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ARTICLE INFO ABSTRACT

Keywords: The yield and productivity of biogas plants depend on the degradation performance of their microbiomes. The
Biogas plant spatial separation of the anaerobic digestion (AD) process into a separate hydrolysis and a main fermenter should
Hydml}fﬁs fermenter improve cultivation conditions of the microorganisms involved in the degradation of complex substrates like
x;;t;ﬁ:;emics lignocellulosic biomass (LCB) and, thus, the performance of anaerobic digesters. However, relatively little is
Host-phage interactions known about such two-stage processes. Here, we investigated the process performance of a two-stage agricultural
Multi-omics AD over one year, focusing on chemical and technical process parameters and metagenome-centric

metaproteomics.

Technical and chemical parameters indicated stable operation of the main fermenter but varying conditions
for the open hydrolysis fermenter. Matching this, the microbiome in the hydrolysis fermenter has a higher dy-
namic than in the main fermenter. Metaproteomics-based microbiome analysis revealed a partial separation
between early and common steps in carbohydrate degradation and primary fermentation in the hydrolysis
fermenter but complex carbohydrate degradation, secondary fermentation, and methanogenesis in the main
fermenter. Detailed metagenomics and metaproteomics characterization of the single metagenome-assembled
genomes showed that the species focus on specific substrate niches and do not utilize their full genetic poten-
tial to degrade, for example, LCB.

Abbreviations: AD, Anaerobic digester/digestion; CAZymes, Carbohydrate-active enzymes; CID, Collision-induced dissociation; CSTR, Continuous stirred-tank
reactor; DIET, Direct interspecies electron transfer; DSMZ, German Collection of Microorganisms and Cell Cultures; F, Main fermenter; GH, Glycoside hydrolase;
GTDB, Genome Taxonomy Database; H, Hydrolysis fermenter; HRT, Hydraulic retention time; LCB, Lignocellulosic biomass; MAG, Metagenome-assembled genome;
mgf, Mascot generic file; MG, MAG abundance based on normalized read abundance; MP, protein abundance, normalized; MPA, MetaProteomeAnalyzer; m/z, mass-
to-charge ratio; OLR, Organic loading rate; PASEF, Parallel Accumulation Serial Fragmentation; READ, Single read abundance; SAOB, Syntrophic acetate-oxidizing
Bacteria; SCFA, Short-chain fatty acids; TIMS, Trapped Ion Mobility Separation; tym,, Tons wet mass; VFA, Volatile fatty acids.
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Overall, it seems that a separation of AD in a hydrolysis and a main fermenter does not improve the cleavage of
complex substrates but significantly improves the overall process performance. In contrast, the remaining
methanogenic activity in the hydrolysis fermenter may cause methane losses.

1. Background

Lignocellulosic biomass (LCB) is a highly valuable renewable carbon
source and energy carrier. For material and energetic utilization of LCB,
numerous bioconversion technologies and biorefinery concepts were
developed, aiming to establish a circular bioeconomy (review: Ubando
et al., 2020). In this context, the anaerobic digestion (AD) of agricultural
(by-) products and residues to biogas with methane and/or molecular
hydrogen as an energetic component offers an unexploited potential for
bioenergy production and reduction of greenhouse gas emissions (re-
view: Dar et al., 2021).

In LCB, carbon is fixed in long-chained carbohydrates such as cel-
lulose, hemicellulose, and xylan. In addition, certain biomasses can
contain considerable amounts of proteins and, in minor amounts, lipids,
both valuable substrates for bioconversion (review: e.g., Ling et al.,
2022). In anaerobic environments, the decomposition of long-chained
molecules proceeds in different phases (review: Cremonez et al.,
2021). First, high molecular weight compounds are hydrolyzed in hy-
drolysis into soluble molecules, such as oligosaccharides, fatty acids, and
amino acids. In the acidogenesis phase as the second step, these low
molecular weight substances are converted preferentially to volatile
fatty acids (VFA), namely acetic, propionic, and lactic acid, among
others, with a production of gases, mainly carbon dioxide (CO2) and
molecular hydrogen (Hy). In the acetogenesis phase, VFAs are converted
to acetic acid. Finally, in the methanogenesis phase, methane (CHy) is
formed either from CO; and H; (hydrogenotrophic methanogenesis) or
from acetate (acetotrophic or acetoclastic methanogenesis).

The different degradation phases in AD are performed by the meta-
bolic activity of a broad range of microbial species of both Bacteria and
Archaea (e.g., Maus et al., 2016; 2017, 2020a). As early as 1971, the
different growth optima of acidogenic bacterial species and methano-
genic archaeal species were recognized, leading to the proposal of phase
separation in AD by the introduction of a first fermentation stage with
optimal growth conditions for “acid formers”, and a second fermenta-
tion stage optimized for “methane formers” (Pohland and Ghosh 1971).
Today, agricultural resp. industrial two- (or more) stage two-phase AD
reactor systems are typically operated with a first hydrolysis/acido-
genesis fermenter featuring pH-values between 5.0 and 6.0 and hy-
draulic retention time (HRT) between 2 and 4 days for substrates, e.g.,
LCB as a sole substrate or in co-digestion with livestock manure, and, in
series, a second methanogenesis fermenter with pH-values between 6.0
and 8.0 and HRT of 8 to 10 days (Cremonez et al., 2021).

The advantages and limitations of such two-stage phase-separated
reactor systems for AD of LCB were discussed earlier (e.g., Schonberg
and Linke 2012). However, all these studies were predominantly
engineering-driven, focussing on fermenter design and operation,
namely on pH control, substrate composition and organic loading rate
(OLR), and corresponding chemical oxygen demand (COD) removal,
VFA production, and CHy-productivity resp. -yield. Surprisingly, the
central hypothesis leading to the concept of AD phase separation,
whether the metabolic activity of hydrolytic/cellulolytic/acidogenic
bacteria is promoted by the conditions prevailing in the first hydro-
lysis/acidogenesis fermenter has surprisingly not been answered
comprehensively for industrial-scale biogas reactors (Menzel et al.,
2020).

Biogas-producing AD microbiomes are highly complex. Applying
comprehensive metagenome data analysis, Campanaro et al. (2020)
inventoried biogas microbiomes, leading to the compilation of
metagenome-assembled genomes (MAGs) for more than 1600 species
from AD systems. However, only a very limited number of these species,

i.e., less than 5 %, were assignable to physiologically characterized
species (Campanaro et al., 2020). In engineered AD systems, varying
fractions of these species are detectable; major fractions of the microbial
AD communities could not be classified down to the species level (‘mi-
crobial dark matter’).

Comprehensive genome-centered metagenomics analysis enables the
unraveling of AD microbial dark matter and allows prediction about its
functionality (Hassa et al., 2018). In addition, metagenome sequence
data provides exclusive information on the presence of resp. abundance
of microbial species, as well as an overview of their genetic potential.

Contrary, it must be noted that the occurrence of a certain microbial
species with particular metabolic features does not necessarily imply its
metabolic activity and substantial participation in AD.

To distinguish between the metabolically active and inactive parts of
the AD microbiome members, combined metagenomics and meta-
proteomics analysis supported by integrated bioinformatic data analysis
is advantageous (integrated or multi- resp. poly-omics) (Heyer et al.,
2019a). Unfortunately, comprehensive, integrated omics studies on the
impact of alteration of AD process factors resp. technical improvements
in AD on the inherent microbiome’s functionality with a reliable sta-
tistical background are still very limited (e.g., Abendroth et al., 2017).

To overcome this lack aiming to answer the unsolved question of the
eligibility of a hydrolysis stage to support the LCB breakdown, an inte-
grated poly-omics approach was applied focusing on the following
questions: (i) What are the structural and functional differences between
the specialized AD microbiomes present in the hydrolysis/cellulolytic
stage and the methanogenesis stage? (ii) How stable is the structure and
functionality of the specialized AD microbiomes during one year of
continuous operation?

2. Material and methods

In the following, the methods used are described in brief. For more
details, refer to Supplementary Note.

2.1. Description of the anaerobic digester and sampling

The sampled two-stage anaerobic digester system consists of one not
gas-tight, continuous stirred tank reactor (CSTR) for hydrolysis (H) with
a volume of 180 ms, one main CSTR for biomethanation (F) with a
volume of 2000 m® and one secondary fermenter (1030 m®) (Supple-
mentary Figure 2). On average, the daily substrate feeding into H was
77.3 tons wet mass (tym) + 5.0 tym. It consisted of 11.3 m? £ 0.5 m®
liquid pig manure, 1.4 m® + 0.6 m® liquid silage effluent, 0.3 tyg, + 0.3
twm corn-cob-mix, 13.3 tym, + 1.6 ty, maize whole crop silage, 0.2 tym,
+ 0.3 twm solid fermentation residues, and 1.5 tymy, + 1.8 tym seasonal
(from October 2016 to March 2017) beet silage. Additionally, the daily
substrate feeding was mixed with 49.2 m® + 4.6 m® liquid fermentation
residues from the subsequent secondary fermenter. This substrate supply
corresponded to an organic loading rate (OLR) of 40.0 kgys m™ d™! +
4.3 kgys m~3d! for Hand 3.2 kgysm ~ 3d-1+05 kgysm ~ 3d~forF,
respectively, at a hydraulic retention time (HRT) of 2.3 d + 0.2 d for H
and 25.7 d + 1.7 d for F. The process temperature in F was 39.7 °C +
0.2 °C. In contrast, process temperature in H was measured only
exemplarily, while the measurements of nine-time points were about
39.9°C+1.2°C.

H and F were sampled monthly from November 2016 to October
2017 (H1-H12, F1-F12). The samples were stored at —21 °C until further
use. Furthermore, the operation data of the biogas plant were collected
for the entire year (Supplementary Note Al.).
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2.2. Taxonomic and functional microbiome characterization

One metagenome for timepoint T4 for the hydrolysis and one for the
main fermenter was created as described previously (Maus et al., 2020b)
with an Illumina HiSeq sequencer using the Illumina HiSeq Rapid SBS
kit v2 (500 cycles) in a 2 x 250 bp paired-end run. Functional classifi-
cation of the genes, including KEGG pathway mapping, was performed
with the Diamond tool (Buchfink et al.,, 2015). Subsequently,
metagenome-assembled genomes (MAGs) were computed with Meta-
BAT (v0.21.3) (Kang et al., 2019), and the Genome Taxonomy Database
toolkit (GTDB) taxonomy was assigned (Chaumeil et al., 2019).

Metaproteomics analysis was carried out according to Heyer et al.
(2019b) using phenol extraction into a ball mill, FASP digestion, and
LC-MS/MS using an UltiMate® 3000 nano splitless reversed-phase
nanoHPLC (Thermo Fisher Scientific, Dreieich) coupled online to a
timsTOF™ pro mass spectrometer (Bruker Daltonik GmbH, Bremen).

For the functional characterization of the identified genes, proteins,
and MAGs, the sequenced genes were assigned to metabolic pathways,
functions, and carbohydrate-active enzymes (CAZymes) using the
MPA _Pathway_Tool (http://141.44.141.132:9001 /home) (Walke et al.,
2021), which provided already a comprehensive set of 49 pathways
relevant for the AD process based on Sikora et al. (2019) and Heyer et al.
(2019b). Furthermore, we created with the MPA_Pathway_Tool CAZy
profiles for H and F using the EC numbers in the gene table mapped to
Glycoside hydrolase (GH) families from the CAZy database
(http://www.cazy.org/, retrieved on 20.12.2022, http://www.cazy.
org/Glycoside-Hydrolases.html, Drula et al. (2022)).

2.3. Integrative analysis of metagenomics and metaproteomics data
Metagenomics and metaproteomics data were integrated by in-house

scripts developed in JAVA (version 1.8, Supplement jarZIP). In the first
step, the list of all genes was enriched by the matching MAG_ID. Second,
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the gene abundance for H and F was added based on the total read count
of the MAG (or contigs, which were not assembled to MAG) normalized
by the MAG length. Third, the protein spectral abundance was added
using the peptide identification files once for all peptides and once only
for unique peptides. The spectral abundance of peptide identifications
(Drula et al., 2022) assigned to multiple proteins was distributed equally
to all associated proteins. In the fourth step, based on the normalized
read and spectral counts, we created an abundance profile for the MAGs.
For comparison, the abundance profiles were normalized to 100 % for
each sample.

2.4. Replicates, statistics evaluation, and visualization

In this study, twelve samples of H and F of an anaerobic digestion
plant were analyzed for one year (Nov-16 - Nov-17) with meta-
proteomics and for timepoint T4 with metagenomics. Metaproteomics
and -genomics analysis were carried out in triplicates. R-Statistics
version (1.2.5001) was used for statistical analysis. The Shapiro test
validated normal distribution for comparing protein abundance be-
tween H and F. Although this criterion was not fulfilled for low abundant
proteins, we used a t-test combined with Benjamini-Hochberg correction
(p-value < 0.05) instead of a Mann-Whitney U-Test. Clustered heatmaps
were created based on metaproteomics- and -genomics data using the
"ComplexHeatmap” library (Gu et al., 2016).

3. Results
3.1. Technical and chemical process parameters
Feeding of 77.3 + 5.0 tons substrate (mainly maize silage, pig
manure, and seasonal beet silage) per day revealed a stable biogas
production over the entire evaluation period of 2883.0 + 283.9 m> per
day (average 60.2 + 1.5% methane in F, Fig. 1 and Supplementary
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Fig. 1. Time course of feeding and biogas production over one year. Sampling for metaproteomics was carried out monthly (red arrows) from 08.11.2016 to
25.10.2017 for the hydrolysis fermenter (H1-H12) and main fermenter (F1-F12) (Supplementary Table 1). The blue arrow indicates the time point (4) of sampling for
metagenome sequencing (H04/F04, 13.02.2017). This time point was selected due to the stable biogas production and feeding conditions (wide variety of substrates).
The feeding of the biogas plant consisted of recirculation from a secondary fermenter m3d 1, silage effluent [m®d ~ 11, solid fermentation residues [tym d ~ '],
beets silage [tym d ~ 11, maize silage [tym d ~ 11, corn-cob mix [tym d ~ ] and pig manure. The black line indicates the biogas production as measured daily at the
combined heat and power plants. The methane content of the plant was 60.2 vol.% =+ 1.5 vol.%. The full data set is shown in Supplementary Table 1. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1). The composition of the substrate remained almost stable,
except for adding small amounts of seasonal substrates such as beet
silage or corn-cop mix (<2.0 % of the feed). Comparisons of the average
process parameters between H and F revealed different conditions in H
and F regarding retention times (HRTg: 25.7 days / HRTy: 2.3 days, p-
value < 3.69x107%), pH (pHg: 7.9 / pHy: 5.9, p-value: 2.04x10~°) and
total short-chain fatty acid (SCFA) concentrations (SCFAsg: 118.7 mg L
~1/SCFAsy: 14,378.0mg L ~ 1, p-value: < 1.12x10 1) (Supplementary
Table 2). Furthermore, we observed a shift in the SCFA composition
between both fermenters (e.g., butyrate was only present in H, Fig. 2).

3.2. Microbiome’s taxonomic and functional profile deduced from
metagenome and metaproteome data analysis

Metagenome analysis of triplicated samples from H and F (sampling
timepoints F4, H4, Fig. 1) revealed 124,228,795 reads leading to the
assembly of 1,034,301 genes with a subsequent compilation of 262
MAGs (Supplementary Table 3) resp. 49 of high quality (>90 %
completeness, <5 % contamination) (Bowers et al., 2017) (Fig. 4, Sup-
plementary Table 4). Metaproteomics analysis with protein identifica-
tion against the deduced protein sequences from the metagenome
resulted overall in 2,193,991 identified spectra and 55,487 identified
proteins (Supplementary Table 5). This corresponds to an average of 30,
472 + 8,122 identified spectra and 14,026 + 2,788 proteins per mea-
surement. Subsequently, the microbiome’s detailed taxonomic and
functional composition was evaluated, as shown in Supplementary Note
C1, and the microbial key players were summarized in Fig. 3. Further-
more, we included a detailed characterization of phage proteins in
Supplementary Note D and of all other proteins in Supplementary Note
C.

3.3. Differentially abundant taxa in hydrolysis and main fermenter

3.3.1. Abundance of MAGs

A systematic comparison of the MAG abundances between H and F
revealed in total of 40 resp. 29 MAGs of 49 high abundant MAGs with
significantly altered abundance values in the metagenome or meta-
proteome data (p-value below 0.05 with Benjamini-Hochberg correc-
tion). Thereby, metaproteomics and metagenomics data revealed
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comparable ratios between the MAG abundances in H and F (the same
trend means ratio H vs. F was either above or below 1). For example,
MAG_119 (genus Eubacterium_H, ratioMGy r: 26.4, ratioMPy p: 28.3)
and MAG_223 (genus Olsenella B, ratioMGy,F: 16.5, ratioMPy p: 23.5)
were more abundant in H and MAG_2 (genus Methanothrix, ratioMGy,r:
0.3, ratioMPyg: 0.3) and MAG_226 (family 4484-276, ratioMGy,f: 0.0,
ratioMPy,p: 0.4) more in F.

Exceptions from the similar trends between metagenomics and
metaproteomics data were observed for MAG_69 (species: Herbinix
luporum, ratioMGy/r: 1.6, ratioMPy,r: 0.8) and four other MAGs with
low abundance in metaproteomics data: MAG_255 (genus UBA2730,
ratioMGy p: 78.2, ratioMPy,p: 0.9), MAG_183 (genus UBAS5266,
ratioMGy p: 0.1, ratioMPy,p: 1.7), MAG_21 (genus Eubacterium B,
ratioMGy p: 40.5, ratioMPy,r: 0.6), and MAG_187 (genus UBA1046,
ratioMGy,p: 0.2, ratioMPy,p: 1.8). MAG_255 exhibits high abundances
in H on the metagenome level (13.68%) but much lower abundances in
the metaproteome (0.06%), indicating the presence of spores.

3.3.2. Predicted metabolic pathways in hydrolysis and main fermenter

Comparison of the degradation performance based on protein
abundances assigned to main metabolic functions (Fig. 4) between H
and F showed that based on metaproteome data analysis complex
polysaccharides e.g., cellulose (ratioMGy/p: 0.92, ratioMPy,p: 0.46),
aromats (ratioMGy g 0.09, ratioMPy: 0.14, p > 0.05), fatty acids
(ratioMGy,: 0.52, ratioMPy p: 0.64), and proteins (ratioMGy/r: 0.82,
ratioMPy/p: 0.53, p > 0.05) are mainly degraded in F. In contrast, the
degradation of starch (ratioMGg,r: 1.22, ratioMPys: 10.95, p > 0.05),
other sugars (ratioMGy,r: 0.58, ratioMPy : 2.73, p > 0.05), and hemi-
cellulose (ratioMGy,g: 0.66, ratioMPy,g: 2.04) were elevated in H. This
trend was only observed in metaproteomics data, indicating that the
microorganisms have the genetic potential but adjust their enzyme
expression profiles.

Enzymes for primary fermentation to ethanol (ratioMGyr: 1.51,
ratioMPy/p: 1.09), acetate (ratioMGy p: 0.97, ratioMPy,p: 1.71, p >
0.05), and lactate (ratioMGyg: 4.57, ratioMPy : 26.72, p > 0.05) were
observed in higher abundance in H. Increased abundance of the Wood-
Ljungdahl-pathway (ratioMGy/: 0.70, ratioMPy: 0.39), formiate
fermentation (ratioMGyr: 0.54, ratioMPy g 0.24) and hydrogenases
proteins (ratioMGyp: 0.17, ratioMPy,: 0.36) indicated enhanced
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Fig. 2. Short-chain fatty acids from samples of the hydrolysis and main fermenter. The content of detected volatile fatty acids (VFAs) was determined by high-
performance liquid chromatography analysis as described by Jan Liebetrau, Diana Pfeiffer, and Daniela Thran (2015). The bar on the right section shows the
average VFA concentration in the main fermenter (F), which was at least 100-fold lower than in the hydrolysis fermenter (H). The full data set is shown in Sup-

plementary Table 1.
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Fig. 3. Metabolic potential and expressed functions of high-abundant and high-
quality metagenome-assembled genomes (MAGs). The abundance of high-
quality MAGs (completeness > 90 %, error rate < 5 %) in hydrolysis or main
fermenter was deduced from metagenome or metaproteome data above 1 % to
the main metabolic functions. The yellow color indicates the presence, and the
blue indicates the absence of the function within the metagenome and meta-
proteome of the MAG. Additionally, the data were clustered based on the
metagenome data using UPGMA and "Euclidean" distance. Abbreviations: M
(methanogenesis), AS (amino acids). Most precise taxonomic information for
numeric GTDB taxonomies: MAG 67 (o_Bacteroidales), MAG 66 (g_Syntro-
phosphaera), MAG 197 (o_Bacteroidales), MAG 134 (f_Peptococcaceae), MAG
117 (c_Limnochordia), MAG 109 (f_Acutalibacteraceae), MAG 184 (f_Lach-
nospiraceae), MAG 229 (f_Pelotomaculaceae), MAG 226 (o_Bacteroidales),
MAG 17 (g_Prevotella), MAG 255 (c_Bacilli). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
tAhis article.)

secondary fermentation in F (Fig. 4). Furthermore, acetoclastic meth-
anogenesis (ratioMGy: 0.51, ratioMPy,s: 0.39, p > 0.05), hydro-
genotrophic (ratioMGyf: 1.25, ratioMPy/p: 0.41, p > 0.05) and the final
step of the methanogenesis (ratioMGy/p: 0.88, ratioMPy,y: 0.36, p >
0.05, EC 2.1.1.86, EC 2.8.4.1, EC 1.8.98.1) were also more abundant in
F.

3.3.3. Diversity of microbial carbohydrate-active enzymes in the hydrolysis
and main fermenters encoded in abundant metagenome-assembled genomes

Due to enriched sugar consumption in H, CAZymes relevant to the
AD process were analyzed in detail, focussing on the glycoside hydrolase
families (GH) for (i) endo- and exo-1,4-p-d-glucanases (cellulases), (ii)
starch and glycogen hydrolases, (iii) lysozymes and chitinases (cell wall
degradation), (iv) oligosaccharide phosphorylases, (v) glycosidases
(hydrolysis of single sugar residues from non-reducing ends), and (vi)
hemicellulases (Fig. 5, Supplementary Table 8).

Whereas MG data confirmed a wide potential for the degradation of
carbohydrates, evidence for the expression of corresponding enzymes
was partially missing. Nearly all GH families were present for the
degradation of (i) cellulose, (ii) starch and glycogen, and (v) single sugar
residues, while roughly half of the GH families for the degradation of (ii)
hemicellulose (6 of 11 missing), and (vi) oligosaccharides (1 of 2) were
missing in MP data. No enzymes were identified for the degradation (iv)
of cell wall components (Fig. 5).

Except for GH11 (xylanase) and GH78 (rthamnosidase), MG and MP
data indicated similar abundances of GH families in H and F. Overall, 20
of 46 GH families were more abundant in F and 11 more in H. The GH
families enriched in H focused on easily degradable carbohydrates such
as the degradation of starch by GH13, xylane by GH,11, and maltose by
GH4. In F, nearly all GH families for complex carbohydrate degradation,
such as cellulases and hemicellulases, were enriched (Fig. 5i and vi).

3.4. Metaproteomics analysis of annual dynamics of the microbiomes in
H and F based on MP

In addition to comparing H and F for time point four, the annual
dynamic of all MAGs (Supplementary Table 10) and the metabolic
functions (Supplementary Table 11) were analyzed to assess the stability
of the microbiome. Based on the average Spearman correlation factor of
0.99 for the MAGs and 0.97 for the metabolic functions, the microbiome
in F was more similar across the different time points than in H with
0.91 vs. 0.95 (Supplementary Note C5.). Furthermore, the correlation
analysis of all MAGs and of the main metabolic functions showed that
the samples from the first four time points of H were different compared
to the other time points.

In contrast to the high correlation between entire MAG profiles of all
time points, greater variations in the abundance of the single MAGs were
observed, as indicated by an average MAG standard deviation of 90 % in
H and 92 % in F (based on the standard deviation divided by MAG
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abundance). Also noteworthy were the expression profiles of certain
metabolic functions, such as cellulose degradation (Fig. 6). In general,
proteins for cellulose degradation were more abundant in F, with an
even much higher abundance for timepoint ten.

To assess whether the single MAGs focus on certain substrates, we
performed, in addition to the functional analysis, Spearman correlation
analysis (|[R|>0.75) between the metaproteome-based MAG abundance
and the substrates (Supplementary Table 12). Furthermore, we included
organic loading rate, hydraulic retention time, pH value, and total ni-
trogen ammonia (TAN) in the correlation analysis to check for niche
preference. We observed 25 (exclusive self-correlations) correlations in
H and 22 in F. A high positive correlation for H and F could be observed
between the MAG_223 (genus Olsenella_B) and the amount of fed sugar
beets and corn-cop mix, as well as a negative correlation for the amount
of maize silage. Furthermore, MAG_119 (genus Eubacterium H) in F
correlated with the amount of sugar beet. The corn-cop mix was posi-
tively correlated in H with MAG_184 (family Lachnospiraceae) and F with
MAG_134 (family Peptococcaceae).

Silage effluent had a strong negative impact on MAG_67 (order
Bacteroidales) in F. Within the acid spectrum, we could only identify a
high negative correlation between the amount of n-butanoic acid and
the MAG_67 (species Herbinix luporum) in H. Furthermore, we observed
several positive correlations between the fermenting MAGs, such as
between MAG_69 (genus Herbinix luporum) and MAG_197 (family Rike-
nellaceae) in H or MAG_215 (G Sedimentibacter) and MAG_98 (F Syntro-
phomonadaceae) in F.

4. Discussion

Compared to single-stage AD reactors, two-stage phase-separated
fermenter systems have shown several advantages in laboratory-scaled
LCB fermentation experiments, namely higher overall methane yields
(Pakarinen et al., 2009), higher methane concentrations in biogas (ob-
tained from the methanogenesis stage) (Schonberg and Linke 2012),
thus, enabling higher energy recovery (Shen et al., 2013). Additionally,
two-phase digestion revealed more stable operation and higher OLR
treatment capacity (Shen et al., 2013). On the other hand, some studies

showed superior AD performance for two-stage systems only in the case
of substrates with high sugar content (Lindner et al., 2016).

In general, the AD phase separation of the AD process is assumed to
improve AD performance by preventing shock loads and improving
viscosity by mixing with digestate (Menzel et al., 2020). AD reactor
construction designs enable fermentation settings optimal for microbial
growth (i.e., pH values) for hydrolytic and fermenting bacteria in H,
acetogenic bacteria, and methanogenic archaea in F (Cheng Zhang and
Noike 1991). However, up to now, little knowledge has been available
about the impact of separated H and F on the AD microbiome and its
performance (Menzel et al., 2020).

4.1. Operation of the anaerobic digester

Overall, the process parameters of the investigated AD, including the
acid profile and biogas production, were stable over time and similar to
other two-stage ADs (Menzel et al., 2020). However, compared to F, H
showed a decreased pH value and more variations of the produced
short-chain fatty acids, matching the reduced retention times and high
organic loading rates. Beet silage was seasonally fed (November till
May), which led to some fluctuations but did not influence the process
significantly. Compared to one-stage ADs (usually 55 %), the methane
concentration in the biogas was elevated in the investigated two-stage
AD (60%), a possible explanation being that CO; is already produced
and released in H. However, since H was not gas-tight and the biogas
amount and composition were measured just for the complete biogas
plant, assessing the biogas yield and productivity in H was not feasible.
However, this information would enable a better understanding of the
influence of H on the biogas production of this specific biogas plant.

4.2. High-resolution microbiome comparison of hydrolysis versus the
main fermenter

Separation of the AD process in a small H and a large F resulted in
partial separation of hydrolysis and acidogenesis in H from acetogenesis
and methanogenesis in F. For example, the fermenting MAGs_119 (genus
Eubacterium H) and MAG_223 (genus Olsenella_B) and metabolic process
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cleavage of starch and lactate fermentation were more abundant in H. In
contrast, proteins assigned to the function methanogenesis (MAG_2,
genus Methanothrix) were increased in F.

At first glance, improved degradation of proteins and easy-
degradable carbohydrates (i.e., starch, cellobiose, and maltose) in H
confirmed the hypothesis that spatial separation providing optimal
conditions for hydrolysis could enhance the anaerobic digestion process.
In contrast, enzymes for the degradation of complex carbohydrates were
more abundant in F, questioning the concept of spatial separation.
Obviously, easily degradable substrates are metabolized first, enabling
faster growth of the corresponding hydrolytic species. The faster growth
was confirmed by a higher abundance of translational and cell cycle
proteins in H with shorter retention times. The observed failure to
transfer the hydrolysis of complex carbohydrates to H might explain, in
retrospect, the rare application of spatial separation in full-scale AD
plants in Germany and elsewhere (Schories et al., 2018). However, it
should be noted that the analysis relied on the CAZy assignments, and
there may be additional sugar-degrading enzymes may not be assigned.

Furthermore, the applied recirculation from the secondary fermenter
to H causes a high abundance of methanogenesis genes and proteins
(proteins for final methanogenesis >3 %). Therefore, it may indicate a
loss of methane in open H. In the worst case, methane release decreases
AD’s profitability and promotes global warming. But considering the
acidic pH in H and the partial influx of oxygen from feeding, high
methane production in H is not expected. Nevertheless, since methane
production was observed in similar cases, it should be monitored in
future projects and full-scale plants with open H (Patel et al., 1990;
Shimada et al., 2011).

The community structure revealed that about 20 MAGs, representing
50 % of the total abundance, dominated the AD microbiome (based on
MG and MP). Among these 20 MAGs, Phyla Firmicutes was most abun-
dant, which is also supported by other studies (e.g., Stolze et al., 2015).
The Archaea community was dominated by Methanothrix.

Furthermore, several core functions such as cellulose cleavage
(MAG_69, species Herbinix luporum) or methanogenesis (MAG_02, genus
Methanothrix) were dominated by one taxon, indicating that the domi-
nating MAGs found strategies to outcompete other species. Detailed
knowledge about the key species could initiate the specification of taxa’s
functions in the microbial network of anaerobic digestion. In particular,
the expression of all proteins for hydrogenotrophic methanogenesis in
Methanothrix (MAG_2), formerly described to be strictly acetoclastic
(Stams et al. 2019; Vrieze et al., 2012), points to strong syntrophic

interactions using direct interspecies electron transfer (DIET). A better
understanding of the key players and the metabolic interactions could be
applied to improve the living conditions for these species, e.g., the
addition of iron minerals for enhancing the potential DIET of Methano-
thrix and biogas productivity (Feng et al., 2010). Furthermore, meta-
proteomics data could be used to approve/improve metabolic networks
(Walke et al., 2021) by, e.g., constraint-based modeling (Koch et al.,
2016) or ADM1 (Parker 2005).

The high dominance of a few MAGs could be advantageous for an
efficient process. However, missing redundancy in the community could
increase sensitivity to metabolic disturbances (acidification) or phage
infections, causing at least a transient loss of essential metabolic func-
tions. In this regard, we also observed increased phage protein abun-
dance in H compared to F (Supplementary Figure 16). Increased phage
abundance might indicate a higher microbial turnover by phage-
induced cell lysis. The reasons could be the elevated growth or the
more challenging living conditions in H, including lower pH values,
temperature changes, oxygen stress, or traces of antibiotics from the
manure. For lysogenic phages, it is known that such conditions may
induce a shift from the lysogenic to the lytic cycle (Cochran et al., 1998).

The increased phage presence may promote fast-growing microor-
ganisms and inhibit slow-growing microorganisms focusing on more
complex substrates. Furthermore, detailed characterization of the phage
proteins and the associated genes in the contigs and MAGs revealed one
complete phage genome (Supplementary Note D and Supplementary
Fig. 19). This phage genome harbored genes encoding for antibiotic
resistance against chloramphenicol (Fernandez et al., 2012). This
observation showed that phages promote the exchange of genes within
an AD microbial community and could increase the ecological fitness of
the organisms. On the downside, this represents how
antibiotic-resistance genes from animal husbandry could be introduced
to nature and the human nutrient cycle. First, the manure is fed to a
biogas plant. Subsequently, the fermenter liquid is spread as fertilizer on
fields used for food production. Admittedly, we observed that the
abundance of MAG_198 decreased from H to F (ratioMGy: 98.8,
ratioMPyp: only in H). However, since it could form spores (e.g.,
BGA350_8 x 83SP_D8B0_28, spore coat peptide assembly protein
cotJB), its long-term survival in ADs and the environment is possible. In
the case of the observed chloramphenicol resistance, we cannot link it
back to animal husbandry since chloramphenicol has been forbidden in
the European Union since 1994 (European Commission 2014). Poten-
tially, other microbes such as Streptomyces (Vining and Stuttard 1995)
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may synthesize it, or the resistance protein may promote resistance
against other antibiotics.

Since our study indicated that the investigated open H did not
improve the cleavage of complex carbohydrates, we have to think about
novel approaches to enhance the hydrolysis. Therefore, we could mimic
better solutions from nature, such as animal rumens. For example, in
contrast to the AD microbiome, cow rumen contains larger amounts of
anaerobic fungi, which promote the degradation of complex carbohy-
drates (Hagen et al., 2021). Thus, treatment of digestate with (an)aer-
obic fungi could be one opportunity (Dollhofer et al., 2018; Kovacs et al.,
2022), but this is difficult to implement since the living conditions in AD
are not well suited for anaerobic fungi (Vinzelj et al., 2020). Further-
more, some publications even suggest that hydrolysis of complex car-
bohydrates requires the cooperation of the animal host and its
microbiome (Khowala et al., 1992; Scoma et al., 2020), for example, by
adding host proteins, adjusting the pH value, or a specialized structure
of the gastrointestinal tract.

4.3. Metaproteome-based annual microbiome dynamic

Annual metaproteome-based microbiome analysis revealed a stable
microbiome in F but a more dynamic microbiome within H. For
example, MAG_90 (genus Pseudoscardovia) and MAG_223 (genus Olse-
nella B) nearly disappeared for some time in H. Furthermore, we
observed a positive correlation of MAG_223 (genus Olsenella B) and
MAG_119 (genus Eubacterium H) to the feeding with sugar beet and
corn-cop mix. Since sugar beet and corn-cop mix were fed together, we
could not differentiate the effect of both substrates. However, Olsenella
and Eubacterium were also described in other AD fermentations with
sugar beets (Montanés et al., 2014) and thus represent potential mi-
crobial indicator taxa for this substrate (Vrieze et al., 2016).

Within the functional profile, we observed larger changes in the
abundance of proteins for cellulose and hemicellulose degradation. In
particular, for sampling time point F10/H10, we observed a high
abundance of cellulose and hemicellulose degradation provided mainly
by MAG_69 (species Herbinix luporum), suggesting that this time point
has a higher degradation efficiency. However, confirmation requires
balancing the AD and measuring enzyme activities, which was not the
scope of this study. Also, correlation analysis revealed no reason why the
abundance of cellulose and hemicellulose degradation decreased. Po-
tential molecular reasons for the decreased abundance of MAG_69
include competition, substrate preferences, phages, or changes in the
process parameters.

5. Conclusion

MAG-centric metaproteomics unraveled the function of a plethora of
microbial species within the AD process. Surprisingly, the microbial
community in H does not aid in the degradation of complex carbohy-
drates but instead mainly hydrolyses easily digestible substrates. These
findings question the application of H for increasing yield and produc-
tivity of AD and need to be confirmed by sampling other full-scale plants
with separated hydrolysis. However, due to the high stability of the
microbiome in F, H is potentially involved in stabilizing the microbiome
and thereby increasing process stability. Furthermore, we could show
that shifts in the feeding result partially in a higher microbiome
dynamic.
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