters (Campanaro et al. 2020). KM 108 was classified as a
Pelotomaculaceae spp., which is a family known to contain SPOB
that thrive under thermophilic conditions (Imachi et al. 2002)
and also at elevated ammonia levels, i.e., 1.2gNH,L™" (Singh
et al. 2023). In Module 3, a SGB classified as Thermanaerothrix
daxensis (Km304) within the class Anaerolineae was most abun-
dant, reaching a relative abundance of 0.7% in Phase 6. The spe-
cies is known as a thermophilic anaerobe that ferments sugars
(Grégoire et al. 2011). However, other Anaerolineae species have
been isolated from propionate-degrading thermophilic envi-
ronments, although they have not been identified as propionate
oxidizers (Yamada et al. 2007). A Kapabacteriales sp. (KM58),
which had UBA2268 as a family-level placeholder in GTDB but
was unclassified at the genus level, reached 0.3% and appeared
in the reactor during the period with the highest specific meth-
ane production rate and co-occurred with the dominating meth-
anogen (Km228r) (Figure S101). This SGB also had all genes in
the methylmalonyl-CoA pathway, including a gene annotated
as propionate CoA-transferase, which was lacking in many of
the other putative SPOB (Figure S9). To our knowledge, this is
the first report on a potential propionate oxidiser in this order.
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FIGURE4 | Phylogenetic tree of five SGB related to known SAOB. Methanopyrus kandleri was used as an outgroup.

However, this species belongs to phylum Bacteroidota, known
to harbour many propionate producers, and thus its role in the
present reactors cannot be concluded (Doring and Basen 2024).

3.3.3 | Acetogenesis and Syntrophic Acetate Oxidation

Previous research has shown that acetate conversion in ther-
mophilic anaerobic digestion can be carried out via syntrophic
acetate oxidation coupled to hydrogenotrophic methanogenesis
instead of aceticlastic methanogenesis (Ahring 1995). The re-
verse process, homoacetogenesis, is not a dominating process
in well-functioning digesters but could occur at low tempera-
ture and low or high pH (Pan et al. 2021). Several studies have
hypothesized that SAOB use the Wood-Ljungdahl pathway,
in some cases coupled with the glycine cleavage pathway (Li
et al. 2022; Puchol-Royo et al. 2023; Zeng et al. 2024). However,
based on this pathway analysis it is difficult to completely clarify
if the retrieved candidates are acetate oxidisers or acetate pro-
ducers as both SAOB and known acetogens have been shown to
use Wood-Ljungdahl alone or in combination with the glycine
cleavage pathway (Manzoor et al. 2018; Keller et al. 2019; Song
et al. 2020).

Gene annotations identified 23, 25, and 15 SGB with genes
from the Wood-Ljungdahl alone or in combination with the
glycine cleavage pathway in Modules 1, 2, and 3, respectively
(Figures S11-S14). The total relative abundance of these taxa
was highest in Phases 1 and 7-8 (Figure 3c). In Modules 1-2,
the most abundant taxa were all unclassified or had placeholder
names at the genus level (Figure S15). Few SGB had a complete
Wood-Ljungdahl pathway and the key enzyme CODH was miss-
ing for most SGBs, suggesting they were not true homoaceto-
gens. The most dominant taxa in Modules 1, 2, and 3 instead
included several taxa identified to have hydrolytic/fermentative
abilities such as Anaerolineae, Fervidobacterium sp. (KM49,
Figure 2j), and Acetomicrobium flavidum (KM27) (Soutschek
et al. 1984; Andrews and Patel 1996; Xia et al. 2016).

Five SGB were identified as putative SAOB based on phylo-
genetic relatedness to known SAOB and the presence of key
genes in the Wood-Ljungdahl and glycine cleavage pathways
(Figure 4, Figure S16). The putative SAOB peaked in relative
abundance in Phase 4 (Figure 3d). The most abundant, KM26,
was classified as Thermacetogenium phaeum (>96% ANI), a
known SAOB (Hattori et al. 2000). KM34 was nearly identi-
cal to Ca. Thermotepidanaerobacter aceticus (>99% ANI), a
potential SAOB recently discovered in reactors operated with

household- and food waste with a high ammonia concentration
(0.7-1.0 gN/L) and thermophilic conditions (Cheng et al. 2025).
As the ammonia concentration in our study was relatively low
(Figure S3), it suggests that temperature rather than ammonia
drives the selection of Ca. Thermotepidanaerobacter aceticus in
the reactor. Km148R, Km185R, Km282R formed a clade with
Ca. Thermosyntrophaceticus schinkii (Figure 4), another po-
tential SAOB recovered by Cheng et al. (2025). The ANI values
were 88%-91%, suggesting that the four taxa in the clade were
different species.

3.3.4 | Hydrogen Sulfide Production

SRB are known to compete with methanogens for substrates,
and the produced hydrogen sulfide contaminates the biogas
(Visser et al. 1996). Putative SRB were identified by searching
for genes annotated as sulfate adenylyltransferase (sat), ade-
nylylsulfate reductase (apr), and dissimilatory sulfite reduc-
tase (dsr, asr, or sirA) (Figures S17-S20). Metabolic potential
for sulfate and sulfite reduction is known to be widespread
among bacteria and archaea (Anantharaman et al. 2018), and
in total, 25 SGB could be classified as putative SRB. Most of
these had partial pathways, typically lacking either sat or the
subunit aprA. Module 1 had 17 putative SRB. These included
four Desulfurobacterota spp., including the highly abundant
Smithellaceae sp. (Km3) (Figure S18). Desulfurobacterota,
formerly part of Deltaproteobacteria (Waite et al. 2020), is a
phylum known to contain SRB (Anantharaman et al. 2018).
Modules 2 and 3 had four and six putative SRB, respectively.
A Pelotomaculaceae sp. (KM108, also a putative SPOB) and a
Burkholderiaceae sp. (Km246R) in Module 2, and a Firmicutes
G sp. (Km276) and a Casimicrobiaceae sp. (Km200) in Module 3,
all had nearly complete pathways and possessed sat, aprAB, and
multiple asr or dsr subunits (Figures S19, S20). Species within
Firmicutes as well as Pelotomaculum spp. have previously been
suggested to be capable of sulfate reduction (Dong et al. 2016),
but Burkholderiaceae and Casimicrobiaceae have not. The most
abundant taxa were Acidovorax defluvii (Km136) and Km246R
in Module 2, both reaching over 0.5% relative abundance, and
Defluviitoga tunisiensis (KM151) and a Syntrophomonadaceae
sp. (KM277) in Module 3, both reaching a relative abundance of
about 1% (Figure S21). Acidovorax defluvii has been associated
with sulfur metabolism in sewer biofilms (Satoh et al. 2009) and
has also been detected under thermophilic conditions (Cheng
et al. 2013). Defluviitoga tunisiensis was previously shown to re-
duce thiosulfate and elemental sulfur, but not sulfite or sulfate
(Ben Hania et al. 2012). The total relative abundance of putative
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SRB was lowest in Phase 3, which coincided with the lowest H,S
content in the biogas (Figure 3e, Figure S3).

3.3.5 | Methanogenesis

All 11 archaeal SGB in the dataset were methanogens. The total
relative abundance of methanogens was lowest during Phase
1 (Figure 3f), but the diversity was the highest. Six out of the
seven belonging to Module 1 had the highest relative abun-
dance in the initial samples and then rapidly decreased and
disappeared from the reactor. These mesophilic methanogens
included hydrogenotrophic (e.g., Methanoregulaceae, Km218r),
aceticlastic (Methanothrix, KM25), and methylotrophic (Ca.
Methanomethylicus, KM95) taxa (Figures S22, S23). An SGB
classified as Methanothermobacter marburgensis (Km197) was
absent in the initial samples, then peaked at a relative abun-
dance of 0.16% on Day 27, and disappeared from the reactor from
Day 69 (Figure S24). This thermophilic and hydrogenotrophic
methanogen (Fuchs et al. 1978) was outcompeted by two other
Methanothermobacter spp. (M. thermautotrophicus, KM279, and
M. wolfeii, KM64R) in Module 2, which were abundant during
Phases 1-4. Module 2 also included Methanosarcina thermoph-
ila (KM84), which possessed a full set of genes for hydrogeno-
trophic, aceticlastic, and methylotrophic methanogenesis. The
species is metabolically versatile but prefers to use the aceti-
clastic pathway (Lackner et al. 2018). Only one SGB belonged
to Module 3. This Methanothermobacter (Km228r), unclassified
at the species level, peaked at a relative abundance of 15%-20%
in Phases 4-5 but decreased to 3% at the end of the experiment.
It only possessed the metabolic pathway for hydrogenotrophic
methanogenesis.

4 | Discussion

Three major stages in reactor function could be observed: the
stabilisation stage, the peak performance stage, and the dete-
rioration stage. The stabilisation stage occurred in Phases 1-2
when stable biogas production was reached after the tempera-
ture increase and initial instability. The peak performance stage
occurred in Phase 4 when the specific methane production was
the highest. The deterioration stage occurred in Phases 7-8
when the specific methane production dropped and foaming,
H,S content in the biogas, and propionate concentration in the
liquid increased. Different SGB were associated with the three
stages.

4.1 | Stabilisation Stage

During the initial acclimatisation phase, taxa associated with
mesophilic conditions rapidly disappeared from the reactor.
After 48days, the total relative abundance of the 99 SGB in
Module 1 had decreased from over 50% to about 5% (Figure 2c).
Some taxa, such as the second most abundant methanogen in
Module 1, a Methanoculleus sp. (KM265), completely disap-
peared from the reactor after only 27days (Figure S24). This
rapid change in community composition was associated with
signs of instability in reactor performance. Accumulations of
propionate in the liquid and a peak of H,S in the biogas during

Phase 1 suggest less efficient hydrogen removal and increased
activity of SRB. Hydrogen removal is critical for the activity of
SPOB, and the decreased abundance of hydrogenotrophic meth-
anogens likely caused propionate to accumulate. Methanogens
and sulfate reducers compete for the same substrates, and, in
addition, SRB can also utilise propionate (Stefanie et al. 1994).
Thus, the decrease in abundance of hydrogenotrophic metha-
nogen and increased levels of hydrogen and propionate might
have enhanced the growth of SRB. However, even though H,S
production is not known to be particularly associated with ther-
mophilic conditions (Vu et al. 2022), its solubility in liquid de-
creases with increasing temperature and decreasing pH. Thus,
high H,S content in Phase 1 could also partly have been associ-
ated with the change in operational conditions.

In Phase 2, the reactor had stabilised, and the biogas produc-
tion had recovered. The diverse community of hydrolytic and
fermentative mesophilic bacteria in Module 1 had been replaced
by a less diverse community dominated by Coprothermobacter
proteolyticus (Km244) (Figure 2). The observed lower diversity
and evenness at thermophilic conditions compared to the meso-
philic sludge used to inoculate the reactor is in line with several
previous studies of anaerobic digestion (De Vrieze et al. 2015;
Westerholm et al. 2017; Steiniger et al. 2023). Among SPOB, the
diverse community of Smithellaceae spp. and Syntrophosphaera
spp. had been replaced by a Pelotomaculaceae sp. (KM108)
and other putative SPOB (Figures S8, S10). This result was
in line with a previous study showing a diverse mesophilic
SPOB community consisting of Syntrophobacter, Smithella,
and Syntrophomonas and a thermophilic SPOB community
dominated by Pelotomaculum in lab reactors operated with
propionate as the sole carbon source (Chen et al. 2020). The
mesophilic methanogens dominated by aceticlastic species
were replaced by three Methanothermobacter spp. (M. mar-
burgensis, Km197; M. autotrophicus, KM279; and M. wolfeii,
KM64R) and Methanosarcina thermophila (KM84) (Figure S24).
They likely produced methane and acted as sinks for both H,
and acetate during the stabilisation stage. The emergence of a
Tepidanaerobacteraceae sp. (KM34), closely related to a known
SAOB (Figure 4), suggested that syntrophic acetate oxidation
had started to play a role for methane production in the reactor.

4.2 | Peak Performance Stage

The peak reactor performance in terms of specific biogas produc-
tion occurred in Phase 4 with an OLR of 3.5+0.9kgVSm=3d~!
and an HRT approaching 11.3d. Coprothermobacter proteolyti-
cus (Km244) was still the dominating hydrolytic taxon. Among
putative SPOB, the Pelotomaculaceae sp. (KM108) was still pres-
ent and had been accompanied by a Kapabacteriales sp. (KM58)
(Figure S10). The largest shift had occurred for methanogens,
which were dominated by a new Methanothermobacter sp.
(Km228r). It first appeared in the reactor in Phase 3 and reached
a relative abundance of 10%-20% between Day 188 and Day 265
(Figure 2i). The rise of Km228r coincided with the appearance
of Thermacetogenium phaeum (KM26), a known SAOB, which
peaked with arelative abundance of 1.7% in Phase 4 (Figure S16).
KM26 and Km228r co-occurred in the reactor and were directly
connected to each other in the network analysis. This suggests
a transition from the stabilisation phase, where Methanosarcina
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thermophila (KM84) likely produced methane via aceticlastic
methanogenesis alongside syntrophic acetate oxidation involv-
ing KM34 and three Methanothermobacter species, to the peak
performance stage, where acetate mainly was consumed via
syntrophic acetate oxidation by KM26 and three other putative
SAOB within the Thermoacetogeniaceae family, in association
with Km228r acting as the sole methanogen (Figure S16).

4.3 | Deterioration Stage

The gradual increase in OLR eventually led to process deteri-
oration with foaming and H,S content in the biogas gradually
increasing from Phases 4 to 8, and increased VFA concentra-
tion and reduced pH in Phase 8 (Figure 1, Figure S3). Microthrix
parvicella (KM249) and another Microthrix sp. (Km109) were
present in the reactor with the combined relative abundance in-
creasing from 2.1% on Day 139 to 7.5% on Day 300 (Figure S5).
This coincided with a gradually increasing foaming index
(Figure S3). Microthrix parvicella is known as a filamentous
bacterium commonly associated with bulking and foaming of
activated sludge systems (Rossetti et al. 2005), but they have also
been shown to grow in mesophilic anaerobic digesters (Ganidi
et al. 2011; Lienen et al. 2014). Here, they appear to grow also
under thermophilic conditions and may contribute to foaming.
The gradual increase in H,S content in the biogas was associ-
ated with a gradual decrease in the relative abundance of the
dominating methanogen (Km228r) from peaking at 20% on Day
223 to 3.4% on Day 300. This may have opened up opportuni-
ties for SRB to compete with the hydrogenotrophic methano-
gen for the available H,. For example, Defluviitoga tunisiensis
(KM151), previously shown to produce hydrogen sulfide from
sulfur and thiosulfate (Ben Hania et al. 2012), and a Moorellia
sp. (KM257) classified as a putative SRB, increased in relative
abundance (Figure S21). Furthermore, a decrease in the relative
abundance of Thermacetogenium phaeum (KM26) and other
putative SAOB made more acetate available for SRB. The ace-
tate was likely also exploited by Methanosarcina thermophila
(KM84), which played an important role during the stabilisation
stage, then disappeared from the reactor on Day 188, and again
increased slightly to a relative abundance of 0.4% in the deteri-
oration phase. Methanosarcina thermophila is capable of slow
hydrogenotrophic growth (Lackner et al. 2018), but it is known
to prefer acetate and methanol (Zinder and Mah 1979).

5 | Conclusion

This study integrated genome-resolved metagenomics with re-
actor performance analysis to explore the relationship between
microbial community dynamics and reactor function during the
startup of thermophilic anaerobic digestion of sewage sludge.
Network analysis revealed three distinct microbial subcommu-
nities, each associated with different operational stages. Notably,
the microbial assemblage dominant during the stabilisation
stage differed from that during peak performance, suggesting
that distinct taxa are responsible for thermophilic adaptation
versus sustained high-rate digestion. Syntrophic acetate ox-
idation emerged as a key methanogenic pathway during peak
performance, even though the free ammonia concentrations
were relatively low (0.04-0.07 gN L), with different SAOB and

one key hydrogenotrophic methanogen prevailing. Genome-
resolved metagenomics enabled the identification of several
novel taxa potentially involved in syntrophic propionate- and ac-
etate oxidation, as well as a dominant methanogen during peak
performance that could not be classified at the species level.
These findings advance our understanding of the functional
roles of microbial taxa under thermophilic conditions and pro-
vide a foundation for optimising anaerobic digestion processes.
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