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Abstract: The performance of a mixed microbial community was tested in lab-scale power-to-methane
reactors at 55 ◦C. The main aim was to uncover the responses of the community to starvation and
stoichiometric H2/CO2 supply as the sole substrate. Fed-batch reactors were inoculated with the
fermentation effluent of a thermophilic biogas plant. Various volumes of pure H2/CO2 gas mixtures
were injected into the headspace daily and the process parameters were followed. Gas volumes and
composition were measured by gas-chromatography, the headspace was replaced with N2 prior
to the daily H2/CO2 injection. Total DNA samples, collected at the beginning and end (day 71),
were analyzed by metagenome sequencing. Low levels of H2 triggered immediate CH4 evolution
utilizing CO2/HCO3

− dissolved in the fermentation effluent. Biomethanation continued when
H2/CO2 was supplied. On the contrary, biomethane formation was inhibited at higher initial H2

doses and concomitant acetate formation indicated homoacetogenesis. Biomethane production
started upon daily delivery of stoichiometric H2/CO2. The fed-batch operational mode allowed high
H2 injection and consumption rates albeit intermittent operation conditions. Methane was enriched
up to 95% CH4 content and the H2 consumption rate attained a remarkable 1000 mL·L−1·d−1. The
microbial community spontaneously selected the genus Methanothermobacter in the enriched cultures.

Keywords: power-to-gas; thermophilic biogas; fed-batch reactor; Methanothermobacter; metagenome;
starvation; H2 and CO2 conversion; methane; acetate

1. Introduction

The energy needs of civilized human lifestyle and the global population are increasing
rapidly. The majority of this energy is provided currently from fossil energy carriers.
Exploitation of fossil sources is associated with greenhouse gas (GHG) emission, which
is the primary source of global climate change endangering the biosphere and overall
quality of life on Earth. These are the driving forces for the increase of the contribution of
renewable energy in the overall energy spectrum. Photovoltaics (PV), wind, hydro, and
biomass are the major sources available [1,2]. The particularly rapid growth in energy
production via PV and wind is much appreciated although the fluctuating nature of
electricity generation using these forms of incoming solar energy presents additional
challenges for the distribution and utilization systems [3,4]). Smart electricity grids and
flexible storage technologies are being developed to balance the energy losses and grid
imbalances due to the deranged production and utilization of electricity [5].

The mass-based energy content and carbon-free nature of hydrogen makes H2 an
excellent energy storage medium. H2 can be produced in various ways [6], water elec-
trolysis being the most commonly employed among them [7]. Conversion to a hydrogen
economy [8–10] is an attractive scenario, which could help restore the rapidly deteriorating
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climate conditions. The primary hurdles to large scale H2 use include underdeveloped
storage and transport technologies, which are still costly and energy demanding [8,10].

Methane (CH4) is also an excellent potential energy delivery material but it can con-
tribute to GHG emission, due to its carbon content, unless generated via a renewable
energy conversion process [11,12]. A significant advantage of CH4 as an energy carrier is
the efficient and advanced storage and transport pipeline system developed for natural gas,
the fossil and thus less environmentally friendly form of CH4 [13,14]. Biogas, a mixture of
CH4 (60–70), carbon dioxide (30–40%), and 1–2% of other gases [15], is generated during
the anaerobic decomposition (AD) of biomass, a renewable form of stored solar energy con-
tinuously supplied on Earth via photosynthesis [16,17]. AD of biomass is carried out by a
complex microbial community, biogas is formed in the last step of the multifarious biochem-
ical process by methanogenic microbes. Based on their substrate preference, methanogens
are classified in three groups, i.e., acetotrophic, hydrogenotrophic, and methylotrophic
methanogens, all belonging in the phylum Euryarchaeota within the kingdom Archaea [18].
Hydrogenotrophic methanogens reduce carbon dioxide (CO2) to CH4 when the appro-
priate reducing power, i.e., H2 or low redox potential electrons, is available. H2 can be
obtained from water electrolysis powered by renewable electricity, closing the circular
character of this energy conversion process, called Power-to-Methane (P2M) [7,15,19,20].
P2M is accomplished either within the biogas producing AD reactor, i.e., in situ P2M,
or in a separate reactor vessel, i.e., ex situ P2M, or in a combination thereof [15,19]. The
advantages and disadvantages of the various reactor arrangements have been discussed
extensively [15,21–23]. Methanogens, the key players in the P2M process can be employed
in sterile, pure cultures [24–27] or in a mixed anaerobic microbial community [13,28–34].
An inexpensive, readily available source of the anaerobic methanogen community is the
fermentation effluent of the biogas reactor itself, which is enriched in methanogens during
the course of P2M [28,35].

A lab-scale proof of concept is presented in this study, in which the fermentation
residue of an industrial thermophilic AD reactor is used to catalyze the P2M conversion of
H2 and CO2 while the alterations of the microbial community under the selection pressure
of the experimental conditions are established.

2. Materials and Methods
2.1. Fermentation System

The total volume of each batch reactor was 160 mL (Wheaton glass serum bottle,
Z114014 Aldrich) and contained 40 mL fermentation effluent from the thermophilic indus-
trial biogas plant Bátortrade Kft. Nyírbátor, Hungary. The main substrates at Bátortrade
are animal waste (39.1%), manure (29.7%), agricultural waste (18.9%), and ensilaged green
plant material (12.3%). The effluent, containing the “start” microbial community, was
sieved on a 1 mm filter to remove the larger particles. In each set of experiments 3 control
reactors, containing only the “start” inoculum, were included. The various reactors were
operated in 3 parallel biological replicates. The reactors were sealed with butyl septa
and aluminum crimps and the headspace was replaced with flushing by N2 gas (Messer
nitrogen 4.5) for 5 min. H2 and CO2 were injected manually and daily into the head-space
with disposable plastic syringes. The reactors received varying volumes of daily H2 doses,
which were nominally 20, 40, and 60 mL of pure H2 gas, respectively. The amount of the
injected gas was verified by gas chromatography (GC) as corresponding to 18.0, 31.5 and
43.5 v/v% actual initial H2 concentration in the head-space. The gas composition in the
reactor head-space was determined daily by GC and after the measurements the reactors
were degassed by purging with N2 for 5 min and the internal pressure was adjusted to
atmospheric level. The reactors were incubated in a thermostated rotary shaker at 55 ◦C.

2.2. Volatile Organic Acid Analysis

Samples for organic acid analysis were pretreated according to Szuhaj et al. [28].
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The concentrations of volatile organic acids were measured with HPLC (Hitachi
Chromaster) equipped with a refractive index detector Chromaster 5450. The separation
was performed on an Agilent Hi-Plex H column. The temperature of the column and
detector were 50 ◦C and 41 ◦C, respectively. The eluent was 0.02 M H2SO4 (0.6 mL·min−1).

2.3. Gas Composition Analysis

The gas composition of the reactor headspace was measured every day by GC. The
CH4 and H2 contents were determined with an Agilent 6890N GC (Agilent Technologies,
Santa Clara, CA, USA) equipped with an HP Molesive 5 Å (30 m × 0.53 mm × 25 µm)
column and a TCD detector. The temperature of the injector was 150 ◦C and application
was made in split mode 1.1:1. The column temperature was maintained at 47 ◦C. The
carrier gas was Linde HQ argon 5.0, with the flow rate set at 9.6 mL·min−1.

The amount of CO2 was determined with a Shimadzu GC 2010 (Shimadzu Corpora-
tion) equipped with a TCD detector and a HP PlotQ (30 m × 0.5 mm × 40 µm) column.
The chromatograph was operated in split injection mode (rate 4:1). The temperature of
the inlet was 200 ◦C. The column and the detector temperature were maintained at 90 ◦C
and 150 ◦C, respectively. The carrier gas was Messer nitrogen 4.5 at 1.25 mL·min−1. The
samples were injected with the help of a gastight microsyringe (Hamilton). The conversion
efficiency of H2 to CH4 was calculated by the modified theoretical equation [28,30,36].

η =

(
rCH4 A − rCH4B

)(
rH2 A − rH2D

)
× 4

× 100

where “A” is the experimental reactor and

η = conversion efficiency of H2 to CH4 (%)
rCH4 A = CH4 production of reactor A (mL·L−1·d−1)
rCH4B = CH4 production of control reactor (mL·L−1·d−1)
rH2 A = injected amount of H2 to reactor A (mL·L−1·d−1)
rH2D = residual amount of H2 in reactor A (mL·L−1·d−1)

2.4. Determination of Fermentation Parameters

oDM: The organic dry matter content was quantified by drying the biomass at 105 ◦C
overnight and weighing the residue, giving the dry mass content. Further heating of this
residue at 550 ◦C provided the organic dry matter (oDM) content.

pH: The pH was measured with a Radelkis OP-211/2 equipped with an OP-0808P pH
electrode immediately after the daily GC analysis.

2.5. Total DNA Isolation for Metagenomics

The composition of the microbial community was investigated twice during the
experimental period from each reactor and controls, i.e., at the starting point (inoculation)
and at the end of cultivation. For total community DNA isolation 2 mL samples were
taken from each reactor. DNA extractions were carried out using the Zymo Research
Fecal DNA kit (D6010, Zymo Research, Irvine, CA, USA). Bead beating was performed by
Vortex Genie 2, bead size: 0.1 mm, beating time: 15 min, beating speed: max, and in other
details the Zymo Research kit protocol was followed. The quantity of DNA was estimated
using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, NC,
USA) and a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). DNA purity
was tested by agarose gel electrophoresis and on an Agilent 2200 TapeStation instrument
(Agilent Technologies).

2.6. Shotgun Sequencing

The recommendations of the Ion Torrent PGM™ sequencing platform were closely
followed (Life Technologies, Carlsbad, CA, USA). The preparation of sample libraries
was done according to the Life Technologies IonXpress fragment plus library protocol
(4471269). Ion device library quantitation kit (4468802) and Step One Real Time PCR
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(Applied Biosystems) were used to quantify the samples. The Ion PGM Template OT2 200
kit (4480974) was used with OneTouch 2 and Ion OneTouch ES devices. The barcoding was
done by IonXpress barcode kit (4471250). Sequencing was performed with Ion PGM 200
Sequencing kit (4474004) on Ion Torrent PGM 316 chip.

Raw sequences are available on NCBI Sequence Read Archive (SRA) under the sub-
mission number: PRJNA625695.

2.7. Raw Sequence Filtering

The Galaxy Europe server was employed to pre-process the raw sequences (i.e.,
sequence filtering, mapping, quality checking) [37]. Low-quality reads were filtered by
Prinseq [38] (min. length: 60; min. score: 15; quality score threshold to trim positions:
20; sliding window used to calculated quality score:1). Filtered sequences were checked
with FastQC.

2.8. Read-Based Metagenome Data Processing and Statistical Analysis

The filtered sequences were further analyzed by Kaiju, applying the default greedy
run mode on Progenomes2 database [39,40]. MEGAN6 was used to investigate microbial
communities and export data for statistical calculation. The results were plotted with iTOL
(Interactive Tree of Life) [41]. The microbial changes of the communities were estimated as
the log2 fold changes (log2FC):

log 2FC = log 2
(

abundance X
abundance START/CONTROL

)
3. Results
3.1. Methanogenesis by H2 and H2 + CO2

The mixed AD community was first supplied with various amounts of H2 in order to
eliminate the dissolved CO2/HCO3

− in the AD fermentation effluent (Figure 1).
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Figure 1. Cumulative biomethane productions in time from 20 mL nominal H2 volume (=18.0 v/v% H2,
red curve), 40 mL nominal H2 volume (=31.5 v/v% H2, blue curve) and 60 mL nominal H2 volume
(= 43.5 v/v% H2, black curve) and concomitant stoichiometric CO2. The control, i.e., only daily
N2 gas replacement of the head-space, is shown in green. The symbol sizes indicate the error
of measurement.

The control samples (green curve) evolved a small amount of residual CH4 during day
1–2, but CH4 generation ceased afterwards indicating the cessation of biogas formation due
to the preceding depletion of degradable organic substrates. The reactors received varying
volumes of daily H2 doses, which were nominally 20, 40, and 60 mL of pure H2 gas, shown



Energies 2021, 14, 7336 5 of 17

with red, blue and black curves, respectively, corresponded to 18.0, 31.5, and 43.5 v/v%
actual initial H2 concentration in the head-space. The daily H2 doses were completely con-
sumed within 24 h in all reactors. The microbial community quickly consumed the dissolved
CO2/HCO3

− as well, indicating high biological activity. The reactors receiving 18 v/v%
of H2 started to produce CH4 intensively, implying sufficient level of a hydrogenotrophic
methanogen activity for the bioconversion reaction. After about a week of daily H2 feeding
of the reactors the CH4 evolution began to cease and the cumulative CH4 production
curve levelled off. By this time the CO2 completely disappeared from the headspace of the
reactors (Figure 2). A combination of these observations was indicative of methanogenesis
limitation as a consequence of CO2/HCO3

− depletion by hydrogenotrophic methanogene-
sis. The situation was remedied by the injection of 6.5 v/v% CO2 together with the daily
H2 dosage (Figure 2) on days 8–14 and 22 as indicated by the arrows.
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Figure 2. The residual CO2 levels measured in the reactors’ head-space. Color codes as in Figure 1: green = control reactors,
red = low H2 daily dosage (20 mL H2 nominal volume), blue = medium H2 daily dosage (40 mL H2 nominal volume),
black = high daily H2 dosage (60 mL H2 nominal volume). The arrows indicate the time points when excess CO2 was
delivered in order to remedy system imbalance.

This effectively restored CH4 production, although the excess CO2 supply resulted in
a transient accumulation of CO2 in the headspace. Henceforth, a 4:1 volumetric mixture of
H2 and CO2 was injected daily into the head-space of the reactors. Steady CH4 production,
without detectable H2 or CO2, was maintained throughout the rest of the 71-day long
experiment, demonstrating sustainable bioconversion of H2/CO2 to CH4. The alterations
in the pH of the reactor content reflected and corroborated the postulated sequence of
events. Following week 2, a significant pH elevation was noted in the reactors receiving
18 v/v% of H2, which quickly reached an alarming level above pH = 9 (Figure 3) on weeks
2 and 3. The injection of CO2 slowly returned the pH level to normal, corroborating the
essential role of CO2/HCO3

− in maintaining and regulating the buffering capacity in
these systems.
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black = 60 mL H2 nominal volume daily dosages and concomitant stoichiometric CO2.

The reactors receiving higher H2 doses (31.5 or 43.5 v/v%) showed a substantially
distinct behavior. In these reactors CH4 evolution did not commence upon H2 addition
and CO2 was not detectable in the headspace even after the first day. Nevertheless, the
injected H2 was consumed completely by the microbial community. Pursuing possible bio-
conversion product(s) other than CH4 revealed that the microbes utilized the H2 and CO2
in the reactors for syntrophic acetate production via homoacetogenesis [42]. Accumulation
of considerable amounts of acetate (Figure 4) indicated the predominance of this pathway
in these reactors. In line with this mechanism was the substantial pH drop on week 2
(Figure 3). Overdosed (9.9 and 13.9 v/v%) injection of CO2 (Figure 2) successfully balanced
the pH back to near normal level for methanogenesis in these reactors. Accordingly, steady
CH4 production started (days 8–10) and daily stoichiometric gas delivery of H2 and CO2,
drifted the system away from volatile fatty acid (VFA) biosynthesis to hydrogenotrophic
methanogenesis (Figures 1–3). All reactors were eventually stabilized in the biomethane
production mode and maintained their stable operation for the rest of the experimental
period. Acetate and other VFAs were barely detectable in these reactors (Figure 4).

Energies 2021, 14, x FOR PEER REVIEW  7  of  19 
 

 

 

Figure 4. The volatile fatty acids (VFA) productions of the P2M reactors: green = control reactors, red = 20 mL H2 nominal 

volume daily dosages, blue = 40 mL H2 nominal volume daily dosages, black = 60 mL H2 nominal volume daily dosages 

and concomitant stoichiometric CO2. 

3.2. Metagenomic Analyses 

The microbial community of  the  thermophilic digestate was diverse, although  the 

majority of the identified genera were present in low relative abundance (<1%) (Figure 5). 

Feeding the community with only H2/CO2 daily, acted as strong selection pressure on the 

community by the end of the 71‐day long P2M experiment. In spite of the apparent high 

initial microbial diversity, a limited number of taxa survived the P2M experimental con‐

ditions (Table 1) leading to the substantial enrichment of the successful survivors.   

Figure 4. The volatile fatty acids (VFA) productions of the P2M reactors: green = control reactors, red = 20 mL H2 nominal
volume daily dosages, blue = 40 mL H2 nominal volume daily dosages, black = 60 mL H2 nominal volume daily dosages
and concomitant stoichiometric CO2.



Energies 2021, 14, 7336 7 of 17

3.2. Metagenomic Analyses

The microbial community of the thermophilic digestate was diverse, although the
majority of the identified genera were present in low relative abundance (<1%) (Figure 5).
Feeding the community with only H2/CO2 daily, acted as strong selection pressure on
the community by the end of the 71-day long P2M experiment. In spite of the apparent
high initial microbial diversity, a limited number of taxa survived the P2M experimental
conditions (Table 1) leading to the substantial enrichment of the successful survivors.
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Table 1. The changes in relative abundances of the 23 most abundant microbial taxa upon various treatments. START:
composition of the initial thermophilic AD effluent; Control: only daily N2 gas replacement of the head-space; 20 mL
H2 reactor: 20 mL nominal H2 volume (=18.0 v/v% H2); 40 mL H2 reactor: 40 mL nominal H2 volume (=31.5 v/v% H2);
60 mL H2 reactor: 60 mL nominal H2 volume (=43.5 v/v% H2) and concomitant stoichiometric CO2. Color codes in the
cells of taxon names are as follows: red—Archaea genera; white—the abundance was not affected by H2/CO2 addition;
yellow—the abundance of genera decreased at all H2/CO2 concentrations as a result of starvation stress; green—genera
responding positively to starvation and to moderate H2/CO2 daily dosage. Red background color in the log2FC cells
indicates enrichment, blue background color denotes diminishing tendency for the given taxon. The most striking changes
are the boxed in heavy borderlines.

Taxon START Control 20 mL H2 Reactor 40 mL H2 Reactor 60 mL H2 Reactor
Methanosarcina 21.69 22.80 15.24 13.70 9.35
Caldicoprobacter 19.89 7.12 12.32 9.90 4.20

Ureibacillus 9.10 0.05 0.19 0.12 0.05
Methanothermobacter 8.37 6.60 29.47 37.53 65.26

Clostridium 4.52 1.48 1.02 1.01 0.78
Lutispora 2.28 0.29 0.17 0.16 0.13

Desulfotomaculum 1.80 2.18 1.41 1.30 0.78
Moorella 1.53 1.26 0.85 0.73 0.43
Herbinix 1.35 0.50 0.27 0.28 0.22

Lysinibacillus 1.33 0.10 0.10 0.10 0.10
Limnochorda 1.31 1.09 0.63 0.50 0.23

Acetomicrobium 1.28 3.11 1.54 1.32 0.78
Bacillus 1.23 0.50 0.35 0.31 0.16

Paenibacillus 1.16 0.60 0.40 0.39 0.23
Syntrophomonas 1.03 0.36 0.22 0.21 0.13
Tepidanaerobacter 1.01 0.65 0.34 0.25 0.17
Syntrophaceticus 0.57 1.48 1.79 1.55 0.76

Sphaerobacter 0.57 1.60 0.67 0.76 0.36
Thermacetogenium 0.55 1.11 1.24 1.18 0.51

Mycobacterium 0.37 1.69 0.80 0.78 0.55
Methanobacterium 0.28 19.99 10.99 9.30 5.72

Actinotalea 0.10 5.09 5.32 5.39 2.10
Cellulomonas 0.10 2.44 2.65 2.66 1.05

Within the kingdom Bacteria the genus Caldicoprobacter turned out to be the most
abundant (19.9%) in the starting community, i.e., in the fermentation effluent of the ther-
mophilic AD plant. These hydrolyzing bacteria belong in the order Clostridia and class
Firmicutes and degrade various carbohydrates, e.g., arabinose, xylose, ribose, fructose [43],
and proteins via their active serine protease [44]. The second most abundant genus in
the kingdom Bacteria was Ureibacillus. These bacteria can also carry out a number of
heterotrophic decomposition pathways [45–47]. Additional predominating members of the
thermophilic anaerobic community were the genera Clostridium and Lutispora with relative
abundances of 4.5 and 2.3%, respectively. These genera are routinely found in biogas
communities [48,49], together with the less abundant genera Desulfotomaculum (1.8%) and
Moorella (1.5%) (Table 1).

Members of the genus Methanosarcina were initially the predominant ones among
methanogens with relative abundance of 21.7%. Methanosarcina is the only known genus,
which is able to carry out all three methanogenic pathways, i.e., acetoclastic, hydrogenotrophic,
and methylotrophic CH4 biosynthesis. This versatile capability makes them the most fre-
quently detected methanogens in many biogas producing systems [7,15]. In line with
the metabolic versatility, they showed excellent survival competence upon starvation, the
relative abundance in the control reactor was 22.8%. Next in abundance among the initial
methanogens was the genus Methanothermobacter (8.4%), a typically hydrogenotrophic
methanogen [50]. They endured the starvation just as well as the genus Methanosarcina, and
eventually became the most predominant methanogens in all reactors fed with H2/CO2,
greatly outnumbering the other two methanogenic genera and therefore substantially con-
tributing to the P2M conversion. It is noteworthy, that the relative abundance of the genus
Methanothermobacter increased with the daily H2 doses injected into the reactors while
both Methanosarcina and Methanobacterium appeared to respond on the contrary, i.e., their
relative abundances apparently decreased at elevated H2 addition (Table 1). Since these
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abundance values are relative ones, they indicate the level of competition for H2 among
the methanogens rather than the absolute number or survival vigor of these Archaea.

The overall rearrangement of the microbial community as a result of H2/CO2 feeding
may not look spectacular at first glance (Figure 5, outermost rings). This is due to the
fact that sequencing of the samples allowed the identification of numerous taxa present
in very low abundance, i.e., <0.1% in the microbial communities. The changes in the
scarcely present microbes upon various treatments are difficult to assess, therefore these
were not considered in the comparative analyses. Important changes were recognized
upon a closer look (Table 1) of the 23 most abundant taxa present in the starting microbial
community. Although fresh organic substrate was not delivered into the reactors, some of
the heterotrophic Bacteria managed to survive and flourish in spite of the lack of added
organic substrates for their heterotrophic growth.

A marked reorganization of the microbial community took place, when the microbes
were subjected to starvation, i.e., neither external organic substrate nor H2/CO2 was
available to support their life. Comparison of the “start”, i.e., thermophilic AD effluent,
microbial community with the “control”, i.e., thermophilic AD effluent incubated at 55 ◦C,
with daily replacement of the headspace with N2 gas, clearly indicated a fight for survival
within the community (Table 1, columns 2 and 3).

The regulatory effects of H2 and/or H2/CO2, together with the lack of added or-
ganic substrates, manifested themselves in the genera Ureibacillus (log2FC= −7.6), Lutispora
(log2FC= −3.9), Herbinix (log2FC= 2.4), Clostridium (log2FC= −2.3), Bacillus (log2FC= −1.3),
Tepidanaerobacter (log2FC= −2.0) among Bacteria. Ureibacilli have been found frequently in
thermophilic aerobic poultry waste treatment sites [51]. Similarly, the genera Lysinobacillus
and Paenibacillus are typical components of the poultry manure microbiota [52,53]. These
apparently “outlier” bacteria (taxon names are highlighted in yellow in Table 1) could
have therefore infiltrated the thermophilic AD community from the AD substrate, which
contained poultry meat processing waste (Figure 6).

The declining representation of homoacetogens, e.g., genus Syntrophomonas (log2FC= −2.5) [54],
indicated a shift from syntrophic acetate oxidation (SAO) to hydrogenotrophic methanogenesis
in the reactors fed with increasing H2/CO2 loading. In contrast, the SAO genus Actinotalea
acclimated excellently to the starvation condition and subsequently to the P2M conditions.
Similarly, other SAOB genera, such as Syntrophaceticus and Thermoacetogenium [55] emerged
substantially from the diverse group of low abundant taxa in the starting community upon
starvation and remained stable members of the community, although virtually unaffected
by the amount of daily H2 dosage (taxon names are highlighted in green in Table 1). Others
(taxon names are highlighted in white in Table 1) remained unaffected by the presence of
H2/CO2 in their environment.

Interestingly, the methanogens (taxon names are highlighted in red in Table 1) re-
sponded differently to the changing environment. The genus Methanosarcina, a predomi-
nant methanogen in the starting community, was not affected by the starvation, but became
slightly inhibited by the daily dosage of H2/CO2 (log2FC = −0.8), although it should be
noted again that only relative abundance values were compared in this study. Increasing
the H2 supply triggered an apparent drop in the number of Methanobacteria, but their aver-
age abundance was at the respectable log2FC = 4.9. The hydrogenotrophic methanogen
Archaea (HMA), belonging in the genus Methanothermobacter became the absolute predomi-
nant taxon, its relative abundance increased from 8.4% in the starting community up to
65.3% in the reactors receiving 43.5 v/v% H2 + 10.9 v/v% CO2 every day (Figure 6).
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4. Discussion

Signatories of the Paris agreement [56] pledged to exercise joint efforts and limit the
global climate change to below 2 ◦C, a challenging undertaking for mankind. Among the
measures to be implemented, the expanded use of renewable energy carriers to replace
the currently predominating fossil ones has high priority. There are a number of technical
tasks to solve and obstacles to overcome along this road, but photovoltaics, wind, and
hydro power technologies have already gained momentum and increased appreciably
the contribution to the conversion of the energy palette. These technologies produce
renewable electricity often in a fluctuating and unpredictable fashion, depending on the
environmental conditions. The electricity grids experience difficulties in handling this
irregular input without major losses. The power-to-gas (P2G) or power-to-methane (P2M)
technology offers a solution by converting the excess renewable electricity to H2 or CH4
via P2G or P2M, respectively [57]. H2 is a carbon-free energy carrier for the future, CH4
seems to be an excellent second choice and an easier target due to the existing elaborated
transport and storage networks for “natural gas”, which is essentially fossil CH4.

Several approaches have been proposed to realize P2M [15] using biological systems
as catalyst of the CO2 reduction to CH4. They all employ hydrogenotrophic methanogenic
Archaea (HMA), which carry out the required biochemical reaction in their natural environ-
ment to sustain their life [58], within the biogas producing anaerobic microbial communi-
ties [59]. HMAs can accomplish CO2 reduction both in microbiologically pure cultures and
as parts of a larger microbial community. In a mixed community the provision of only H2
or H2/CO2 acts as selection pressure in the process. Under mesophilic conditions [28,35]
the reactors fed solely with H2, consumed the dissolved CO2/HCO3

− and CH4 evolution
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ceased after 26–28 days. Correcting the conditions by daily injection of stoichiometric
H2/CO2 in the head-space restored the P2M process, which could be maintained for an
extended period of time. The daily doses of H2/CO2 were completely consumed within
16–20 h.

In the present study the same overall workflow was tested under thermophilic (55 ◦C)
conditions. Elevation of the reaction temperature accelerated the performance of the HMAs
in the mixed microbial community. The reactors supplied with 31.5 or 43.5% H2 did not
evolve CH4 (Figure 1), but converted the H2/CO2 to primarily acetate (Figure 4), which
suggested a homoacetogenic reaction pathway for H2 metabolism instead of the expected
CH4 evolution. Apparently, the dissolved CO2/HCO3

− was used as carbon source in the
acetate biosynthesis as indicated by both the VFA profile and the increased pH by the end
of day 7. Similar events were observed only after 3–4 weeks of daily H2 injection under
mesophilic conditions [28].

Distinct behavior was observed at low daily H2 dosage, i.e., 18% of H2 in the head-
space at the time of gas injection. The H2 also wholly disappeared from the head-space
within 24 h and CH4 evolution commenced. Accumulation of VFAs and concomitant
elevation of pH was not observed in these reactors indicating that the P2M reaction took
place already during this first period of the experiment. By the end of week 2 probably
most of the dissolved CO2/HCO3

− was converted to CH4. Elevation of the pH was the first
warning sign of system imbalance, which required action to restore stable CH4 production.
Addition of stoichiometric daily H2/CO2 gas mixture resolved the problem.

In summary, the entire experimental timeline could be divided clearly into two phases.
During the first period, the system responded quickly but in a distinct manner depending
on the supplied H2 level and the dissolved CO2/HCO3

−. When only low H2 volumes
were injected into the reactors, i.e., 18 v/v%, CH4 evolution took place as expected. In
contrast, addition of higher dosage of H2 inhibited CH4 formation completely from the
start. Supplementation of a stoichiometric mixture of H2/CO2 yielded 87.5–95.5% CH4
content during the second, stabilized P2M generation period in all reactors.

A comparison of the performance using a fed-batch and “H2 flow-through” reactor
arrangement reveals the advantages of this P2M approach relative to the widely stud-
ied flow-through CSTR (continuous stirred-tank reactor) reactor configuration [29,60,61]
(Table 2). The fed-batch reactors upgraded the gas mixture to 95% bioCH4 purity, which
is close to the methane content required for direct injection into the natural gas grid. The
yield of CH4 production from the injected H2 doubled in comparison to the values reported
in [29,62]. The H2 injection rate reached 1300 mL·L−1·d−1 in the reactors receiving the
highest daily H2 dose and practically all the injected H2 was consumed by the microbial
community for CH4 production. Moreover, the community apparently did not demand
additional nutrients and/or minerals to sustain the biological activity of the enriched
community as opposed to the systems utilizing a single HMA strain [22]. Taking these
advantages together (Table 2), the fed-batch reactor arrangement and the intermittent gas
feeding are recommended to become a novel, efficient P2M strategy as opposed to the
flow-through P2M reactors. The increased residence time of H2/CO2 in contact with the
aqueous bulk, containing the key living and actively functioning microbial catalysts, offers
improved reactor performance although the technology is still far from being optimized.
The costs of installation and operation of a fed-batch type P2M reactor would be sub-
stantially lower than that of a more sophisticated flow-through in situ or ex situ reactors
equipped with online GC monitoring, fine-tuned process control, gas recirculation and
management systems [29,60,61].

The results corroborated the existence of a delicate balance between homoacetogenesis
and methanogenesis, which is closely regulated by the H2 level within the system [20,62,63].
The time resolution of sampling, analytical measurements, and the complexity of the
biochemical reactions in the system did not allow calculation of a precise mass balance in
this system. Nevertheless, the data are compatible with the assumption that no additional
metabolic pathway contributed considerably to the outcome of the P2M reaction by the
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mixed anaerobic thermophilic microbial communities. Detailed mapping of the events in
time within the P2M reactors is needed as part of future research efforts to determine the
boundaries and precise operational parameters, kinetics of dissolution of the gases and the
development of H2 concentration gradients in the aqueous medium, etc. This is important
for planning and management of the large scale P2M facilities based on mixed microbial
systems, which should be competitive compared to the microbiologically well-defined P2M
technologies using a pure HMA culture, particularly if the savings in operational costs are
taken into account [7,15,16].

Two effects causing selection pressure could be distinguished in these experiments.
First, there was an alteration in the composition of the community composition as the result
of starvation, i.e., incubation of the community under anaerobic condition for an extended
period of time. Second and added to the starvation stress, the community responded to the
addition of varying amounts of H2/CO2 so that certain genera were enriched, while others
tended to diminish.

Among Bacteria, members of the genera Actinotalea (log2FC = 5.1) and Cellulomonas
(log2FC = 2.4) were apparently the ones to respond successfully to the selection pressure
brought about by starvation. Actinotalea are facultative anaerobes [64,65] and thus carry
out versatile metabolic pathways, whereas members of the genus Cellulomonas are superior
in polysaccharide decomposition [66]. Since no organic material was supplied to support
their heterotrophic growth, they could obtain organic substrate from the deceased members
of the bacterial community. It is noteworthy that some genera present in low abundance
(≤0.5%) in the inoculum, e.g., Syntrophaceticus, Sphaerobacter, Thermacetogenium, and My-
cobacterium also managed to avoid extinction under the starvation conditions [67–70]. Some
of these and the genus Acetomicrobium exhibited similar behavior and are suspected or
verified SAOBs [71].

The methanogenic genus, Methanosarcina, apparently did not suffer much from starva-
tion stress (Table 1) and maintained its predominance in the AD community [59,72,73]. The
abundance of the genus Methanothermobacter was also largely unaffected by the starvation
stress. The hydrogenotrophic methanogen genus Methanobacterium took a surprisingly pro-
nounced advantage under starvation condition, similarly to a recent finding at mesophilic
temperature [49]. This taxon increased its relative abundance from a meager 0.3% to
20% under starvation conditions. Future metatranscriptomic studies should reveal the
metabolic changes responsible for this outstanding behavior.

The changes in the abundances of the various taxa upon supplying the starving
reactors with various daily dosages of H2/CO2 is of particular interest with regard to the
development and microbiological management of a stable and efficient microbial P2M
community. The differences in abundances between the microbial communities subjected
to starvation stress and equally starved and H2/CO2-fed communities are expressed at
logarithmic scale (log2 fold change, Figure 6). The aim of this comparison was to separate
the alterations in community composition due to H2/CO2 supply and starvation. It should
therefore be noted that the lengths of the horizontal columns do not indicate absolute or
relative abundances of any given taxon, these columns show only the differences between
starving and H2/CO2-fed reactors.
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Table 2. Comparisons of process parameters determined in this study to relevant reported performance characteristics. “n.d.” stands for “not determined”. The “A”, “B” and “C” reactor
groups indicate the low, medium and high H2 daily dosage conditions as in Figure 1.

Bassani et al. (2015) Corbellini et al. (2018) Mulat et al. (2017) Present Work

Control H2 Added Control CSTR UASB Control H2 Added Control “A” Reactor “B” Reactor “C” Reactor

Biogas
composition

(%)

After
stabilization

After
stabilization

After
stabilization

CH4 67.1 ± 0.8 85.1 ± 3.7 69.2 ± 1 86.4 ± 1.0 91.0 ± 2.0 65.2 ± 9.8 89.4 ± 0.4 38.57 ± 1.96 87.48 ± 5.86 95.48 ± 5.01 94.13 ± 4.90

CO2 32.9 ± 0.9 6.6 ± 0.9 30.7 ± 1 10.7 ± 3.6 7.0 ± 1.0 34.8 ± 9.8 10.5 ± 0.4 61.43 ± 8.51 6.69 ± 2.31 1.56 ± 1.00 1.04 ± 0.56

H2 0.0 8.3 ± 3.6 0.0 3.5 ± 1.5 2.0 ± 1.0 0.0 0.0 0.0 2.99 ± 1.61 1.90 ± 0.90 3.49 ± 2.50

Gas
production

(mL·L−1·d−1)

CH4 247 ± 27 359 ± 20 n.d. n.d. 352.53 ± 53 224 267 19.8 ± 0.4 131.2 ± 14.4 197.3 ± 4.4 270.7 ± 7.4

CH4 from H2 0 112.0 0.0 n.d. n.d. 0.0 127.0 0.0 111.4 177.5 250.9

CO2 121 ± 15 28 ± 5 n.d. n.d. 28.03 ± 4.7 119.6 31.4 31.0 ± 3.3 16.1 ± 0.7 11.1 ± 0.8 8.5 ± 1.8

H2 injection
rate 0.0 510 ± 32 0.0 550 n.d. 0.0 507 ± 30 0.0 540.3 ± 71.6 945 ± 51.3 1306 ± 45.5

(mL·L−1·d−1)

H2
consumption 0.0 470 ± 35 0.0 n.d. n.d. 0.0 507 ± 30 0.0 509.00 ± 1.67 854.9 ± 3.48 1168.41 ± 4.98
(mL·L−1·d−1)

H2
consumption 0.0 92.20 0.0 n.d. n.d. 0.0 100.00 0.0 99.05 99.40 98.90

(%)

pH 7.82 ± 0.16 8.49 ± 0.04 n.d. 8.6 ± 0.0 8.1 ± 0 7.49 ± 0.17 7.00-8.00 8.57 ± 0.19 8.75 ± 0.11 8.88 ± 0.09 8.52 ± 0.11

Organic
acids (g·L−1) 1.18 ± 0.84 0.38 ± 0.07 0.2 2.7 0.1 n.d. n.d. n.d. n.d. n.d. n.d.

Acetate n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.06 0.04 0.04

Propionate n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.05 0.05 0.03 0.04
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Practically none of the most abundant 20 bacterial genera responded with elevated
growth (Figure 6) to the daily H2/CO2 dosage into the headspace of the reactors although
the microbes in the fed-batch reactors consumed the injected H2 completely within 16–24 h
at all three H2 concentrations. The genus Ureibacillus did not follow the general trend, but its
representation was severely decimated from 9.1% to 0.05% upon starvation (Table 1), there-
fore it became negligible and could not interfere with the life of the community. Moderate
apparent inhibition by H2/CO2 was observed in the case of all bacterial genera (Figure 6).
This was likely due to the fact that relative abundance values were used in the calculation
of log2FC and the predominance of the hydrogenotrophic genus Methanothermobacter,
increased substantially in the H2/CO2-fed reactors.

Nevertheless, the presence of SAOBs among the most abundant 20 bacterial strains is
noteworthy and the suspected SAOB-methanogen syntrophic contribution to the improve-
ment of the P2M conversion demands further detailed study involving metatranscriptomics.

5. Conclusions

There are two “take home” messages from the studies reported in this paper. First, the
fed-batch reactor configuration should be considered as an alternative to the widely used
flow-through arrangement. The flow-through reactors are fine-tuned to minimize H2 loss
in the effluent gas, therefore very low H2 injection rates are employed, which limits the
attainable CH4 production rates. In addition, the infrastructure and delicate process control
makes these approaches costly. Although a fed-batch P2M reactor works intermittently, the
added benefits, i.e., high H2 loading rate, complete conversion of H2/CO2 to CH4 and low
operation costs, can make this approach appealing for future scale-up development.

Second, we demonstrated that the genus Methanothermobacter is enriched as the sole
predominant methanogenic taxon under the selection pressure of the P2M conditions.
Consequently, a mixed microbial community from a thermophilic AD plant can simply
be used as catalyst in the P2M reactors after a few days/weeks of enrichment period and
maintenance of microbiologically pure conditions; addition of expensive complex medium
and micro nutrients are not necessary. In so doing, the costs of the P2M operation at an
industrial scale can be reduced substantially.

In future studies the economic analysis and the larger scale testing of the proposed
novel P2M process are required.
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