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HIGHLIGHTS

Overall AD activity was maintained dur-
ing in situ H, biomethanation.
Protein-SIP was able to link microbial
function and identity.

Pre-adapted biomethanation showed
the largest >C-bicarbonate incorpora-
tion.

Pre-adapted biomethanation showed
strong labelling of Wood-Ljungdahl
pathway.

Added H, was likely converted to acetate
during pre-adapted biomethanation.
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ABSTRACT

Biogas production from organic waste is a waste-to-energy technology with the potential to contribute signifi-
cantly to sustainable energy production. Upgrading of biogas using in situ biomethanation with hydrogen has
the potential for surplus electricity storage, and delivery of biogas with a methane content of >90%, allowing
for easier integration into the natural gas grid, as well as conversion to other products. Microbial communities
in biomethanation reactors undergo changes, however, these changes are largely unexplored. In the present
study, metagenome-resolved protein stable isotope probing (Protein-SIP) was applied to laboratory scale
batch incubations operating under anaerobic digestion, and (pre-adapted) biomethanation conditions, fed
with '3C-labelled bicarbonate, in order to gain insight into the microbial activities during CO,-reduction. The
strongest and most microbially diverse isotopic incorporation was observed in the pre-adapted biomethanation
incubation. Furthermore, divergent incorporation of *C-labelled bicarbonate was also observed in the Wood-
Ljungdahl pathway, with the anaerobic digester incubations primarily showing labelled proteins in the periph-
eral pathways leading toward production of energy and biomass. The pre-adapted biomethanation incubations
consumed H, and CO,, but did not convert it to CHy, suggesting the production of acetate in these incubations,
which was supported by heavy labelling of key enzymes in the Wood-Ljungdahl pathway. Twelve (ten high qual-
ity) metagenome-assembled genomes (MAGs) coding for '*C-incorporated proteins were extracted from the
metagenome, eight of which contained one or more of the key genes in the Wood-Ljungdahl pathway, one of
which was affiliated to Methanosarcina. Together, the findings in the present study deepen our knowledge sur-
rounding microbial communities in biomethanation systems, and contribute to the development of better strat-

egies for implementation of biogas upgrading and microbial management.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Anaerobic digestion (AD) is a renewable waste-to-energy technol-
ogy that is based on the microbial conversion of organic biomass to
methane-rich biogas. Biogas consists of a mixture of 55-80% methane
(CH4) and 20-45% carbon dioxide (CO,) (Nizami, 2012), and is
generally burned to generate heat and electricity, or upgraded to
methane levels above 90%, while the digestate can be used as fertiliser
or for the extraction of other valuable materials (Sawatdeenarunat
etal, 2016).

In order to utilise biogas for other purposes than combined heat and
power (CHP) generation, upgrading of the produced gas is often needed
to remove contaminants and increase the methane content, partially
due to quality requirements in e.g. natural gas grid (Angelidaki et al.,
2018). Upgraded biogas contains a high methane content (>90%;
biomethane), can be stored and transported in the gas grid, wherefrom
it can used for different industrial purposes (Graf et al.,2011). Hydrogen
(Hy) addition to convert a portion of the produced CO, in the biogas to
additional methane through the process of biomethanation represents a
promising technology for upgrading the biogas to natural gas quality
while valorising the CO, in the biogas (Angelidaki et al., 2018; Luo
et al.,, 2012). Furthermore, biomethanation of hydrogen in anaerobic
digesters has been proposed as a promising technology for the large-
scale conversion and storage of electricity, from fluctuating sources
such as wind and solar (Luo et al., 2012). However, due to limited
knowledge regarding operation and the microbiome of such systems,
only few studies have attempted to implement this technology in
pilot- or even full-scale (Jensen et al., 2021).

Anaerobic digestion for the production of biogas is driven by a com-
plex microbial community that reduces complex organic matter into
monomeric substances (hydrolysis), followed by the production of vol-
atile fatty acids (VFA) (acidogenesis) and hydrogen (H,), which are
subsequently converted to methane directly (methanogenesis) or to
acetate (acetogenesis), which serves as substrate for acetoclastic
methanogenesis (Weiland, 2010). The microbes involved in these
processes become increasingly specialised as the pathway progresses,
which is also reflected in their relative presence within the system.
The AD process is regulated through a series of operational and
physico-chemical parameters and kinetics, which control the activity
of various pathways and interplays as well as the population dynamics
(Carballa et al., 2015). Some of the most influential parameters that
can radically alter the microbial community of a digester system are sub-
strate composition, temperature, pH, H, partial pressure, VFA concentra-
tion and ammonia concentration (de Jonge et al., 2020; De Vrieze et al.,
2015; Ward et al., 2008). The exact pH value at which CH, production
rates start to decrease has been found to fluctuate in the range of
pH 8.2-pH 8.5, and in one study as high as pH 9.4 (Agneessens et al.,
2017; Luo et al., 2012; Wahid et al.,, 2019). Effects of H, partial
pressure on the AD process have also yielded varying results, with one
study reporting inhibition above an H, partial pressure of 745 mbar,
while another reported no limitations at all (Lecker et al., 2017).
Furthermore, previous studies have shown that biomethanation is
dependent on the microbial community composition, and that the
acetate consumption/production rates are strongly affected by the H,
amendment (Agneessens et al., 2017; Vechi et al,, 2021).

Key populations often linked to the stability and performance of an
AD system include acetogens and methanogens, which live in close
syntrophic relationships with each other (Narihiro et al., 2015).
Syntrophic acetate oxidising organisms (SAO) convert acetate to CO,
and H; using the Wood-Ljungdahl pathway, but are also able to reverse
this pathway to generate acetate from CO, and H, (Hattori, 2008). This
bi-directional conversion of acetate, CO, and H, allow swift changes
between the acetoclastic (utilises acetate) and hydrogenotrophic
(utilises CO, and H;) methanogenesis pathways for methane
production under different conditions, including stress (de Jonge et al.,
2017; Fotidis et al., 2013). H, injection into the AD reactor with the
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purpose of supplying additional reducing equivalents for fuelling addi-
tional CH4 formation likely will impact the delicate balances present in
the AD system. This has also previously been suggested by a study fo-
cused on metagenomics analysis of the microbiome in biomethanation
reactors (Treu et al., 2018).

In theory, the higher H, pressure in the reactor during H, addition
should inhibit SAO (Hattori, 2008), and stimulate hydrogenotrophic
methanogens, however in situ H, biomethanation in AD systems has
generated conflicting reports; some studies have reported increased
acetoclastic methanogenesis due to increased acetate production
(homoacetogenesis) (Wang et al., 2013), while others have observed
increased methanogenesis through the hydrogenotrophic pathway
(Agneessens et al., 2017; Luo et al., 2012). Additional studies have also
reported inhibition of (acetoclastic) methanogenesis (Ahring et al.,
1991; Vechi et al., 2021), and acetate or general VFA accumulation due
to the increased H, pressure (Corbellini et al., 2018; Mulat et al.,, 2017;
Vechi et al,, 2021), decreasing methane production in all cases.
Hydrogen biomethanation for upgrading biogas presents a promising
technology, but many open questions regarding the metabolic
response of the digester microbiome remain. Targeted functional
studies are needed to elucidate the metabolic pathway activity during
anaerobic digestion with and without H, addition.

The majority of recent studies focusing on digester microbiomes
have been based on metagenomic approaches such as 16S rRNA gene
amplicon sequencing or shotgun metagenomics (Carabeo-Pérez et al.,
2019). While these studies generate a wealth of information on the
presence of microorganisms, they provide little information on the
function or activity of specific microbes (Vanwonterghem et al., 2014).
Protein stable isotope probing (protein-SIP) is a methodology where
target communities are subjected to controlled incubations with stable
isotope (e.g. 13C, °N) labelled compounds in order to track uptake and
incorporation of the isotopes into the proteome (e.g. Jehmlich et al.,
2010). This approach has primarily been used in low diversity environ-
ments such as in situ microcosms for the study of polycyclic aromatic
hydrocarbon degradation (Herbst et al., 2013), due to the limitations
on protein identifications especially in complex ecosystems. In order
to overcome the limitation of applying the protein-SIP approach in
more complex environments, a methodology was developed where
the protein-SIP data was combined with shotgun metagenomics,
which allowed for the proteome data to be mapped to a metagenome
of a digester system under VFA (acetate) stress, revealing new candi-
date SAO organisms by simultaneously linking identity and function
(Mosbaek et al., 2016). A similar approach has also been applied to in-
vestigate the carbon flow in the rhizosphere microbiome of several
model plants (Li et al., 2019).

The aim of the present study was to investigate differences in the
metabolic behaviour of the microbial community during in situ H,
biomethanation using metagenome-resolved protein stable isotope
probing. Protein expression was studied in digester samples incubated
with '3C-labelled bicarbonate over a period of 48 h. Specific focus was
on the detection of active CO,-fixating microorganisms to evaluate the
impact of H, addition on important anaerobic digestion processes such
as syntrophic acetate oxidation, homoacetogenesis, and methanogenesis.

2. Materials and methods
2.1. Source of inoculum

Digester sludge was collected from a digester at the Maabjerg Energy
Center biogas plant (Denmark), which processes primarily manures and
dairy waste. This digester is operated under mesophilic conditions
(40 °C) and has a hydraulic retention time of 18 days and produces
approx. 50 million m? biogas annually (2020). The collected sludge
was sieved up to 0.45 mm and subsequently transferred to the labora-
tory scale reactors (Section 2.2) or stored at —20 °C for later use as
substrate.
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2.2. Stable isotope probing

Six laboratory scale digesters were operated under mesophilic (38 °C)
anaerobic CSTR conditions with a working volume of 0.3 L and a total vol-
ume of 1.4 L, stirred at 500 rpm. Reactors were fed using frozen slurry
from the biogas digester where the inoculum was collected, as well as
1% (v/v) glycerol, which was fed semi-continuously as 9 pulses per day
using a peristaltic pump. Glycerol was added to the substrate to boost
the biogas production in the reactors (Fountoulakis et al,, 2010). Three
reactors received exogenous H, addition to induce H, biomethanation
conditions, while the three other reactors without H, addition
functioned as controls (anaerobic digestion). H, was added as four
pulses of 379-424 mL H, per injection over a period of seven days,
where 39-53% of the H, was consumed before H, was injected again.
Prior to the addition of H,, the biogas production in the control reactors
and the H,-receiving reactors was 0.37 L biogas-L digestate™!-day !
and 0.31 biogas-L digestate !-day !, respectively. The addition of H,
increased the biogas production up to 1.59 biogas-L digestate™"-day .

After 30 days of operation, 120 mL of sludge was removed from the
donor reactors and transferred to 250 mL serum flasks, and then flushed
with N, for 5 min to achieve anaerobic conditions and flush CO,
from the sludge. Subsequently, 2 g NaH'>CO; (final concentration
6.4 mmol-L™" at pH 8.0) was added to each sample, and the pH was
adjusted to 8.0 with 1 M HCI. Subsamples of 15 mL were taken from
the isotopic incubations and transferred anaerobically to 0.12 L serum
bottles, together with 1.5 mL substrate (sludge mixed with 0.5%
glycerol). The bottles were divided into three treatments: Anaerobic
digestion conditions, unadapted H, biomethanation conditions and
pre-adapted H, biomethanation conditions. A total of 34 mL of H, was
added to the (un)adapted biomethanation incubations to achieve the
desired headspace composition. All three treatments were performed
in triplicates. The headspace composition at the start of the isotopic
incubation was 96:4% N,:CO, and 55:41:4% N,:H,:CO, in the
anaerobic digestion and Hy-receiving flasks, respectively. Samples
were collected from each flask at the start (TO) and after 48 h (T48) of
the experiment, and immediately transferred to, and stored at —18 °C
until further processing.

2.3. Analytical methods

The headspace composition of the reactors (H, CO, and CH,4) was
analysed periodically by direct-injection of the gas samples into a GC-
TCD (Pora-Pak Q column, Mikrolab A/S), operated at 40 °C using argon
as the carrier gas, with continuous monitoring by pressure sensors
(MPX4250, NXP Semiconductors) attached to the bottles. pH was deter-
mined at the start (TO) and end of the experiment (T48).

2.4. Metaproteomics

For each treatment, three samples from the individual reactors, as
well as a pooled sample from all 3 bottles per treatment, for a total of
4 samples per treatment, were collected for metaproteomic analysis of
all time points and treatments. Protein extraction, in-solution digestion
and desalting were performed as described elsewhere (Peydaei et al.,
2020) on 700 pL of slurry per replicate.

Liquid chromatography-tandem mass spectrometry was performed
using an Easy nLC 1200 system (Thermo Fisher Scientific) coupled to
a Q-Exactive HF mass spectrometer equipped with a Nanospray
Flex ion source. Peptides were injected into an Acclaim PepMap™ 100
(100 um x 2 cm, NanoViper, C18, 5 pum, 100 A) (Thermo Fisher
Scientific) trap column and separated on an analytical column
(PepmapRSLC, C18, 75 um i.d. x 75 cm, 100 A, Thermo Fisher Scientific).
Samples were eluted at a flow rate of 300 nL-min ! over a 60 min linear
gradient, ranging from 0 to 100% acetonitrile as the mobile phase.

Mass spectrometry was performed, fragmenting precursors with an
assigned charge of >2. An isolation window of 1.2 m/z was used, and
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survey scans were acquired at 400-1,200 m/z at resolution 60,000 at
m/z 200, and fragmentation spectra were captured at 15,000 at m/z
200. Maximum ion injection time was set to 50 ms for MS and 45 ms
for MS/MS scans. Automatic gain for survey scans was set to 1e6 ions
and 1e5 ions for fragmentation scans. The apex trigger was not set,
the intensity threshold was set to 4.4e4 ions, and dynamic exclusion
of 30 s was applied. Normalized Collision Energy was set to 28, “peptide
match” was set to “preferred”, and “exclude isotopes” was enabled.

2.5. Metagenome preparation

A metagenome was generated from the biogas digesters at the
Maabjerg Bioenergy plant. The metagenome was composed of 9 sam-
ples collected at different time points and reactors (Table S1). Different
DNA extraction methods to increase diversity of the genomic informa-
tion captured. A description of the samples and DNA extraction methods
is listed in the Supplementary method. Genomic DNA concentrations
were measured using dsDNA Broad Range Assay kit and a Qubit 3.0 fluo-
rimeter (Thermo Fisher Scientific). Metagenomes were prepared using
TruSeq DNA PCR-free Library Prep kit (Illumina) with a target insert
size of 550 bp and 1 pg template DNA, according to manufacturer's rec-
ommendations. Sequencing was performed using an Illumina MiSeq
platform using reagent kit v3 (2x300PE) (Illumina).

2.6. Data analysis

The individual metagenomes were processed into an assembly and
coverage profiles were generated using CLC genomics workbench as
previously described (Mosbaek et al., 2016). The metagenome was an-
notated using prokka version 1.14 (Seemann, 2014) using default
settings.

The proteomics data was analysed using OpenMS (https://www.
openms.de) and the MetaProSIP tool (Sachsenberg et al., 2015). The an-
notated protein sequences from the processed metagenomic assembly
were used as the database to identify the peptides. Basic functional an-
notation of the identified proteins was assigned using the KEGG data-
base (https://www.genome.jp/kegg/).

Data visualisation was performed using R version 3.5.2 (R
Development Core Team, 2021) wrapped by RStudio version 1.1.463
(https://www.rstudio.com), using the packages ggplot2 (Wickham,
2016) and mmgenome?2 (https://github.com/KasperSkytte/mmgenome2)
(Albertsen et al,, 2013). To facilitate analysis with mmgenome2, essential
genes were identified in the metagenome using HMMER3 (http://
hmmer.org/) against a list of 107 conserved single copy marker genes
(Dupont et al., 2012), and basic taxonomy was assigned to the
metagenome scaffolds using Kaiju (Menzel et al., 2016). The additional
data was generated in accordance with the recommended data treat-
ment for mmgenome2 (https://github.com/Kirk3gaard/misc_scripts/
tree/master/prepare_data_for_mmgenome2).

Metagenome-assembled genomes (MAG) containing target genes
for labelled peptides were extracted with the locator tool in
mmgenome2 and checked for completeness and contamination using
CheckM (Parks et al., 2015). Essential genes were identified in the bins
using hmmsearch in HMMER3 and all hits with an E-value of 1e >° or
lower were identified using blastp, in order to taxonomically classify
the bins to the highest taxonomic resolution possible. HMMER3 was
also used to identify the presence of characteristic genes of the Wood-
Ljungdahl (WL) pathway in the labelled bins. The HMMs used for
screening are listed in Table S2.

2.7. Data availability

The combined raw metagenome data has been made available at the
European Nucleotide Archive (ENA) under project accession number
PRJEB46763, and the raw proteomic dataset has been deposited into
ProteomeXchange via PRIDE under accession number PXD027519.
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3. Results
3.1. BC-bicarbonate incubations

The '3C-labelled bicarbonate incubations were performed in tripli-
cates for each treatment, and the overall performance was determined
from methane production rate, hydrogen consumption rate and compo-
sition of CO; in the headspace (Fig. 1). The unadapted biomethanation
incubations were shown to have the highest methane production rate
with 1.82 L CHy-Lgjage-day™' at T48 (Fig. 1a) while the lowest
methane production rate was observed in the pre-adapted
biomethanation reactor, with 0.39 L Cl-l4~Ls_h}dg.‘,-day_1 at T48,
which was similar to that of the anaerobic digestion flasks. The
added hydrogen in the unadapted biomethanation and pre-adapted
biomethanation incubations was largely consumed after 48 h of incuba-
tion, but a higher consumption rate of H, was observed in the unadapted
biomethanation incubations during the first 8 h. The greatest differential
increase in CH4 production and H, consumption between replicates of
the same treatment was seen in the unadapted biomethanation flasks,
and the difference appeared to increase over the course of experiment.
The proportion of CO, present in the headspace of the incubations
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Fig. 1. Operational data. Methane production rate (a), hydrogen consumption rate (b) and
CO, in the headspace (%) were monitored across 48 h of incubation.
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increased steadily from around 6.5 to 10.5% in the anaerobic digestion
bottles, while the unadapted biomethanation and pre-adapted
biomethanation showed a stable amount of headspace CO, during the
first 24 h of incubation, whereafter a decrease in CO, composition was
observed in the pre-adapted biomethanation bottles. All reactors main-
tained very similar pH development during the entire experiment, not
fluctuating more than 0.25 pH units between treatments, with a final
pH of 8.56 4 0.02, 8.74 4 0.005 and 8.79 & 0.01 in the anaerobic diges-
tion, unadapted biomethanation and pre-adapted biomethanation incu-
bations, respectively.

3.2. Protein-SIP results

Protein-SIP analysis of the incubations generated a grand total of
793,855 peptides across all samples. Overall, 12,155 peptides (1.53%)
were found to have assimilated labelled carbon in the three incubations.
Stringent filtering with the conditions that peptides could not be la-
belled at TO, the peptide should be identified in at least 3 out of 4 repli-
cations from the analysed reactor, the amount of atoms replaced by
their heavy isotopes (defined as the RIA) should be equal to or higher
than 10, yielding a total of 91 labelled peptides of interest (Table S3).
The anaerobic digestion, unadapted biomethanation and pre-adapted
biomethanation samples contained 13, 9, and 69 peptides that were
labelled in at least 3 of 4 replicates, respectively (Fig. 2). The identified
labelled peptides in the anaerobic digestion and unadapted
biomethanation incubations showed a low RIA (<20), and a low label-
ling ratio (LR), although the anaerobic digestion samples revealed 5
peptides with a high LR (>50%). The identified peptides in pre-adapted
biomethanation bottles consisted of a large group with low LR and
RIA, and two smaller groups of low RIA and high LR, and a high RIA
(230) and LR, respectively. A general functional category was assigned
to the labelled proteins using the KEGG database. This revealed the larg-
est group of peptides (17) to be related to genetic information process-
ing, followed by proteins associated with carbohydrate metabolism
(14) and transport (12). A total of 28 uncharacterized proteins were
also detected.

The majority of the labelled peptides belonged to organisms repre-
senting the phylum Firmicutes (Fig. 3), while smaller numbers of labelled
peptides were associated to the phyla Bacteroidetes, Proteobacteria,
Euryarchaeota, Planctomycetes and Actinobacteria, as well as some that
were unclassified. Firmicutes and Proteobacteria represented the most la-
belled proteins in the anaerobic digestion reactors (Fig. 3a), while
Firmicutes, Bacteroidetes, Euryarchaeota and Actinobacteria associated
peptides were found to be labelled in the unadapted biomethanation re-
actors (Fig. 3b). The greatest diversity of labelling was seen in the pre-
adapted biomethanation incubations, where the observed labelled pep-
tides represented 7 different phyla (Fig. 3¢), while only 4 and 3 phyla
were observed in anaerobic digestion and unadapted biomethanation
samples, respectively.

Peptides with the highest labelling ratio included representatives of
Cold shock protein CspA and Transcriptional regulatory protein DegU (an-
aerobic digestion, Firmicutes), Propanediol utilisation protein PduA1 (un-
adapted biomethanation and pre-adapted biomethanation, Firmicutes),
Membrane-bound lytic murein transglycosylase D (pre-adapted
biomethanation, Bacteroidetes) and Amidophosphoribosyltransferase
(pre-adapted biomethanation, Euryarchaeota, closely related to a repre-
sentative of Methanosarcina). Some of the most heavily labelled peptides
included Outer membrane protein alpha, Exoglucanase B (pre-adapted
biomethanation, Firmicutes) and Peptide chain release factor 3 (pre-
adapted biomethanation, Bacteroidetes). Many labelled peptides were
found for proteins such as Flagellin FlaB2 (14 unique accessions),
Elongation factor Tu (20 unique accessions) and 2 unclassified peptides
related to Propanediol utilisation protein PduA (25 unique accessions
total). Among peptides with lower isotope incorporation (RIA < 20),
two different peptides representing ABC transporter ATP-binding protein
NatA were observed from the unadapted biomethanation and pre-
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Fig. 2. Overview of peptides found in a higher labelling state. The relative incorporation abundance of peptides found to be in a higher labelling state (RIA) is shown against the observed
labelling ratio (LR). Points are shaped by reactor of origin and coloured by the overall functional category of the identified peptides as identified by the KEGG database.

adapted biomethanation bottles, respectively, both of which were most
closely related to a representative of Methanothrix (Euryarchaeota).

3.3. Extraction of labelled metagenome-assembled genomes

A total of 9 shallow metagenomes of Maabjerg Energy Center bio-
gas digesters were sequenced (Table S1), which yielded a grand total
of 90,291,334 paired-end reads, that when assembled yielded
942,321,460 bp. Three coverage profiles were generated based on the
method of metagenome preparation (Table S1) and used to perform dif-
ferential coverage binning (Fig. 4). The combined metagenome assem-
bly consisted of 97.1% Bacteria and 2.9% Archaea, divided across a total
of 37 different phyla, with Firmicutes being the most abundant represen-
tative with 62.3% of all identified scaffolds. A total of twelve MAGs
(bin1-12), containing coding sequences for the labelled peptides, were
extracted using differential coverage binning of the combined assembly
against the three coverage profiles (Fig. 4). Two of the bins (bin1 and
bin12) contained labelled peptides from the unadapted biomethanation
incubations, while all others originated from the pre-adapted
biomethanation bottles. In addition, two bins (bin7 and bin 11)
contained labelled peptides from both the anaerobic digestion and
pre-adapted biomethanation incubations. Quality control of the bins
showed that bin1 had the highest quality with 99.43% completeness
and 0.43% contamination, while bin5 had the lowest quality with
52.28% completeness and 0.17% contamination. Bin8 appeared to consist
of two separate genomes. In total, five bins were of near complete qual-
ity, five were of substantial completeness, one was of moderate quality,
and one was of low quality. All bins except bin8 contained low or no de-
tectable contaminations.

Four of the twelve extracted bins (bin7, bin8, bin11 and bin12) were
classified to the phylum Firmicutes and included representatives of
Clostridiales and Clostridiaceae (Table 1). These bins contained between
1 and 5 labelled peptides each, including glycine cleavage system H pro-
tein and arginine-binding extracellular protein ArtP (Table S3), and all 4
bins also contained at least 1 of the key genes in the WL pathway. The
Euryarchaeota bin (bin6) was classified to a representative of
Methanosarcina and contained two labelled peptides. Three of four key

proteins of the WL pathway were also identified in this bin. Another
three bins were classified to Bacteroidetes (bin2, bin3) of which one
belonged to Marinilabiliales (bin11), two Actinobacteria bins which were
representatives of Actinomycetaceae (bin1), and Propionibacteriaceae
(bin5). Finally, one bin represented Candidatus Cloacimonetes (bin9)
and Rhodobacteraceae (Proteobacteria, bin4), respectively. All of these
bins contained one labelled peptide each, including dihydroxy-acid
dehydratase (bin1) and a putative sulfate transporter (bin5). Two key
proteins of the WL pathway were also identified in the Rhodobacteraceae
representative (bin4), as well as one WL key protein (formate tetrahy-
drofolate synthase) in bin2, bin3 and bin9.

3.4. Differential utilisation of the Wood-Ljungdahl pathway during
anaerobic digestion and H, biomethanation

Addition of exogenous H, to anaerobic digesters is generally
associated to activity in the Wood-Ljungdahl pathway, and labelling
was also observed in a number of proteins associated with this pathway
in the present study. The uptake and potential downstream utilisation
of the labelled bicarbonate and CO, through this pathway was
therefore examined in more detail. For this analysis, all observed
labelled peptides were included (n = 430), even if they were
observed in less than 3 out of 4 replications of a given incubation type.
A full list of all labelled peptides is given in Table S4. The detection of
labelled peptides in the Wood-Ljungdahl pathway and potential down-
stream metabolisms is visualised in Fig. 5.

All three reactors contained labelled peptides in the glycine cleavage
system and glycine reductase complex, which are responsible for me-
tabolism related to glycine formation and conversion with either meth-
ylene tetrahydrofolate from the methyl branch, and acetyl phosphate
from the carbonyl branch of the Wood-Ljungdahl pathway, respec-
tively. Glycine is a precursor for the production of other amino acids
and potentially biomass. In the pre-adapted biomethanation incuba-
tions, the bifunctional carbon monooxide dehydrogenase/acetyl-CoA
synthase enzyme was labelled, as well as phosphate acetyltransferase,
and the formate-tetrahydrofolate ligase and formate dehydrogenase
from the methyl branch of the WL pathway. Furthermore, a component
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Fig. 3. Relative isotope abundance and labelling ratio of peptides in the anaerobic digestion
(a), unadapted biomethanation (b) and pre-adapted biomethanation (c) incubations.
Each peptide is coloured by taxonomic classification to phylum level.

of the pyruvate dehydrogenase complex (catalysing the bidirectional
conversion between Acetyl-CoA and pyruvate) was isotopically
enriched with '3C in this incubation type.

4. Discussion

The aim of the present study was to investigate the metabolic differ-
ences in anaerobic digesters operating with and without hydrogen ad-
dition (biomethanation) using protein-SIP. After 48-hour incubations
with '3C-labelled bicarbonate, '3C-labelled peptides were extracted
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from the proteome and mapped to a metagenome of the full-scale di-
gester where the sludge was collected in order to identify active micro-
organisms during anaerobic digestion and biomethanation conditions.

4.1. Operational data for '>C-bicarbonate incubations

At the end of the 48 hour incubation, the pH in all reactors was
slightly higher (pH 8.5-8.8) compared to the pH at the start of the
experiment (approximately pH 8.0). Continuous hydrogen addition to
anaerobic digesters for in situ biomethanation has previously been
shown to cause pH increases, due to increased CO, consumption and
thus depletion of the major pH-buffering system (Agneessens et al.,
2017). Increased pH could potentially also lead to more favourable con-
ditions for homoacetogenesis, to the detriment of hydrogenotrophic
methanogenesis (Saady, 2013). Uptake of H, increased in both
receiving incubations during the first 10 h of the incubation, and then
declined over time. This could potentially be explained by CO,
depletion; a previous study has shown that headspace CO, below 12%
resulted in decreased CH,4 production and increased pH due to its
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is a precursor for other amino acids and other complex compounds, and
the striking labelling here suggests that a significant amount of the bi-
carbonate was utilised toward production of biomass. The reductive gly-
cine pathway has been considered an interesting alternative to the
Calvin cycle (and the Wood-Ljungdahl pathway) in the biorefinery con-
text (Cotton et al,, 2018), and has since also been shown to be naturally
occurring as a seventh carbon fixation pathway in Desulfovibrio
desulfuricans (Sanchez-Andrea et al., 2020).

Furthermore, out of the 12 extracted MAGs (bins) containing
matching sequences for the '>C-labelled proteins, only 6 were found
to contain the fhs gene, the most commonly used biomarker for WL
pathway activity, and two bins did not contain evidence of Wood-
Ljungdahl utilisation capabilities at all. Moreover, the addition of H; in
the unadapted biomethanation incubation first led to increased
methane production without labelling in the WL pathway to suggest
microbial community changes, which suggests that methane was likely
produced directly via the hydrogenotrophic pathway (Poehlein et al.,
2012; Saady, 2013), but this cannot be determined directly as no
12¢/13C CH4 measurements were available.

The pre-adapted biomethanation incubations showed '3C-
labelled peptides in both the methyl and carbonyl branch of the WL
pathway, including the formate-tetrahydrofolate ligase, and the bi-
functional carbon monoxide dehydrogenase/acetyl-CoA synthase
and phosphotransacetylase. Combined with the observation of the
increased H, consumption in the pre-adapted biomethanation reactors,
it can be suggested that the pre-adapted biomethanation flasks had
increased WL pathway activity, and that the '>C-bicarbonate was con-
verted into acetate. This is supported by previous studies that showed

that increased H, pressure and pH allow homoacetogens to compete
more effectively with hydrogenotrophic methanogens (Agneessens
et al., 2018; Poehlein et al., 2012; Saady, 2013). It is possible that the
consumption of H, in the pre-adapted incubations without a net in-
crease in CH4 formation compared to the AD incubations, stimulated
the production of acetate. A fact which is supported by the clear label-
ling of several steps in WL. Although any produced acetate did not result
in additional CH, formed, it can have resulted in increased activity (and
subsequent labelling) of acetoclastic methanogens Methanothrix and
Methanosarcina, detected in the '>C-labelled peptides from the pre-
adapted incubations. It has previously been suggested that strictly
acetoclastic methanogens are unaffected by continuous addition of hy-
drogen, and will be able to convert acetate into methane under in situ H,
biomethanation conditions (Vechi et al.,, 2021). Alternatively, it is also
possible that Methanosarcina favoured hydrogen over acetate as its
substrate during continuous in situ biomethanation as it has
previously be shown that acetate metabolism is inhibited by increased
H, concentration in M. thermophila (Ahring et al., 1991).

The results of the present study show good correlation between the
process data and the observed isotopic incorporation, especially in the
WL pathway, and the method therefore shows promise as a sensitive
tool for elucidating further pathways as response to different opera-
tional factors during biomethanation. It has also been shown that the or-
igin of the inoculum has a strong effect on the microbiome's ability to
adapt to in situ H, biomethanation (Vechi et al., 2021). Future studies
of different inocula and their response to added H, could therefore
shed further light on the intricate pathways involved when adding
exogenous H, during biomethanation.
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5. Conclusions

The present study showed that H, biomethanation stimulated the
activity of the microbiome in anaerobic digester systems, and more
specifically the expression of genes involved in the Wood-Ljungdahl
pathway. Biomass and energy production were the primary fates of
the '3C-labelled bicarbonate used to map the metabolic activity in the
incubations that were not adapted to hydrogen addition prior to the ex-
periments. The digestate from reactors which had received previous
pulses of H, showed diverse incorporation of labelled carbon into the
microbial community, and in particular organisms containing genes
involved in the Wood-Ljungdahl pathway. Here, the strong labelling of
key enzymes in the Wood-Ljungdahl pathway corresponded with the
fact that the added H, did not result in a net increase in formed CHy,
but instead potentially was converted to acetate. A slightly increased
pH in these incubations could have been the cause for this response.
The use of Protein-SIP using '*C-labelled compounds could prove a
strong tool in further elucidating how H, and other operational factors
impact the different metabolic pathways involved in anaerobic
digestion during different operational strategies.
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