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A B S T R A C T

Anaerobic digestion is responding to the growing demand for sustainability by exploring alternatives for methane
production through renewable processes. The target is to implement stable production systems at industrial scale
that can accommodate heterogeneous feedstocks with seasonal or intermittent availability. In this study, we
investigated the microbiomes of six full-scale biogas plant digesters, operated under continuous production with
distinct feedstock and varying operating parameters, by monitoring multiple time points over an 18-month
period. This time-course experiment analyzed 114 Metagenome-Assembled Genomes alongside physico-
chemical assessments to identify common and plant-specific indicators for operational management. Results
identify a Limnochordia and a Dysgonomonadaceae bacteria, as well as Candidatus Methanoculleus thermohy-
drogenotrophicum, as widespread and potentially desirable components of the microbiota for resilient digestion
of varying waste, including the peculiar olive pomace. The abundance of individual taxonomic groups and their
reconstructed metabolic pathways aligned with the availability of their fermentation substrates, finding a
prevalence of beta-oxidizing bacteria with lipid-rich olive pomace. Monitoring through perturbation events
revealed possible causative and remediative microbiological factors, in particular Methanosarcina flavescens and
Candidatus Syntrophosphaera thermopropionivorans could contribute to restoration of reactor performance. This
work showcases relationships between digester operation and its microbiome, supporting microbial monitoring
as a tool to increase biogas production efficiency.

1. Introduction

In recent years investments in the biogas production field have been
gaining relevance in both the industry and scientific context [1].
Anaerobic digestion (AD) is a process mediated by microbial commu-
nities, which degrade organic matter to release biogas. AD plays a
crucial role in promoting sustainable waste management practices, and
generating renewable energy, thereby contributing to environmental
protection and climate change mitigation [2]. Indeed, as agricultural,
farm and organic waste can be converted to biogas in industrial AD

scale, this process can provide an effective solution for managing waste
streams, for example from the food supply chain [3]. Exploiting AD,
organic matter is converted into biogas, resulting in a reduction of waste
volume sent to landfills and minimizing uncontrolled methane (CH4)
emissions from decomposing organic matter [4].

Microbes partaking in AD perform one or more phases of the process:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Their role
can be inferred by identifying metabolic pathways coded in their
genome, allowing us to understand their contribution to the digestion
process. As organic matter is degraded into simpler molecules, volatile
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fatty acids (VFA), carbon dioxide (CO2), and hydrogen (H2) are released
by fermentative activity and CH4 is generated by methanogenic archaea.

Interspecies relationships play a vital role in anaerobic ecosystems
since they are key to the energy-extracting capacity of primary fer-
menters in microbial food webs and contribute to more efficient and
complete oxidation of organic wastes [5]. Syntrophic oxidizing bacteria
promote the activity of hydrogenotrophic methanogens by oxidizing
VFA, and are known as Syntrophic Acetate (SAOB), Propionate (SPOB)
or Butyrate (SBOB) Oxidizing Bacteria. It is therefore crucial for reliable
and continuous biogas production that a balanced community be
persistent in the reactor. Yet, the microbiome is not analyzed during
regular biogas plant operation, possibly limiting plant performance as
less desirable states of the community are not recognized. Indeed,
microbiome monitoring could assist in identifying potential operational
scenarios under conditions of inhibition by toxic biomass components or
unbalanced parameters.

As for most industrial processes, well-defined practices like proced-
ures, protocols, and quality standards throughout operations result in
optimized resource utilization [6]. Standardization can identify and
reduce inefficiencies, leading to improved biogas quality and maxi-
mizing resource recovery from organic waste streams in continuous
production processes [7]. This can include inocula for reactor startup
and augmentation, reducing the time needed for community adaptation
thus optimizing performance by minimizing downtime [8].

Industrial AD of agricultural biomass is commonly performed in
continuous stirred tank reactors (CSTR), guaranteeing optimal flow
while avoiding problems that reactors such as upflow anaerobic sludge
blanket encounter with solid contents [9]. Therefore, analyzing the
microbiome of CSTR should prove to reveal trends in time of the
microbiome, including stable and variable microorganisms. Indeed,
variations in the feedstock of industrial digesters can result in alterations
of the microbial community composition [10] and consequent process
imbalances, like VFA accumulation [11], reducing the overall CH4
production [12]. Monitoring the AD microbiome through time can help
to decode boundaries within which the relative abundance (RA) of the
core members of the community can vary and how specific players affect
digesters operation and biogas production [10,13]. Due to its inherent
flexibility, the microbial community can swiftly adjust its composition in
response to fluctuations in feedstock and operating parameters. Never-
theless, severe disruptions to reactor operation can destabilize the
existing equilibrium, requiring the microbiome a significant period to
re-establish full operational capacity. Therefore, gaining a deeper un-
derstanding of how the microbiome evolves over time during reactor
operation is crucial for enhancing process management.

Compared to amplicon-based analysis, reconstruction of
Metagenome-Assembled Genomes (MAGs) allows the identification of
individual microbes with great resolution and the estimation of their
functional potential based on their gene content, gathering a deeper
understanding of the “microbial black box” [14,15]. Thus, by relating
MAG metabolic capabilities and abundance over time to reactor oper-
ation it is possible to hypothesize the microbial role in AD, paving the
way for process optimization. Capturing the diversity and activity of
microorganisms in full-scale digesters through metagenomics will allow
the creation of databases for rapid and simple profiling of microbial
communities. With well-defined reference databases and streamlined
techniques, it is expected that microbial monitoring of AD plants will
become an effective and feasible approach to sustain productivity
through perturbations and fluctuations. Furthermore, defining a core set
of bacteria and archaea consistently present in industrial AD environ-
ments regardless of feedstocks will be instrumental for determining the
stability and resilience of AD systems. This knowledge will lead to
increased yield in the biogas industry through unstable nutritional
composition of the feedstock over time.

The aim of the current research is to link biological dynamics in
industrial-scale AD with plant operation including feedstock composi-
tions and performance. To this end, we analyzed the input, microbiome,

products, and by-products of selected reactors comprising both wide-
spread and less common feedstock over 18 months. By employing a
genome-centric approach, we not only captured how microbial pop-
ulations and their biological functions vary over time but also identified
markers of seasonal fluctuations and major process perturbations, which
could inform process management practices.

2. Materials and methods

2.1. Sampling and reactor operation

The selection of reactors included in the study considered feedstock
characteristics, process efficiency, biogas yield, treatment capacity, and
hydraulic retention time. After this screening, six reactors were selected
from a panel of 12 preselected plants to maximize variability in feeding
regimen, biochemical composition of the digestate, and performance.
The digesters are hereafter identified by their operator: Agroenergy s.r.l.
(AGR), Azienda Agricola La Carnita (SOR), Energie Rinnovabili Poggesi
s.r.l. (ERP), Gallman Bioenergy (GAL), Produttori Energia Società
Cooperativa Agricola (PRO), Società Agricola Green Energy s.r.l. (GRE).
Structural and operative characteristics of the biogas plants have been
noted (Supplementary Materials). Feedstock was calculated based on
the mass of the different organic products introduced in the reactor in
the week prior to the sampling point. Organic loading rate (OLR) was
estimated through percentage of dry organic matter (oDM) of each
feedstock component and total feedstock mass. Operational parameters
and microbiome over time were monitored sampling from each reactor
during 18 months from digestate. Sampling was performed at circa
bimonthly intervals from august 2022 (T01) to february 2023 (T10)
(Supplementary Table S1). Samples were frozen to − 80 ◦C and stored
until further analysis.

2.2. Chemical analyses

Feedstock characterization was performed as detailed in Supple-
mentary Materials and, where needed, integrated with data from
literature to obtain biochemical composition on dry matter (DM) basis.

VFA composition was determined using a PerkinElmer series 200
high performance liquid chromatography (HPLC) system equipped with
a Biorad Aminex HPX-87H column (300 mm × 7.8 mm) and a UV/VIS
detector 292N8091703E. The mobile phase was 0.015 M H2SO4 with a
flow rate of 0.6 mL/min. The column oven was set at 60 ◦C. The
following VFA were measured by this method: acetic, propionic, valeric,
isovaleric, butyric and isobutyric. Additional details are reported in
Supplementary materials. Samples of digestate were previously
filtered, diluted and treated with potassium ferrocyanide and zinc sul-
fate solution to promote protein precipitation. Total Ammonia Nitrogen
(TAN) was detected by photometric analysis with indophenol method,
using the kit Nanocolor Ammonium 50 (MACHEREY-NAGEL GmbH &
Co. KG, Germany). Free Ammonia Nitrogen (FAN) was then calculated
with Eq.1 according to [16]:

FAN = TAN×
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where TAN and FAN are expressed as mgN/L of digestate; T(K) rep-
resents recorded digestate temperature at sampling on the Kelvin scale
and pH is measured pH of the digestate. Micronutrients were detected
according to method DIN EN ISO 11885. Electric conductivity, redox
potential, pH and FOS/TAC have been measured on digestates with the
following instruments: WTW multi 350i – KM002/1 with TetraCon 325
electrode, Memocal T − KM025, pHmeter WTW multi 350i – KM002/2
with Sentix 41 pH electrode and titrator Titroline 6000 − KM105,
respectively. Measurements of CH4, O2 and H2S in the biogas was carried
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out at the plant site using the system Awiflex (Awite, Germany). Further
details can be found in the Supplementary Material.

2.3. Nucleic acid Extraction, sequencing and metagenomics

DNA extraction was performed in triplicates using the DNeasy
PowerSoil Kit (QIAGEN, Hilden, Germany), following the recommended
protocols. Illumina DNA libraries were prepared using the Illumina DNA
Prep Kit and sequenced paired-end on an Illumina NovaSeq 6000 system
(Illumina Inc., San Diego, CA). Illumina sequencing yielded an average
of 12 million reads per sample. Nanopore sequencing was performed on
the first sample from each reactor. Nanopore libraries were prepared
with kit SQK-LSK109 and sequenced with a FLO-MIN106 R9 flow cell on
a MinION device (Oxford Nanopore Technologies, Oxford, UK), with 30
% of the reads above Q10. A genome-centric approach was followed as
previously described [17]. Briefly, Illumina reads from timepoints T01
to T04 of all reactors were co-assembled; Nanopore reads were co-
assembled and polished. The short and long read assemblies were
merged. Contigs were separated into bins to create Metagenome-
Assembled Genomes (MAGs) using multiple binning tools in parallel
and dereplicated (see Supplementary Material for details). Only MAGs
with medium and high-quality according to Minimum Information
about a Metagenome-Assembled Genome (MIMAG) specification [18]
were further processed. RA of the MAGs was determined with CheckM
coverage. Shannon’s Alpha diversity was calculated with phyloseq [19],
using a synthetic read count normalized by MAG length.

MAGs taxonomy was assigned against GTDB (Genome Taxonomy
Database) taxonomy v214 [20] with GTDB-Tk v2.3.2 while comparison
of MAGs with the AD database [21] was performed with dRrep 3.2.2
[22] at species level (Average Nucleotide Identity, ANI, 0.95). Func-
tional potential was assessed on the matched MAGs from the database if
their quality was higher according to CheckM2 [23]. This allowed
functional annotation to be performed on a set of 114 MAGs of which 96
were predicted by CheckM2 to be over 90 % complete while only 7 had
more than 5 % contamination, ensuring reliable functional potential
estimation. Prodigal v2.6.3 [24] and eggnog-mapper v2.1.7 [25] were
used to predict the open reading frames and annotate them, while car-
bohydrate active enzymes (CAZymes) were extracted locally with an
Hidden Markov Model (HMM) search against the dbCAN HMM database
release 12.0 [26]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) [27] was used as a reference database for pathways and mod-
ules. Custom modules for butyrate oxidation (“ButOx”) and the alter-
native syntrophic acetate oxidation pathway (Wood–Ljungdahl/glycine
cleavage system, “WL/GCS”) were implemented using KEGG Orthology
codes (KOs) identified in KEGG map00650 and map1200, respectively
(Supplementary Table S2). For prediction of KEGG module
completeness, block completeness was manually calculated according to
KOs. Modules were considered present if all blocks were present or a
maximum of one block was missing (1-bm). Phylogenesis was assessed
using PhyloPhlAn 3.0.51 [28] and the tree was visualized using iTOL
v6.5.8 [29]. Extracellular proteins were predicted with PSORTb 3.0 [30]
using the gram staining parameter as predicted by Traitar [31], and
peptidases/proteases were identified by manual refinement of eggnog
annotation.

2.4. Statistics, metabolic Reconstruction, and visualization

Ordinations and multivariate analyses were performed using the
vegan 2.6–4 R package [32]. Microbiome beta diversity was performed
using the Bray-Curtis dissimilarity and visualized with a Non-metric
Multidimensional Scaling (NMDS). PERMANOVA and beta-dispersion
analyses were performed with 9999 permutations. Prior to Principal
Component Analysis (PCA) and environmental variable fitting, compo-
sitional values were normalized through the robust Centered Log Ratio
transformation, while values of operational parameters were standard-
ized. Upset plot visualization was created with package UpSetR [33].

Functional enrichment of a set of MAGs was performed with EnrichM
0.6.0–3 [34] through Fisher’s exact test. The set of enriched genes was
then manually analyzed through KEGG Mapper. For description of
microbiome functions, the percentage of community bearing a given
module was calculated by summing the RA of all MAGs of the “domi-
nant” subset (114) that were estimated to possess the module. Corre-
lations were computed as Spearman’s ρ.

3. Results and discussion

3.1. Reactors characteristics and operation

Six digesters from agro-industrial AD plants were monitored
analyzing the digestate physico-chemical parameters and the micro-
biome composition, as well as reactor temperature and biogas compo-
sition (Table 1). The monitoring period spanned 18 months with ten
bimonthly sampling points for AGR, GAL, PRO, GRE, nine for ERP and
eight for SOR (indicated as T01 to T10). All digesters were CSTRs
operated between 42◦ and 48 ◦C, a temperature range between meso-
philic and thermophilic reported to be highly effective for the AD pro-
cess [35]. During the monitored period, the reactors operated with
vastly different biomasses with a largely stable energy production
(Supplementary Figure S1). Indeed, in this study the biogas plants
were selected to maximize diversity in the feedstock in order to cover a
wide array of agro-industrial AD systems, some of them having a sea-
sonality in the inputs. Feedstocks directly influence process efficiency,
biogas yield, and overall system performance, as its organic composition
and degradation rate affect microbial dynamics and biogas production
potential [36]. Therefore, such difference in the feedstock can help to
understand which microorganisms represent a dominant core micro-
biome of AD regardless of the organic matter being digested and,
conversely, which species are most suited for operation of digesters with
specific inputs. Briefly, GAL exclusively utilized silage, ERP supple-
mented silage with hay, SOR utilized a substantial portion of cow
manure co-digested with silage. These represent a common feedstock of
agro-industrial AD plants. GRE co-digested chicken manure and silage in
roughly equal proportions, while PRO supplemented silage with chicken
manure and seasonal vegetables. Chicken manure is a peculiar feedstock
due to its high content of proteins and uric acid, which results in
elevated nitrogen levels possibly leading to process inhibition [37].
Lastly, AGR exclusively digested two-phase olive pomace, an organic-
rich and valuable biomass seldom utilized in AD processes due to the
scarce nitrogen content, high levels of toxic phenolic compounds and
potential lipid overload [38]. PCA highlighted that the biochemical
composition of AGR feedstock notably differed from other plants, with a
higher presence of lipids (approx. 14 % oDM) as a consequence of the
olive pomace (Fig. 1A). Digesters with a main contribution of silage
(ERP, GAL, PRO) were rich in starch (approx. 30 % oDM), a source of
fermentable carbohydrates present in various organic substrates. Re-
actors GRE and SOR presented a higher component of proteins (approx.
20 % oDM) owing to the substantial feeding of animal manure. Detailed
feedstock composition is reported in Supplementary Table S3.

During the monitoring period all reactors operated stably except for
two main events. First, the ERP plant was affected by engine failure at
T06. This time point was characterized by a decrease of temperature
(− 5.3 ◦C), CH4 yield (− 3.3 %) and organic loading. Reactor SOR
experienced an acidification event at T07, which nonetheless did not
reduce the percentage of CH4 in the biogas. These events represented
points of interest for evaluating microbial stability through AD failure
and recovery periods. Among the reactors, feedstock variability differed,
as AGR and GAL were stably fed with a single biomass, ERP varied
considerably in correspondence with operational issue, both in compo-
sition and OLR, where only hay was used as biomass (Supplementary
Figure S2). A PCA was performed on digesters according to selected
operational parameters (Fig. 1B). Three groups of vectors could be
identified: I comprising temperature and CH4 percentage, II including
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pH, Total Ammonia Nitrogen (TAN), Free Ammonia Nitrogen (FAN),
and percentage of H2S, III consisting of VFA and their indicators (FOS
and FOS/TAC). These serve as indicators for possible inhibition [39] and
are related to digester stability, aiding in predicting process upsets [40].
Substantial differences determined the separation of the biogas plants
along PC1, which was contributed by most of the tested parameters
except for VFA and FOS/TAC, which contributed to PC2. The large
contribution of TAN and FAN to reactor separation is expected owing to
the vast differences in nitrogen compounds between the two distinctive
feedstocks: olive pomace and chicken manure. While nitrogen is
required for the AD process for incorporation in biomolecules like amino
acids and nucleotides, free ammonia represents the main inhibitor to the
process due to its non-ionic diffusion and accumulation in the cell [41].
Elevated FAN especially affects aceticlastic methanogens at thermo-
philic temperatures and promotes hydrogenotrophic methanogenesis
mediated by SAOB [42,43]. AGR and GRE were the most dissimilar re-
actors. In particular, AGR had the lowest VFA (~70 mg/l) and FAN
(~48 mg/l) content, while FAN levels were highest in GRE and PRO
reaching concentrations commonly regarded as inhibitory (1139 and
818 mg/l respectively) [41]. GRE and SOR had the highest VFA content
(1759 and 2134 mg/l respectively). Data confirmed that the digesters
had vastly different operational parameters, determining a very
extended range of environmental conditions to be analyzed. Plants also
varied in the parameter stability, AGR displayed highest stability, while
GRE and PRO experienced the greatest fluctuations as evidenced by
beta-dispersion (Supplementary Materials, Supplementary Table S4,
Supplementary Figure S3). SOR showed slow but marked shifts in VFA
levels, with an acidification event in T07 where the content peaked at
9372 mg/l. Detailed measurements of operational parameters are re-
ported in Supplementary Table S5.

3.2. Microbiomes diversity and correlations

Genome-centric metagenomics with hybrid Illumina-Nanopore
sequencing approach allowed reconstruction of 529 dereplicated mid-
to-high-quality MAGs, 149 (~28 %) of which were novel compared to
the Biogas Microbiome Database comprising 314 CE reactors [21].
Alpha diversity calculated on these MAGs revealed AGR and SOR to
have richer communities (Supplementary Figure S4). Overall, alpha
diversity appeared to be higher in reactors with lower FAN levels,
possibly due to the selectivity imposed by high ammonia concentration.
PRO displayed the lowest diversity as MAG Limnochordia sp. BTS_001
dominated the community, reaching 31 % RA. A reduced set of 114
MAGs (referred to as “dominant MAGs”) was obtained by selecting those
having RA over 1 % in at least one sample, together with all archaea
identified. These MAGs were largely of high quality (Supplementary
Table S6) according to MIMAG standards [18] and accounted on
average for 59.7 ± 3.27 % of the microbiome in each reactor (Supple-
mentaryMaterials). This selection of relevant microbes was used for all
downstream analysis: 107 (94 %) could be assigned at genus level
against GTDB and 88 (77 %) at species level. These results highlight the
power of genome-centric metagenomics for the reconstruction of

microbiomes, allowing accurate identification both for novel and pre-
viously described species. In fact, 19 dominant MAGs represented novel
taxa with respect to the Biogas Microbiome Database and their cumu-
lative RA was higher in AGR (18.47 %) and GRE (10.45 %). This novelty
is likely explained by the feedstock: AGR digested two-phase olive
pomace, an uncommon biomass for agro-industrial AD plants, while the
elevated loading of chicken manure in GRE determined extreme FAN
levels. Based on these findings, it is evident that the microbiome of AD
has not yet been thoroughly explored and further studies should expand
the knowledge base by investigating the communities involved in
digestion of less common organic waste.

A beta diversity analysis highlighted different communities existing
in the six reactors (PERMANOVA R2 = 0.8, p = 0.001). AGR and GRE
possessed the most unique and divergent communities, while SOR, ERP
and GAL communities were more similar yet still maintained distinctive
compositions (PERMANOVA R2 = 0.44, p = 0.001 − Fig. 1C). Inter-
estingly, the relative positioning digesters by microbiome composition
reflected the positioning by operational parameters, highlighting the
interconnection between the two. Indeed, temperature and ammonia
were previously identified as main factors in determining the composi-
tion of the AD microbiome [21,44]. However, microbiome clustering
also reflected major feedstock composition: the microbial communities
involved in digesting silage (GAL, ERP) and those co-digesting cow
manure and silage (SOR) were more similar when compared against
reactors co-digesting chicken manure (PRO, GRE) and olive pomace
(AGR), which exhibited markedly different microbiomes. These findings
suggest potential strategies for selecting inoculants to minimize the time
required for community adaptation. Specifically, less common feed-
stocks such as olive pomace and chicken manure, which present greater
challenges, may benefit from tailored inocula. Beta diversity of the 10
methanogenic archaeal MAGs largely confirmed the inter-cluster re-
lationships found for the full set of dominant MAGs, though with less
marked differences between reactors (Fig. 1D). Considering results from
a beta-dispersion analysis, the microbiome of AGR and ERP was found to
be less stable as compared to the others (Supplementary Materials,
Supplementary Figure S3, Supplementary Table S7). Reactor AGR
displayed a seasonality trend, as community at points T01 to T03
resembled T07 to T08, while T04 to T06 located closest to T10, coher-
ently with a yearly fluctuation (Supplementary Figure S5). This could
be linked with pomace storage, as will be discussed in paragraph 3.6.1.
ERP microbiome variability could be attributed to points T06 and T07,
corresponding to the engine failure and following time point. The
community appeared altered by the lowering of the temperature and the
change in feeding regimen at T06, yet reverted within a 4-month
timeframe after a temporary state at T07. The microbiome of PRO dis-
played the third highest variance, although permutation analysis didn’t
prove it to be different from the more variable (AGR, ERP) or less var-
iable microbiomes. PRO co-digested vegetables according to seasonal
availability, suggesting a role of feedstock in affecting microbial sta-
bility. Conversely, parameter stability did not appear to affect the mi-
crobial dynamics. Aside from these variable microbiomes, an interesting
trend was observed for SOR. While displaying the most stable

Table 1
Summary of major feedstocks and main operational parameters of the monitored digesters in the six full-scale biogas plants. Parameters are reported as average over
the period ± standard deviation.

AGR SOR ERP GAL PRO GRE

Feedstock Two-phase olive pomace Cow manure, silage Silage, hay Silage Silage, vegetables, chicken manure Chicken manure, silage
VFA (mg/L) 71 ± 24 3062 ± 2448 259 ± 174 98 ± 109 679 ± 804 2708 ± 845
FOS/TAC 0.33 ± 0.02 0.51 ± 0.17 0.25 ± 0.05 0.24 ± 0.3 0.24 ± 0.03 0.31 ± 0.05
Solids (%) 8.1 ± 0.1 9.0 ± 0.4 8.0 ± 0.7 9.5 ± 0.9 10.2 ± 1.3 8.3 ± 0.6
TAN (mgN/L) 387 ± 65 1720 ± 140 1828 ± 295 2168 ± 273 3867 ± 261 4432 ± 366
FAN (mgN/L) 48 ± 15 147 ± 89 198 ± 55 295 ± 107 702 ± 127 960 ± 149
CH4 (% in biogas) 60.4 ± 1.1 51.1 ± 1.7 50.0 ± 1.5 51.6 ± 1.4 50.4 ± 1.3 50.6 ± 1.2
T (◦C) 45.8 ± 0.4 45.0 ± 0.0 45.1 ± 1.9 48.0 ± 1.1 43.5 ± 1.0 42.7 ± 0.4
pH 7.8 ± 0.1 7.6 ± 0.3 7.7 ± 0.1 7.8 ± 0.1 8.1 ± 0.1 8.2 ± 0.1
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Fig. 1. Reactors variability according to feedstocks, operating parameters and community. (A) Biplot representation of digester clustered by feedstock biochemical
composition. All points of the AGR plant are overlapping, as the feedstock was constant and monitored once. In plots A-D the color saturation of the dots increases
from the first to the last sampling point. (B) Biplot representation of digesters clustered by selected operating parameters. Point T07 of SOR, corresponding to
acidification, was an extreme outlier and it is not reported for overall clarity. (C) Beta diversity of the dominant MAGs and (D) Beta diversity of the 10 methanogenic
archaea identified. In plots A to D, confidence ellipses for each plant are drawn at a 0.95 confidence interval of a multivariate t-distribution. (E) Relationship between
community variability and measured parameters. Only parameters with a significant correlation to the ordination axes (p-value < 0.05) have been reported. The text
is colored in blue for feedstock components vectors and in black for operational parameters vectors. The position of reactor PCA points has been scaled by 0.5 for
visualization clarity. “e. cond”: electric conductivity, “redox p”.: redox potential.

Fig. 2. Phylogenetic tree of the dominant MAGs. For each MAG, phylum and class are represented in the inner circles, while average and maximum RA in each
reactor is represented by the intensity of the reactor’s color in the external circles. Cumulative bacterial and archaeal MAG RA per reactor is represented by a bar
chart. Note: MAG Paceibacterales sp. BTS_034 was not included in the tree. Shared and exclusive dominant MAGs, based on a threshold of average RA in the reactor
greater than 1%, are represented with an UpSet plot.
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community over the monitored period, a divergence was observed at
T07 (acidification event), preceded by an apparent minor shift at T06
possibly contributing to the unbalanced state.

Furthermore, the communities were investigated in relation to
feedstock biochemical composition and digester operational parameters
to unveil potential connections between taxa and conditions within the
system (Fig. 1E). TAN was found to explain the largest variability in the
microbiome, while lipids were the most impactful digestion substrate.
While VFA were found to significantly relate with microbes, the FOS/
TAC indicator commonly used for process monitoring showed no sig-
nificant relationship. Some taxa were found to have a defined pattern of
abundance: MAGs of class Bacilli appeared to be positively associated
with VFA concentrations, nitrogen levels and protein percentage in the
feedstock. Classes Anaerolineae and Microgenomatia MAGs formed a
well separate cluster positively associated with lipids in the feedstock
and negatively associated with FAN and acetate. Conversely, MAGs of
class Limnochordia and Clostridia were largely distributed with no
specific environmental association.

3.3. Core community members

The analyzed microbial communities presented a high compositional
heterogeneity (Fig. 2). Only 2 MAGs were found to be above 1 % average
RA in all reactors and in almost all samples (52 and 47 out of 57):
Limnochordia sp. BTS_001 and Dysgonomonadaceae sp. BTS_002, which
were the overall most abundant with average RA 6.70 and 2.54 %,
respectively (Fig. 3A). When compared against the Biogas Microbiome
Database encompassing over 300 full-scale and lab AD reactors [21],
Limnochordia sp. BTS_001 matched (ANI>99 %) the most widespread
microorganism identified, that was previously classified as DTU010
sp002391385. Similarly, for Dysgonomonadaceae sp. BTS_002 and the
top most abundant MAGs, trends of dominance suggest that these MAGs
can be considered as part of the core microbiome, i.e. taxa that are
present in a continuous AD system regardless of the feedstock used.
Given their high abundance, they represent a crucial contribution to
achieve stable and continuous production in AD plants. There is no
precise information about the role of Limnochordia in AD, but this class
has been commonly found in biogas-producing communities
[17,45–47]. Several studies at laboratory scale suggested DTU010
sp002391385 to thrive in homoacetogenic or SAOB roles, as well as
partaking to the higher stages of the AD funnel by metabolism of car-
bohydrates [48–50]. This hypothesized metabolic flexibility could be
the explanation for the wide dominance of this taxa. Dysgonomonada-
ceae is a syntrophic family present in anaerobic environments, including
AD systems. These species are responsible for the breakdown of complex
organic compounds in the initial stages of the AD process and their
fermentation to VFA [51,52]. Indeed, the highest average RA of Dys-
gonomonadaceae sp. BTS_002 was recorded in PRO (5.43 %), which
exhibited the second highest non-fibrous carbohydrate content, and its
abundance dropped at T10 along with carbohydrate content in the
feedstock. Indeed, the abundance of the MAG was found to positively
correlate with the percentage of sugar in the feedstock (ρs 0.73, p-value
0.016). Significant positive correlations were also found with hemicel-
lulose and other carbohydrates in reactor SOR, where correlation with
sugars was negative (Supplementary Figure S6).

3.4. Distinctive microbial members

The distinctiveness of communities within AGR and GRE was further
confirmed by the uniqueness of MAGs with average RA over 1 %. In both
reactors, most MAGs satisfying this threshold were not shared with other
reactors (Fig. 2). This diversity is likely explained as the two reactors
represent the two extremes in FAN content in the examined panel
(Fig. 1B), which explained most of microbiome variability and is a
known powerful driver of selection for microbial diversity [44]. This
happens in addition to the intrinsic dissimilarities between the

microbiomes of olive pomace and chicken manure compared to silage.
Indeed, AGR appeared to possess the most unique microbiome, with

the dominant MAG being S. thermopropionivorans BTS_012 (average RA
5.85 %). This MAG was classified as Candidatus Syntrophosphaera
thermopropionivorans, a putative SPOB isolated from thermophilic
biowaste-digesting AD reactor [53]. Other dominant MAGs in AGR were
largely absent or non-dominant in other reactors, including Thermosy-
nergistes sp. BTS_038 (order Synergistales), which was the second most
abundant MAG in the reactor (average RA 3.41 %), and several Anae-
rolineae (phylum Chloroflexota) and Microgenomatia (phylum Pates-
cibacteria) MAGs. The presence of these MAGs in AGR draws similarities
between the microbiome from this reactor, the microbiome of waste-
water treatment plants (WWTP), and AD plants digesting activated
sludge. This finding could be explained by the high lipid content of the
substrates, indeed both Synergistales and Anaerolineales MAGs were
highly present in communities treating synthetic lipid-rich wastewater
[54]. Anaerolineae strains isolated from WWTP are reported as strict
anaerobes with fermentative growth on carbohydrates and/or peptides,
and putative syntrophic with hydrogenotrophic methanogens [55].
They were also enriched in alkane-degrading communities [56] and
highly abundant in full-scale AD reactors treating activated sludge,
where they were hypothesized to represent primary fermenters [57,58].
Patescibacteria are found in WWTP activated sludge, where they are
hypothesized to act as symbionts or parasites owing to the limited
pathways encoded by their small genome [59–61]. These observations
explain the dissimilarities between reactor AGR and the other reactors,
as WWTP-based AD systems were found to possess a highly different
core microbiome than farm-based ones [62].

Conversely, reactors GRE and PRO shared a substantial fraction of
the community with ERP, SOR and GAL in species of class Clostridia,
while they were characterized by the class Bacilli including Erysipelo-
trichales and Saccharofermentanales (Fig. 2), with Fastidiosipilaceae sp.
BTS_024 as the most abundant MAG (avg RA 7.60 %). Erysipelo-
trichaceae are associated with animals, including chicken gut [63]. As
chicken manure represents a substantial percentage of the biomass
digested by GRE and PRO reactors it is plausible that Erysipelo-
trichaceae colonization may be due to the inflow of chicken manure.

3.5. Microbial abundance dynamics in time

MAGs displayed different trends of stability over time (Fig. 3B).
Specifically, Limnochordia sp. BTS_001 appeared to follow a seasonality
trend, as its abundance was highest from August to December in all
reactors (Supplementary Figure S7). Particularly, in PRO it fluctuated
from 5.77 % to 31 %, therefore potentially affecting the process. Its
abundance was found to correlate with TAN levels and temperature
(Supplementary Figure S8) while no correlation with feedstock was
identified.On the contrary, Dysgonomonadaceae sp. BTS_002 was stable
in abundance, with only a few transient increases (see 3.6.2).

Distinctly from the other reactors, MAGs in AGR presented an un-
stable abundance over time, often reaching high RA in few points. These
fluctuating abundances, together with the seasonality variations,
explain the high richness of species observed. This effect can be attrib-
uted to the annual storage of olive pomace, while the point variability of
MAGs is more puzzling considering the stability of the reactor. The
peculiar Microgenomatia MAGs ranked among the most variable MAGs
both in the reactor and also in the entire study, while Anaerolineaceae
MAGs varied in stability, but cumulatively displayed a strong season-
ality (Supplementary Figure S5). Among the predominant MAGs,
Promineofilaceae sp. BTS_026, S. thermopropionivorans BTS_012 and
Dysgonomonadaceae sp. BTS_002 were the most stable, suggesting an
enduring contribution to the reactor activity.

In GRE, the two most abundant MAGs displayed opposite behaviors:
Fastidiosipilaceae sp. BTS_024 displayed wide variations (2.9–14.3 %
RA), with a higher abundance from February to June, while Saccha-
rofermentanales sp. BTS_021 was the most stable of MAGs with average
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Fig. 3. Abundance and functional potential of the dominant bacterial MAGs. MAGs were clustered using Pearson correlation with complete clustering. A) From left to
right: a heatmap visualizing RA in each sample; completeness of selected KEGG and custom modules, on 4-step color scales, with a dot indicating complete or 1-bm
module (M00855: Glycogen degradation, M00001: Glycolysis, M0087: beta-Oxidation, M00098: Acylglycerol degradation, M00741: Propanoyl-CoA metabolism,
ButOx: custom defined butyrate oxidation module, M00377: Reductive acetyl-CoA pathway, WL/GCS: custom defined WL/GCS module); number of genes positive for
dbCAN hits (CBM: carbohydrate-binding module, S+C+D: summed S-layer homology domain, cohesin and dockerin, CE: carbohydrate esterases, PL+GH: summed
polysaccharide lyases and glycoside hydrolases); number of genes predicted to encode for secreted peptidases (S.P.). B) Stability over time of MAGs with average RA
greater than 1 %. The profile of each MAG’s RA within a reactor is represented as a boxplot. Values exceeding the x-axis limit (10 % RA) are squashed and represented
with an “x” symbol. The coefficient of variation (CV) of each MAG is represented on a color scale centered on the median CV of the MAGs plotted.

Fig. 4. Functional composition of the different communities. Data reported in the top part of the figure visualizes cumulative RA of MAGs harboring modules
involved in substrate degradation and intermediate metabolism (complete or 1-block missing) as follows: Starch deg: M00855; Glycolysis: M00001; AA deg.: sum of
M00035, M00036, M00044, M00045, M00956, M00957, M00960, M00970); B-oxidation: M00087; Acylglycerol deg.: M00098; propionate ox.: M00741; butyrate
ox.: custom module ButOx, WL: M00377, WL/GCS: custom module WL/GCS; methanogenesis: cumulative RA of the identified methanogens). Lower part of the figure
is a schematic representation of the functional profile of the dominant species in reactors AGR, GAL and GRE, reporting from top to bottom the more relevant MAGs
involved in hydrolysis, VFA production/transformation and methanogenesis. Reconstruction is based on functional annotation and literature.
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RA>1%. The MAGs of SOR displayed a rather stable abundance, indi-
cating no nexus with the fluctuating parameters, with the exception of
the acidification event at T07 that will be discussed in more detail in
section 3.6.2.

3.6. Microbiome functional composition and enrichment

To link microbial functional potential with reactor performance,
functional annotation was performed on the dominant MAGs (Fig. 3A).
Annotation of the two ubiquitous MAGs was coherent with the literature
findings. Limnochordia sp. BTS_001 possesses an almost complete
custom module for butyrate oxidation, highlighting a potential activity
as SBOB. While the WL pathway for acetate oxidation was incomplete,
SAOB activity could be performed through the proposed alternativeWL/
GCS pathway, which was found. Both butyrate and acetate utilization
were previously predicted through flux balance analysis [50]. Further, a
moderate number (43) of glycoside hydrolase (GH) genes were identi-
fied, compatible with a role in the first stages of AD. The hydrolytic role
of Dysgonomonadaceae sp. BTS_002 was supported by an elevated
number of predicted CAZymes. The M00741 module (propanoyl-CoA
metabolism) was almost complete, and crucially the two blocks identi-
fied are also involved in propionate production likely from its activity as
fermentative bacteria. Notably, abundance of this MAG in SOR spiked
(3.67 %) at T07 corresponding to reactor acidification, possibly
contributing to the excess of VFA, as its abundance was positively
correlated with propionate levels (ρs 0.71p-value 0.046, Supplemen-
tary Figure S8). To clarify the interconnection between feedstock,
operational parameters and microbiome, the functional makeup of the
peculiar microbiomes was examined more in detail (Fig. 4).

3.6.1. Olive pomace digesting community
AGR was characterized by the highest abundance of MAGs with

predicted beta-oxidation, acylglycerol degradation and propionate
oxidation pathways. As reported before, the feedstock of AGR is two-
phase olive pomace, a lipid-rich waste where acylglycerols can there-
fore represent an important energy source for the microbial community
[64]. Efficient degradation of acylglycerols is essential for maintaining
process stability and maximizing biogas yield in AD systems [65]. The
beta-oxidation pathway was also identified in four Anaerolineae MAGs,
linking their presence in reactor AGR with the lipid-rich feedstock. Of
these, Promineofilaceae sp. BTS_026 and Aggregatilineaceae sp.
BTS_089 also encoded the propionate oxidation module. The three
MAGs lacking beta-oxidation (Anaerolineaceae sp. BTS_037, Anaeroli-
neaceae sp. BTS_066, Anaerolineaceae sp. BTS_100) formed a separate
cluster on the phylogenetic tree (Fig. 2), possibly representing a group of
species with a different metabolism within Anaerolineae. We can
therefore hypothesize Anaerolineae bacteria to perform various roles in
the upper stages of AD, including lipid oxidation and carbohydrate
fermentation. Other MAGs with predicted beta-oxidation included three
Syntrophomonadales, two of them assigned to family Syntrophomona-
daceae, which was demonstrated to perform fatty-acid oxidation and
syntrophic growth on butyrate [66]. Syntrophomonadaceae sp. BTS_053
also encoded the acylglycerol degradation module as 1-bm. The sea-
sonality trend observed from the beta diversity analysis is reflected in
the functional potential. Abundance of the propionate oxidation module
appeared to increase in the period spanning August to December (T01-
T03, T07-T09), with S. thermopropionivorans BTS_012 and Thermosy-
nergistes sp. BTS_038 contributed in both years. A similar trend was
observed for the WL/GCS module. Conversely, abundance of bacteria
encoding the beta-oxidation pathway was higher from February to June
(T04-T06, T10) with the main contribution of Promineofilaceae sp.
BTS_026. These dynamics could be determined by chemical modifica-
tion of the feedstock associated with the storage of olive pomace over
the year [67], as fresh pomace is obtained in the final months of the year
and the reactor is gradually switched from the old to the fresh pomace.

3.6.2. Silage and manure digesting community
SOR had a functional profile akin to the chicken manure digesting

reactors GRE and PRO, suggesting the predominant contribution of
animal manure. Increased RA of both hydrolytic-fermentative and VFA
oxidizing microbes was observed from T06 to T08, encompassing the
acidification event at T07. This mirrored a decrease in alpha diversity
and community heterogeneity (Supplementary Figure S4), being
therefore notably linked to reactor acidification. The reduction in
microbiome complexity appears as a putative factor affecting the sta-
bility of the continuous AD process and underlines microbial monitoring
as a relevant tool for early warning.

Moreover, propionate oxidation increased in RA steeply at T07
without a preceding trend, suggesting a response to the elevated VFA
levels. This was mainly attributed to S. thermopropionivorans BTS_012 at
its maximal abundance (RA 6.23 %) as the most abundant MAG,
showcasing an interesting role in remediating the propionate accumu-
lation. Conversely, Dysgonomonadaceae sp. BTS_002 presented a sharp
peak, likely contributing to acidification through its fermentative ac-
tivity (Supplementary Figure S9). Given its involvement in acidifica-
tion, this organism could represent a factor to monitor for imminent
acidification.

In reactor ERP, the functional makeup of the community was
affected by the temperature drop and alteration to the feeding regimen
at T06. A sudden spike in RA of S. thermopropionivorans BTS_012 was
observed, confirming maximal abundance of this species in conjunction
with undergoing process perturbations. In T07, with resumed reactor
operation, an increase in cumulative abundance of beta-oxidation and
WL pathway was observed. T07 was also characterized by a shift
affecting the most abundant MAGs, as Limnochordia sp. BTS_001 and
Bacillota_G sp. BTS_004 declined, while Dethiobacteria sp. BTS_008
peaked at RA 7.86 %. Class Dethiobacteria were previously proposed as
SAOB [73], indeed MAG Dethiobacteria sp. BTS_008 had a complete WL
pathway as well as a 1-bm WL/GCS, supporting this hypothesis. Its
maximal abundance in T07 could thus represent the declining phase of
an unobserved peak between T06 and T07. Such an increased abun-
dance in Dethiobacteria sp. BTS_008 would lead to increased con-
sumption of acetate, causing the low acetate levels observed in T07.
Indeed, the MAG was found to be negatively correlated with acetate
levels in the digestate (ρs − 0.72, p-value 0.030, Supplementary
Figure S8).

The GAL community displayed the highest abundance of cellulolytic
Herbivorax andMobilitalea bacteria owing to the pure silage feedstock. A
noticeable drop in temperature of about 3 ◦C from the average occurred
at T08. At that point, abundance reached the minimum for putative
syntrophs Bacteria sp. BTS_010 and Dethiobacteria sp. BTS_008.
Conversely, a sudden spike for fermentative Dysgonomonadaceae sp.
BTS_002 happened and was maintained through to the next sampling
point. S. thermopropionivorans BTS_012, previously absent from the
reactor, appeared in the following points (T09, T10).

3.6.3. Chicken-manure digesting community at elevated FAN
PRO and GRE, characterized by the elevated FAN levels, displayed

the lowest cumulative RA of MAGs with complete WL pathway for ac-
etate oxidation. As the syntrophy between SAOB and hydrogenotrophs is
the prevalent mechanism for methanogenesis in reactors with elevated
FAN [43], a role for the alternative WL/GCS pathway is likely, which
indeed was widely detected. GRE was characterized by the highest ratio
between hydrolytic-fermentative bacteria and VFA oxidizers, explaining
the elevated VFA levels. Indeed, acid content dropped at T07 when the
abundance of oxidizers displayed a sudden peak. Metabolism of in-
termediates could be attributed to multiple Limnochordia MAGs via the
WL/GCS pathway for SAOB and the custom module for butyrate
oxidation. A similar activity could also be attributed to Bacteroidales sp.
BTS_040 in addition to propionate oxidation. The most abundant MAG
identified in reactor GRE, Fastidiosipilaceae sp. BTS_024 (order Sac-
charofermentanales) is a poorly characterized taxon. The type species
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Fastidiosipila sanguinis was found to produce VFA without carbohydrate
usage [68] and Fastidiosipila spp. were found with high RA in proteolytic
AD communities [69–71]. Given the rich protein content of reactor GRE
feedstock, we hypothesize this MAG to act as proteolytic. Indeed, two
secreted peptidases were identified in its genome, alongside a moderate
number of CAZymes (Fig. 3A). Similarly, the other Saccha-
rofermentanales MAGs might act as proteolytic, as they were found to
lack CAZymes and propionate or butyrate oxidation modules, while
having a similar number of secreted peptidases. Erysipelotrichaceae
were previously proposed to act as polysaccharide hydrolyzer, releasing
VFA [72], although our analysis revealed a limited number of genes
encoding for CAZymes (Fig. 3A).

Degradation of proteins in the reactors by means of secreted pro-
teases is expected to be linked to AA degradation genes in the MAGs
involved in this process and can determine an increase in ammonia
(Supplementary Figure S10). Considering the vastly different levels of
TAN across reactors, abundance of MAGs with complete modules for
nitrogen metabolism was also calculated (Supplementary Figure S11).
A high percentage of the community was found to encode for complete
nitrogen metabolism modules in AGR, especially for “assimilatory ni-
trate reduction” and “dissimilatory nitrate reduction”, as well as “nitrate

assimilation”. The latter was discovered to be largely absent from MAGs
in GRE and PRO. Further, a functional enrichment analysis revealed the
ammonium transporter gene amt to be overrepresented in the MAGs
with average RA>1% exclusive to AGR, possibly explaining their pres-
ence in the nitrogen-poor environment (Supplementary Figure S12).

3.7. Archaeal diversity and dynamics

Archaeal presence was analyzed over time to evaluate their speci-
ficity and in order to understand their behavior according to changes in
the feedstock composition (Fig. 5). The methanogenic component was
very low in RA but varying between reactors, representing between 0.1
% (PRO) and 1 % (AGR) of the community (Fig. 3C). Eleven Archaeal
MAGs were identified, and their activity classified according to taxon-
omy and functional annotation. Six Methanoculleus and two Meth-
anobacterium MAGs were categorized as hydrogenotrophs, while
Methanomassiliicoccaceae sp. BTS_110 as methylotroph. Finally, MAG
Methanosarcina flavescens BTS_107, a known mixotroph, was the only
archaeon capable of acetoclastic methanogenesis in addition to using H2
and methyl compounds [73]. Finally, MAG Bathyarchaeia sp. BTS_114
was identified in reactor AGR and this taxon was previously regarded as

Fig. 5. Abundance of methanogenic archaea over time and with selected operating parameters. From the top: the first panel visualizes MAG’s stability over time as a
boxplot of RA and calculated Coefficient of Variation (CV) represented on a color scale. Second panel is a heatmap representing the RA of each MAG at different
timepoints. The bottom three panels represent selected operational parameters at each time point.
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a non-methanogenic methylotroph capable of growth on complex sub-
strates including lignin [74].

The MAG assigned to Candidatus Methanoculleus thermohy-
drogenotrophicum (ANI 99.6 %) [75], M. thermohydrogenotrophicum
BTS_106, was found in significant quantities (average RA>0.05 %) in all
reactors suggesting a high resilience across different feedstocks and
operating parameters. Plant PRO was an exception, which however had
the lowest overall archaeal presence. Comparing the results with a
previous large-scale characterization of the AD microbiome [21], this
candidatus species was the second most widespread methanogen iden-
tified after an uncharacterized Methanothrix MAG. As the database did
not include industrial olive–pomace digesting plants, this study further
expands on the prevalence of Candidatus M. thermohydrogeno-
trophicum, including this peculiar substrate and underscoring the
impressive adaptability of this interesting archaeon.

Cumulatively, the highest RA of methanogens in AGR mirrored the
highest percentage of methane in the biogas. AGR displayed the largest
heterogeneity in Archaea, as eight MAGs had average RA over 0.02 %.
This finding resembled the general diversity measured for the micro-
biomes and contradicts the general idea that a selective environment,
determined by high lipid and phenolic compounds concentration, can
decrease the alpha diversity. Notably, two of these MAGs were not found
in the Biogas Microbiome database and were also absent (average
RA<0.02 %) from the other reactors. The first, Methanoculleus sp.
BTS_105, was the dominant archaeon in AGR (average RA 0.37 %) and
was classified as Methanoculleus sp002497965 (ANI 95.99 %), which
was recently found partnering with a SPOB for propionate degradation
in synthetic wastewater [76]. Notably, the dominant microbiome of
reactor AGR displayed the highest RA of putative propionate degrading
MAGs (Fig. 4), possibly explaining its exclusive presence and dominance
in digesting olive pomace, in particular in association with Candidatus S.
thermopropionivorans. Chicken manure-fed reactors GRE and PRO
presented a less heterogeneous methanogenic community as compared
to the other reactors. GRE was found to be exclusively reliant on
hydrogenotrophic methanogenesis, mainly performed by the MAG
Methanoculleus sp. BTS_103, which was also detected (>0.01 %) only in
PRO, and the widespread M. thermohydrogenotrophicum BTS_106.
M. flavescens BTS_107 was absent from reactor GRE possibly owing to
the high FAN content inhibiting acetoclastic methanogens. These results
showcase Methanoculleus genus as a flexible and fundamental taxon of
the industrial AD process across diverse feedstocks and conditions at
intermediate temperatures. In particular, Candidatus M. thermohy-
drogenotrophicum was capable of dominating in the most diverse con-
ditions, while the specific presence of other Methanoculleus MAGs was
determined by the feedstock or by other environmental conditions.

When considering variations across the monitored period, we
noticed a seasonality trend in plant AGR, with a fluctuation in the
methanogenic community possibly linked with the storage of olive
pomace. In particular, hydrogenotrophs represented the largest pro-
portion of all methanogens from August to November (maximum 0.88)
while their predominance was lower from December to June (minimum
0.64) (Supplementary Figure S5). In plant ERP, following engine
failure at T06, a severe drop in acetate levels in T07 co-occured with the
shift in dominance from M. thermohydrogenotrophicum BTS_106 to a
sporadic and intense appearance of M. flavescens BTS_107. It is possible
that blooming of this acetoclastic archaeon was due to the accumulation
of acetate and the lowering of temperature occurred at T06. With an
increased abundance between T06 and T07, M. flavescens BTS_107
would consume the acetate leading to the low levels observed at T07.
Such finding would confirm the effectiveness of Methanosarcina in
relieving digesters from accumulated acetate [77]. It must be noted that
M. flavescens BTS_107 exhibited a spike in abundance in reactors fed
with a high percentage of silage (ERP, GAL, PRO) between April (T05)
and August (T07). The temperature drop observed in GAL at point T08
lead to the minimum cumulative RA of archaea, but the constant pres-
ence of CH4 in the biogas indicates that the community nevertheless

adapted towards a sustained productivity.

4. Conclusions

This study compared the microbiome of six industrial AD plants with
widely different feedstocks and operating parameters, including di-
gesters operating on uncommon biomasses. The microbial communities
were found to notably diverge in reactors fed with chicken manure and
olive pomace operating with different levels of FAN/TAN and VFA,
suggesting benefits for specialized inocula to efficiently operate on these
organic wastes, while manure co-digestion appeared highly compatible
with silage-digesting microbiomes. A set of MAGs was identified as
putative core players of industrial AD, making them highly desirable in
inocula destined for AD at 45 ◦C regardless of the digested input.
Feedstock was found to affect microbiome stability, in particular a
strong seasonality was found in the community digesting two-phase
olive pomace, while operational parameters well explained differences
across reactors. Alterations in the community were highlighted in
conjunction with peculiar episodes related to changes in reactor oper-
ation and feedstock. Community simplification emerged as a potential
factor favoring reactor acidification and relevant microbial markers of
process instability were identified. The implementation of hybrid long
and short-read shotgun sequencing unveiled distinct MAGs within the
Methanoculleus genus showcasing either widespread or extremely niche
presence. These findings underscore the versatility and pivotal role of
the Methanoculleus genus as a key methanogen in AD processes across
varied feedstocks and environmental conditions at 45 ◦C.

Overall, information on the relationship between reactor environ-
ment and microbiome will provide useful information for more rational
management of full-scale biogas plants. Additionally, this study re-
inforces the idea that a monitoring process based not only on the
physical and chemical parameters but also on the microbiological
composition of the process is highly beneficial.
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