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Keywords: Three inhibitors targeting different microorganisms, both from Archaea and Bacteria domains, were evaluated
B%Omﬂhanatio.n for their effect on CO, biomethanation: sodium ionophore III (ETH2120), carbon monoxide (CO), and sodium 2-
Biogas upgrading bromoethanesulfonate (BES). This study examines how these compounds affect the anaerobic digestion micro-
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biome in a biogas upgrading process. While archaea were observed in all experiments, methane was produced
only when adding ETH2120 or CO, not when adding BES, suggesting archaea were in an inactivated state.

Methane was produced mainly via methylotrophic methanogenesis from methylamines. Acetate was produced at
all conditions, but a slight reduction on acetate production (along with an enhancement on CH4 production) was
observed when applying 20 kPa of CO. Effects on CO2 biomethanation were difficult to observe since the
inoculum used was from a real biogas upgrading reactor, being this a complex environmental sample. Never-
theless, it must be mentioned that all compounds had effects on the microbial community composition.
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1. Introduction

The increased use of fossil fuels has resulted in a significant rise in
atmospheric COy concentration, which is the primary cause of the
greenhouse effect. Many recent studies have explored technologies to
mitigate COy production while producing renewable energy. In their
study, Hashim et al. (2022) demonstrated that applying an emission
trading scheme could be an effective mechanism for promoting a low-
carbon economy transition, with benefits both in terms of the econ-
omy and the environment. Biomethane production is also a promising
technology that offers solutions to the mentioned challenges, combining
the generation of renewable energy while capturing CO2 from biogas
production as a potential solution for reducing GHG emissions and
contributing to climate change mitigation (Cordova et al., 2022). In this
regard, the abovementioned problems and the urgent need for gas im-
ports in Europe after the Russian invasion of Ukraine in early 2022,
prompted the European Commission to develop a plan: increasing bio-
methane production to 35 bem by 2030 (European Commission, 2022).
This would be key in the transition to a carbon-neutral energy system
and to a circular bioeconomy.

Biomethanation is an attractive technology for carbon capture and
utilization (CCU) and biogas upgrading that is encompassed in the
methanogenesis process. There are several pathways in which micro-
organisms can grow and produce CHy: acetoclastic (CH4 production
from acetate), carboxydotrophic (from CO), hydrogenotrophic (from
CO2 + Hj), methylotrophic (from methanol, methylamines, or methyl
sulfides), and methyl respiration (from methylated compounds in the
presence of Hy). In the case of CO, biomethanation, CO (e.g. that pre-
sent in biogas) can be converted to CH, via the COz-reductive pathway
of hydrogenotrophic methanogens. There are also other reactions
involved in methanogenesis process, but, it is still not clear how the
involved microbial groups are establishing syntrophies to overcome the
thermodynamics limitations associated with some metabolic pathways.

During methanogenesis, there are a lot of reactions in which mi-
croorganisms are interacting through symbiotic associations. In the last
years, there has been special interest in unveiling syntrophic associa-
tions during methanogenesis, in which the metabolic processes of at
least two microorganisms are coupled together. These associations
frequently occur through electron transfer mediated by hydrogen or
other carriers to facilitate metabolisms that otherwise would be ther-
modynamically unfavorable or unfeasible. The use of inhibitors or en-
hancers of certain pathways (such as homoacetogenesis or
methanogenesis) could be useful to better understand the reactions
happening during these complex symbiotic processes as COy
biomethanation.

Kottenhahn et al. (2018) observed a complete inhibition of acetate
formation from Hy and CO> in the acetogenic bacterium Acetobacterium
woodii by the addition of the sodium ionophore III (ETH2120). This
inhibitory effect is due to the fact that A. woodii energetic metabolism is
strictly dependent on a sodium ion gradient across the cytoplasmic
membrane (Schmidt et al., 2009) which couples the ATP-synthesis to the
Wood-Ljungdahl pathway (WLP). The addition of a sodium ionophore
prevents that gradient, blocking the bacterium’s energy metabolism. For
this reason, using ETH2120 is a promising option for enhancing other
processes, including formate-dependent Hy production, or CH4 pro-
duction from Hy and CO,. The last alternative has not been studied yet.

Carbon monoxide (CO) is a highly toxic gas for most living organisms
since it inhibits cellular metabolisms by binding to metalloproteins such
as hemoglobin (Wu and Wang, 2005). However, acetogens and metha-
nogens have been reported to form syntrophies to process CO into CHy.
Homoacetogenic bacteria consume CO through the WLP and their
tolerance to CO is markedly different among species (Mayer et al.,
2018). CO acts as a competitive inhibitor of several hydrogenases that
play a key role in electron transfer. The hydrogen-dependent CO
reductase (HDCR) of A. woodi, or the formate dehydrogenase (FDH) of
Clostridium autoethanogenum were found to be sensitive to CO
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(Schuchmann and Miiller, 2013; Wang et al., 2013). Bertsch et al. (2015)
reported that the addition of 5 kPa of CO to the H»-CO» gas phase of an
A. woodii culture reduced acetate production, and partial pressures
above 10 kPa led to a complete inhibition of acetate production from Hy
and CO,.

The capacity to use CO as an energy source for carboxidotrophic
growth is interesting for syngas-based microbiology and has been
demonstrated in a few methanogenic species in pure cultures, but, it has
to be considered that adaptation is quite long, and microbial growth is
very slow (Schone and Rother, 2018). Scarce information can be found
in the literature regarding the amount of CO that can be used as a carbon
source for methane production, without causing toxic effects. Research
is needed to elucidate the effects of CO on the anaerobic digestion
process.

Sodium 2-bromoethanesulfonate (BES) is a well-known methano-
genic inhibitor used in several studies and is useful for studying alter-
native methanogenic reactions such as homoacetogenesis. BES competes
as a structural analog with the cofactor methyl-coenzyme M in the
methanogenic pathway inhibiting the final step of methane formation
(Liu et al., 2011). BES is a methanogenic-specific inhibitor whose
effective inhibition concentration is different depending on the appli-
cation systems. In some cases, a BES concentration of 10 mM was suf-
ficient to achieve inhibition, while in others a concentration of 50 mM
was required (Liu et al., 2011). Logrono et al. (2022) studied the effect of
50 mM BES addition on hydrogenotrophic metabolism in a bio-
methanation process using different cultures (both mixed and pure
cultures). The authors observed & complete inhibition of methane pro-
duction when working with hydrogenotrophic enrichment cultures,
while transient inhibition was observed with a more complex commu-
nity of anaerobic granules.

The main goal of this work was to determine the impact of toxicants
during CO; biomethanation and to demonstrate their effects on micro-
bial composition. To the best of authors knowledge, ETH210 has only
been studied in pure cultures, and while BES inhibition has been
observed in several studies, the required concentration for complete
inhibition and its effect on bacterial communities has yet to be clarified.
CO effect on both CH4 production and homoacetogenesis has yet to be
completely clarified. These three inhibitors, targeting different micro-
organisms associated with both archaeal and bacterial domains, were
used in the present study to reveal their effects on CO, biomethanation;
a specific inoculum rich in hydrogenotrophic archaea was considered as
the best target. High-throughput 16S rRNA sequencing was performed to
unveil the microorganisms involved in the different metabolic path-
ways. The overall target was to gain better insight into the biological
response of the anaerobic digestion microbiome to these compounds,
focusing on the effects on the different syntrophies or associations
formed between microorganisms.

2. Material and methods

The study conducted in this paper was carried out at lab-scale. The
following paragraphs summarise the methodology used in the study.

2.1. Experimental set-up and design

To determine biogas production and anaerobic biodegradability,
batch assays were carried out in 118-mL glass serum bottles with 40-mL
working volume following the guidelines of the biochemical methane
potential (BMP) protocol (Angelidaki et al., 2009). The headspace/
liquid volume ratio was set to 3 for all experiments. Prior to incubation,
the bottles were flushed with nitrogen gas for 10 min to ensure anaer-
obic conditions and then immediately sealed with rubber stoppers and
aluminium caps. All bottles were incubated at a temperature of 55 +
1 °C in an orbital shaker (IKA® KS 4000i control, Germany) with a
constant agitation of 150 rpm and a horizontal position to maximize
gas-liquid transfer. Experiments were conducted in 3 biological
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replicates during the days necessary to reach a pseudo steady-state in
terms of gas production.

All bottles were inoculated with the reactor content of a thermophilic
biogas upgrading reactor enriched with hydrogenotrophic metha-
nogens, described in Treu et al. (2018). The biogas upgrading reactor
was a continuous stirred tank reactor originally inoculated from a
thermophilic biogas reactor treating raw cattle manure (Bassani et al.,
2015). Three different groups of experiments were performed (Table 1)
to test the effect of different compounds on homoacetogenesis and
methanogenesis processes. In all experiments, Hy and CO, were added to
the inoculum as feeding gases in a volumetric proportion of 4:1,
respectively, keeping an initial overpressure of 1 atm. A control bottle
with inoculum and gases was included for all assays. In the first exper-
iment, named “ETH2120”, different concentrations of sodium ionophore
III (ETH2120, Sigma Aldrich, DK): 20 pM, 30 pM and 60 pM were tested.
In the second experiment, named “CO”, the gases CO, and Hy were
injected at the beginning of the experiment, and, after Hy was consumed,
the bottles were flushed again with N, and Hy and CO, were fed with
the same proportion (4:1 of Hy:CO5). During the second gas feeding, CO
was fed in different proportions in order to obtain initial CO partial
pressures of 5, 10 and 20 kPa. Pressure in the bottles was measured using
a portable manometer-thermometer HD2124.2 (Delta Ohm, Italy). In
the third experiment, named “BES”, different concentrations of 2-bro-
moethanolsulfonate (BES, Sigma Aldrich, DK) (10, 25 and 50 mM)
were tested. All chemicals used in the present study were high purity
(above 98 %).

2.2. Analytical methods

Gas from batch bottles headspace was collected using lock gas tight
syringes inserted through the rubber stoppers. Percentage of different
gases in the headspace was obtained through gas chromatography and
gas volumes were calculated and normalised to conditions of 1 atm and
0 °C of pressure and temperature, respectively. The CHjeand

Table 1
Experimental conditions for the different experiments carried out.
Experiment Compound Gases Expected Microbial
added fed microorganism samples
affected
Control H,, X
CO,
Sodium ETH2120 H,, Homoacetogens
ionophore 20 uM CO,
(ETH2120) ETH2120 Ho,
30 pM €O,
ETH2120 H,, x
60 pM CO,
Carbon CO 5 kPa Ha, Homoacetogens
monoxide COy, and/or methanogens
Cco
CO 10 kPa Ho,
COy,
co
CO 20 kPa H,, X
CO,,
co
BES BES 10 mM H,, Methanogens
CO,
BES25mM  H,,
Co,
BES 50 mM Ho,, X
CO,

ETH2120: Sodium ionophore III; CO:
bromoethanesulfonate.

carbon monoxide; BES: 2-
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COqecontent in biogas were measured with a gas chromatograph (GC)
(Thermoscientific GC-8A, Japan) equipped with a Thermo (P/N
26004-6030) column (30 m, 20 mm OD, 0.32 mm inner diameter (ID))
with a thermal conductivity detector (TCD) and helium as carrier gas.
The Hjpegas was determined with a GC (Shimadzu GC-11A, Tokyo-
Japan) equipped with a glass column (2 m, 5 mm OD, 2.6 mm ID) with a
flame ionization detector (FID).

VFA concentrations were determined from the liquid phase using a
GC (Shimadzu GC-2010, Kyoto, Japan), which was equipped with an
FID and an FFAP fused-silica capillary column (30 m, 0.53 mm ID, film
thickness 1.0 mm) using nitrogen as a carrier gas. Prior to VFA deter-
mination with the GC, samples were pretreated diluting them, adding
orthophosphoric acid (85 %, Sigma Aldrich, DK) 34 % v/v to acidify the
samples and then centrifuging them at 15000 rpm for 10 min to remove
suspended solids. The supernatant was transferred to a GC glass vial and
mixed with 4-methyl-valeric acid (99 %, Sigma Aldrich, DK), that was
used as internal standard.

2.3. DNA extraction and microbial community composition

Triplicate samples were taken from the bottles’ liquid media at the
end of each experiment. The bottles in which the maximum concen-
tration of each inhibitor was tested (Table 1) were chosen for the mi-
crobial analysis.

Genomic DNA isolation and purification was carried out using the
PowerSoil® DNA Isolation Kit (MO BIO laboratories, Inc.) following the
instructions of the manufacturer’s protocol with an initial step of puri-
fication with phenol:chloroform:isoamylalcohol with (25:24:1) pH 8
(Sigma-Aldrich, DK). The quality and quantity of DNA extractions were
defined with NanoDrop 2000 (Thermo Fisher Scientific, USA) and Qubit
fluorometer (Life Technologies, Carlsbad, CA, USA).

The hypervariable V4 regions of 16S rRNA genes were amplified by
PCR using universal primers 515F/806R and subsequently, the Illumina
MiSeq sequencing platform was used to sequence 16S rRNA gene
amplicons using the 500-cycle chemistry. The raw reads were uploaded
in Sequence Read Archive (SRA) database (https://www.ncbi.nlm.nih.
gov/sra) under the BioProject PRINA911060 with accession number
from SRR22681396 to SRR22681385. The bioinformatic analysis was
conducted using the software CLC Genomics Workbench (V.21.0.4) with
microbial genomics module plug in (QIAGEN Bioinformatics, Germany)
as previously described in Treu et al. (2018). The resulting filtered se-
quences were clustered into Operational Taxonomic Units defined at 3 %
dissimilarity (OTUpg7). Manual verification of the taxonomic assign-
ment was performed with nucleotide BLAST search against NCBI 16S
rRNA database (bacteria and archaea).

2.4. Statistical analysis

Data were analysed by principal co-ordinate analysis (PCoA) based
on the Bray-Curtis distances matrix to explore the beta diversity of the
different samples. Comparisons between the three different conditions
tested and the control (two-groups comparison) were also carried out
using the Statistical Analysis of Metagenomic Profiles (STAMP) soft-
ware, version 2.1.3, applying a Welch’s t test (P-value < 0.05) (Parks
et al., 2014). Canonical correspondence analysis (CCA) was performed
using the R functions implemented in VEGAN v2.4-4 (Hammer et al.,
2001).

3. Results and discussion

In the present work, use of three compounds (ETH2120, CO and BES)
to understand homoacetogenesis or methanogenesis prevalence in a
biogas upgrading reactor was investigated. Effects on both biological
performance (Section 3.1) and microbial population (Section 3.2) were
evaluated.
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3.1. Biological performance microbial population, but apparently this had limited impact on
homoacetogenesis.

The results of the biological process evaluation for the three exper- In the second group of assays, CO was completely consumed in all

iments performed are shown in Fig. 1. Gas production or consumption in experiments. The higher the CO concentration, the longer it took to be

the first experiment (ETH2120) was similar under the three conditions consumed. The CO, was not totally consumed, but the CO, production

tested (Fig. 2) and also very similar to the control (Fig. 1). Hy was due to CO consumption (Eq. (1)) has to be considered. The hydrogen was
completely consumed after about 50 h while only part of the CO5 was completely consumed after about 20 h when 5 or 10 kPa of CO were fed

consumed. CH4 was produced at a similar rate in all three assays, and, and after 40 h when 20 kPa were applied (Fig. 3). The acetate produced
the maximum production achieved (around 10 mL) was also the same as was higher compared to the control or the other conditions tested. The
in the control. The CH4 production rate was higher in the control during acetogenic bacteria used CO for acetate production (Eq.1) as previously
the first few hours. Acetic and butyric acids were accumulated, while no reported for anaerobic sludge mixtures (Grimalt-Alemany et al., 2020).
accumulation of propionic acid was detected (Fig. 2). Literature in- Among the three tested CO partial pressures, a lower amount of acetate
dicates that ETH2120 can block acetate production from Hy and CO, by was produced when 20 kPa was applied (see Fig. 3). This may indicate
inhibiting homoacetogens, as reported by Kottenhahn et al. (2018). an effect of CO on acetogenic bacteria, as previously observed by Mayer
During the 80 h that the experiment lasted, acetate was produced when et al. (2018). They reported a strong inhibition of growth and acetate
adding 20 and 30 uM ETH2120, but a clear production was not observed formation in Clostridium aceticum when CO was fed with increasing
when adding 60 uM ETH2120 (Fig. 2). Comparing acetate production to partial pressures ranging from 10 to 50 kPa. Propionic acid and butyric
that observed in the control or to the other experiments at the same time acid were also produced simultaneously. It should be highlighted that
point (80 h), it is clear that acetate was not produced at the same rate CO was the only carbon source that led to propionic acid accumulation,
(Fig. 1). If the experiments had been conducted using a continuous either because there was excess production or because the conversion
reactor, it is likely that a more pronounced effect would have been rate to acetate was very low (see Section 3.2 for microbiological details).

observed. Kottenhahn et al. (2018) observed a complete inhibition of

- _ + N
acetate production using ETH2120, but the authors worked with pure 4C0 +2H,0 < ICH,CO0™ — + H" 4+2C0; AG 165.4kJ/mol (1)

cultures of A. woodii, whereas in the present study, the inoculum was The CH4 production was similar under all tested conditions
composed of a complex microbial community, making it difficult to (approximately 10 mL), although there was a slight increase (around 12
observe a strong effect in the biological process. Nevertheless, a differ- mL) when 20 kPa of CO was added (Fig. 3). This increase could be
ence in the microbial population was observed between the different attributed to the impact on acetogenic bacteria, as previously
experiments, as described in Section 3.2, so, ETH2120 affected the mentioned, which can enhance methanogenesis, or it could be due to the
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Fig. 1. Gas composition and volatile fatty acids (VFA) evolution in the control (a), sodium ionophore (ETH2120) 60 pM experiment (b) carbon monoxide (20 kPa)
experiment (c) and BES (2-bromoethanesulfonate) 50 mM experiment (d).
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20 pg'L’1 (a), 30 pg~L’1 (b) and 60 ug~L’1 (c).

use of CO as a carbon source for CH4 production. That CH4 production
increase would have been higher if the ratio %H; + %C0O2/(%CO3 + %
CO) would have been closer to 4 (Asimakopoulos et al., 2021), since this
index indicates the stoichiometrically (theoretically) ideal gas compo-
sition for the full conversion of CO and CO, into CH4. In the current
experiment that index was decreasing when the CO fed to the culture
was increasing, so, the index for 20 kPa of CO was around 2.3. Previous
studies at mesophilic conditions (Navarro et al., 2016) tested the effects
of different CO partial pressures (from 10 to 152 kPa) on a microbial
community dominated by aceticlastic methanogens and found the
highest CHy yield when CO partial pressure was 10 kPa, while inhibition

of aceticlastic methanogens was detected with CO partial pressures
above 20 kPa. As will be described in Section 3.2, no aceticlastic
methanogens were observed in the present work since the via for
methanogenesis production was a different one. This could explain why
in the present study an enhancement of CH4 production was not
observed when applying 10 kPa of CO.

CH4 production was not observed with the three different BES con-
centrations tested. Despite this finding, the relative abundance of
archaea in BES samples was similar to the control and to the other
conditions tested (see Section 3.2). This finding suggests that the in-
hibitor was forcing the archaea in a metabolically inactive state. The
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Fig. 3. On the left side, gas composition; on the right side, volatile fatty acids (VFA) production in the carbon monoxide (CO) experiment. Partial pressures for CO

used were 5 kPa (a), 10 kPa (b) and 20 kPa (c).

higher the BES concentration, the lower the Hy consumption rate. In BES
samples, complete Hy depletion lasted longer than in the control or the
other samples: it took around 250 h at 10 mM BES concentration, and
around 300 h at 25 mM. At 50 mM BES, H; was not totally consumed as
it was in the other two concentrations tested, and it took more than 400
h to consume the half of the total amount fed. Webster et al. (2016)
found that inhibitors targeting archaea were also affecting the activity of
syntrophic bacteria, according to this, the higher the BES, the lower the

Hp that both archaea and bacteria can consume, leading in less ener-
getically favorable conditions for the acetogenic syntrophic bacteria.
This finding is also corroborated by microbiological data in Section 3.2
where it is reported that relative abundance of hydrogenotrophic mi-
croorganisms belonging to Rikenellaceae family was lower in BES
samples.

Except for the methane production inhibition caused by BES addi-
tion, no enhancement or inhibition of other reactions was clearly
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observed from monitoring the biochemical parameters working with
batch reactors in the present biomethanation study. The addition of CO
and ETH210 at their maximum concentrations (20 kPa and 60 pm,
respectively) resulted in a minor decrease in acetate production. In the
case of CO addition, that decrease was observed alongside a slight in-
crease in CH4 production while in the case of ETH2120 addition, no
enhancement of CH4 production was observed. The use of these in-
hibitors in a continuous system would be helpful to understand the effect
of these compounds in the biological process. Moreover, when per-
forming biomethanation with mixed cultures inoculated with digestate
from a thermophilic reactor, as in the present work, a set of reactions is
expected to take place. Alternative reactions that compete with meth-
anogenesis, such as homoacetogenesis, are difficult to control. Indeed,
Voelklein et al. (2019) observed that proliferation of homoacetogens can
be associated with 40 % utilization of the added Hj leading to a subse-
quent increase in acetate production and consequently, methane
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formation by the aceticlastic methanogens. Since in the present work
acetate production was occurring in all experiments, it can also be
assumed that homoacetogenesis from Hy was not inhibited. This finding
is in accordance with previous studies (Agneessens et al., 2018) where
homoacetogenesis was the dominant pathway for utilization of exoge-
nous Hy added in a microbiome fed with manure (same feedstock as the
one used for the reactor took as inoculum in this work).

3.2. Microbial composition

The microbial community found in the four conditions was largely
dominated by a small number of species since only 18 OTUs were rep-
resenting 89 % of the microbiome, and 29 OTUs in total were found
above 0.5 % of relative abundance in this study (see supplementary
materials). The unevenness of the microbiome can be related both to the
lack of biodiversity in the inoculum, which undergoes a strong selection
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during adaptation to the simplified feedstock represented by CO»-Hj
(Bassani et al., 2015), and/or to the same process (Hy and CO; feeding)
but in the current experiment. The 29 OTUs were taxonomically
assigned to eight different phyla, being Firmicutes, Euryarchaeota and
Bacteroidetes the most represented (Fig. 5).

The most abundant bacterial group in all conditions studied was the
family Synergistaceae (Synergistetes phylum), with abundances above
26 % in all samples (Fig. 5). Most of the microbiota was represented
mainly by three groups: Aminovibrio sp., Rikenellaceae sp. and Aminipila
sp., with relative abundances of 27 %, 18 % and 19 %, respectively, in
the control sample, 26 %, 17 %, and 18 % in the ETH2120 samples, 28
%, 17 %, and 17 % in the CO samples and 34 %, 16 % and 11 % in the
BES samples (see supplementary materials). The species belonging to the
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three taxa are involved in amino acids degradation. Aminovibrio sp. is an
anaerobic bacterium that can ferment amino acids and organic acids
that was isolated from an anaerobic propionate-oxidizing enrichment
culture (Honda et al., 2013). The genus Aminipila was proposed by Ueki
et al. (2018) and belongs to the class Clostridia. The BLASTn similarity
search against NCBI database of the OTU revealed 95 % similarity with
Aminipila butyrica, which is one of the few species included in that genus.
In the work of Ueki et al. (2018), the microorganism was isolated from a
reactor digesting cattle manure and it was classified as an amino acid
fermenter (,-arginine, ,-lysine and ,-serine) producing acetate and
butyrate. As shown in Figs. 2, 3 and 4, around 30-50 mg-L ! of butyric
acid and 250-700 mg-L ™! of acetic acid were produced in all conditions.
These short-chain fatty acids (mainly acetic, propionic and butyric

Petrimonas sp. OTUL1S
Thermoclostridium caenicola OTUL2
Clostridiales sp. OTULS

W5 sp. OTUZ1

Rikenellaceae sp. OTUOZ
Aminipila sp. OTUO3
Tissierellaceae sp. OTU22
Christensenellaceae sp. OTULS
Synergistaceae OTUZ3
Ruminococcaceae sp. OTU20
Lachnospiraceae 0OTUZ4
Sedimentibacter sp. OTU27
Dysgonomonadaceae sp. OTU14
Bathyarchaeia OTUZ26
Sinibacillus sp. OTUOS
Anaercbacillus sp. OTU28
Thermoclostridium sp. OTUO4
Proteiniphilum sp. OTUO7T
Methanomassiliicoccus sp. OTULO
Syntrophomonas sp. OTUL3
Mesotoga sp. OTUZ29
Limnochordia sp. OTUOS
Puniceicoccaceae sp. OTULY
Herbinix sp. OTU25
Clostridiales sp. OTUlG
Methanobrevibacter sp. OTU30
Caldicoprobacteraceae sp. OTU0S
Thermoclostridium sp. OTULL
Methanosarcina sp. OTU32
Aminivibrioc sp. OTUOL
Methanocorpusculum sp. OTU33
Limnochordia sp. OTUOG
Methanomethylophilaceae OTUS1
Methanoculleus sp. OTU34

Fig. 5. Heatmap representing the relative abundance of the 34 most abundant OTUs; On the left side, abundances values range from 0% (color black) to 10% (color
red), being saturated the higher values (color scale shown in the upper part). Only OTUs with an average relative abundance higher than 0.5% are reported. On the
right side of the graphic, the red-colored part represents the increase in relative abundance at fold change while the decrease is shown in green. The heatmap on the
left also shows clustering based on Pearson correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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acids) are known as the major-end products from amino acids reductive
deamination (Boudry et al., 2016). Additionally, in this study, cattle
manure was utilized as the feedstock for the reactor inoculation, and this
substrate is known to have a high protein content (Tasaki, 2021).
Therefore, the substantial presence of an amino acid-degrading com-
munity in the system can be attributed to the high protein content of the
cattle manure.

Amino acids-degrading microorganisms being the most abundant
groups could be linked to the presence of methylotrophic methanogens
that generate/conserve energy from protein degradation metabolism
(Lloyd et al., 2013). During methylotrophic methanogenesis, methyl-
coenzyme M can be produced via transfer of a methyl group from me-
thylamines as mono-, di-, and trimethylamine to be later transformed
into CHy4 (Borrel et al., 2013) and these methylamines are produced by
anaerobic bacteria that decarboxylate nitrogenous organic matter as
glycine betaine (Nayak and Marx, 2014). Order Meth-
anomassiliicoccales, including Methanomassiliicoccus sp., which was the
most abundant archaeon in all samples, and Methanomethylophilaceae sp.
(also found in all samples in a lower abundance), have been described as
a group of obligate Hy-dependant methylotrophic archaea able to use a
wide panel of methylated compounds (Li et al., 2016). Methanosphaera
sp., an archaeon found in the three conditions tested, has also been
described as a methylotrophic methanogen that can only grow on
methyl compounds when Hj is present. It must be emphasized that in
these groups of methanogens, the genes involved in the conventional
COq-reduction/methyl-oxidation pathways are not present (Borrel et al.,
2013). Due to the lack of these genes, all these microorganisms use the
methyl-respiration pathway for CH4 production (Eq. (2)); in this meta-
bolism the Hj is being used as electron donor, while in the conventional
methylotrophic pathway (Eq. (3)) the carbon source itself is being used
as electron donor (Buan, 2018). This corroborates the biological process
results, that showed a fast Hy consumption in all conditions, while the
CO, was not consumed (Section 3.1).

CH;0H +H,—CHs +H,0 AG’ = —78.6 (2)

4CH;0H—3CH4 + HCO; + H,0+HTAG’ = —112.5 3

The second most abundant archaea in the current work belong to
Bathyarchaeia family (phylum Crenarchaeota), which is also encoding
methyl-CoM reductase-like enzymes and genes involved in methano-
genesis from methylated amines (Loh et al., 2021). The presence of this
pathway evidenced a similarity of Bathyarchaeia with the order Meth-
anomassiliicoccales and a possible link with bacteria involved in protein
hydrolysis and amino acid utilization.

Other less abundant archaea observed in the current work were
Methanoculleus, a hydrogenotrophic methanogen (Kougias et al., 2017)
that act in syntrophy with syntrophic acetate-oxidizing bacteria (SAOB)
to generate methane, Methanobrevibacter, which is also a hydro-
genotrophic methanogen, and Methanosarcina, which is a generalist
methanogen able to grow using any of the known methanogenic path-
ways, including methyl respiration. The presence of Methanobrevibacter
could be related with the inoculum characteristics. Treu et al. (2018)
found that Methanothermobacter sp. was the most abundant microor-
ganism, and they also found Methanobrevibacter in the community pre-
sent in the sludge used as inoculum in the present work. These two last
genera belong to the same family (Methanobacteriaceae).

Comparison of the abundance profiles of the different microorgan-
isms in the three conditions tested, revealed some differences reported
in the PCoA shown in Fig. 6. The PCoA plot shows that the first and the
second component account for a large fraction of the overall variability
(PC1 = 70 %, PC2 = 11 %). PCoA revealed significant differences in
microbial community composition between the control and the other
samples, and also between the different conditions tested. BES samples
were clearly separated from the other samples. Two-sided Welch’s t test
also showed significant differences (P < 0.05) between the control and
the rest of the groups (see supplementary material).
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Fig. 6. Principal coordinate analysis (PCoA) showing PCos 1 and 2 of the mi-
crobial composition of samples. Ordination was calculated from the weighted
unifrac distance matrix. The two first components were chosen to represent the
differences between the three experiments (BES, CO and Na) and the control
samples analysed in the 16SrRNA gene amplicon sequencing approach.
Explained variance of each component is shown in percentage in each axis.

Thermoclostridium genus had a high relative abundance in all the
samples (Fig. 5). One of the OTUs belonging to this genus, was tenta-
tively assigned to Thermoclostridium caenicola according to the 97.7 %
identity determined from the BLAST search. This OTU had a relative
abundance in CO samples around 3-fold higher comparing with the
other conditions. This cellulolytic thermophilic microorganism was
recently reclassified as a novel genus (Zhang et al., 2018). The same
happens with another group belonging to Clostridiales sp. (OTU16) that
had 7-fold higher abundance in CO samples comparing to the control.
Since the highest propionic acid accumulation was observed in CO
samples (see Fig. 1), these microorganisms may be involved in propio-
nate formation, as corroborated by CCA analysis (see supplementary
materials). The propionate production can trigger the proliferation of
syntrophic propionate oxidizing species such as those belonging to the
W5 taxon (Dyksma and Gallert, 2019). An OTU associated to the W5
taxon was indeed identified at higher abundance in CO samples
compared with the control (28-fold enrichment).

Despite there is not a big difference between the microbial commu-
nity in the ETH2120 experiment and the other samples, there are some
taxa that are worthy of mentioning. For instance, Syntrophomonas sp.
relative abundance was higher in ETH2120, especially when compared
with CO experiment (11-fold higher). Syntrophomonas is a hydrogen-
producing acetogenic bacterium able to metabolize C3 acids such as
propionate. Mesotoga sp. was also 40-fold more abundant in ETH2120
experiment in comparison to control. Mesotoga is a SAOB that has been
recently reported as an auxotroph for different amino acids (Du et al.,
2022). Proteiniphilum sp. also had a higher abundance in ETH2120
experiment (around 4-fold compared with the control). Proteiniphilum is
a proteolytic bacterium able to convert peptone, arginine, yeast extract
and glycine to NH3 and acetate (Chen and Dong, 2005).

PCoA evidenced that the community is clearly different in the case of
BES experiment comparing with the other samples (Fig. 6). There is a
difference in the three more representative microorganisms: in com-
parison with the control, the group Aminivibrio sp. was more abundant
both in BES samples, and also in the other two conditions (ETH2120 and
CO). On the other hand, the other two most abundant microorganisms
(Aminipila sp. and Rikenecellaceae sp.) were less abundant in BES sam-
ples. A lower relative abundance of Rikenecellaceae sp. in BES samples
could be expected since this group is able to ferment amino acids in
syntrophic association with hydrogenotrophic methanogens, which are
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being inhibited by BES.

Despite BES treatment resulted in a strong CH4 production inhibi-
tion, there were no differences in the relative abundance of the most
abundant archaeal methanogens (see supplementary materials). As
mentioned in Section 3.1., methanogens could be present in an inactive
state. The genomic analysis carried out in the present study cannot
determine the activity of microorganisms, so, even archaea were pre-
sent, it does not mean that these microorganisms were active. A further
transcriptomic approach (RNA analysis) should be applied to know the
activity of the microorganisms. De Vrieze et al. (2018) investigated the
archaeal and bacterial community of 48 full-scale anaerobic digestion
plants on DNA (total community) and RNA (active community) and
observed a clear difference in active (RNA) and total (DNA) community
profiles. Moreover, a significantly higher diversity on DNA compared
with RNA level for archaea was reported. The only difference observed
in methanogens comparison between experiments was in genus Meth-
anobrevibacter, which was 54-fold higher in BES samples compared to
the control (see supplementary material), even CHy4 has being produced
in the control and not in the BES samples. This is in accordance with a
previous study (Webster et al., 2016) that revealed a high activity of
hydrogenotrophic methanogens when BES was applied at 0.5 and 10
mM. In that study, Methanobrevibacter represented the highest fraction
of the active archaeal community when the inhibitor was applied.

Limnochordia sp. showed a relative abundance of 3.4 % in the con-
trol, while its abundance increased in BES samples (4.9 %) and had
lower values in ETH210 and CO samples (3.3 % and 2.9 % respectively).
This bacterium is able to grow consuming acetate and its relative
abundance is correlated with Hy concentration (as shown in CCA anal-
ysis) in the reactor (Treu et al., 2018). This is in accordance with the
present work: as described in Section 3.1., Hy concentration in BES
samples was higher comparing with the rest of experiments since this
gas was not completely consumed due to archaea activity inhibition.

Other differences were observed in the BES experiment in some
groups belonging to order Clostridiales. Specifically, Desulfohalotomac-
ulum sp. and Herbinix sp. were higher in BES (6-fold and 4-fold higher
than the control, respectively), while Tissierellaceae sp. was 6-fold lower,
comparing to the control.

While most of the microorganisms were found in all samples tested
(even with different relative abundances), two groups of microorgan-
isms belonging to the Firmicutes phylum were only found in the control
samples. One of them was the family Lachnospiraceae and the other one
was Sedimentibacter sp. with relative abundances of 0.9 % and of 0.5 %,
respectively. In addition, another group of Synergistaceae family was
found in a higher abundance in control samples. It was 4-fold higher
than ETH2120, 3-fold higher than CO and 20-fold higher than BES
experiment so this microorganism could be affected by the three com-
pounds added to the samples. This group matched the genus Cloa-
cibacillus sp., according to 90.8 % similarity obtained from the BLASTn
search against NCBI database and was isolated from the mucosal lining
of a pig cecum (Looft et al., 2013). Nevertheless, the sequence identity is
lower compared to the accepted taxonomic threshold for genus assign-
ment (greater than94.5 %) (Yarza et al., 2014) and thus, assignment to
Cloacibacillus genus is not well supported.

Although in the present work hydrogenotrophic methanogenesis is
supposed to be the fundamental pathway in Hy/CO2 biomethanation,
methyl respiration seems to be the key for CH4 production. Additionally,
other metabolic routes as homoacetogenesis are taking place in the
complex culture used in the present study working in batch mode. Ac-
cording to the obtained results, CO, biomethanation was not observed in
the present work: due to the presence of that main pathway for CHy
production, Hy was quickly consumed while CO, was not consumed in
all experiments, so, the compounds used for trying to improve CO,
biomethanation (ETH2120 and CO) would not be useful, since methane
is not being upgraded and CO; is not being consumed.
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4. Conclusions

Effects of ETH2120, CO, and BES on homoacetogenesis and meth-
anogenesis to enhance CH4 production were evaluated. BES had an
inhibitory effect on methanogenesis (no CH4 was produced even at 10
mM BES concentration). 20 kPa of CO seemed to have a negative effect
on homoacetogenesis, but a positive effect on methanogenesis. Although
60 uM ETH2120 decreased acetate production, no significant increase in
CH4 production was observed. However, when these compounds were
applied to a complex environmental sample, their expected effects on
specific metabolic pathways were not observed. Using continuous re-
actors will help to fully understand the effects of these inhibitors.

E-supplementary data of this work can be found in online version of
the paper.
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