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Zusammenfassung

In dieser kumulativen Masterarbeit sind zwei Projekte zusammengefasst, an denen im
Rahmen des praktischen Teils meines Studiums gearbeitet wurde. Beide Teile, die sich
inhaltlich voneinander unterscheiden haben jedoch den Fokus auf den Stoffwechsel anaerober
Archaeen gemeinsam, den Methanogenen. Der erste Teil befasst sich mit einem
biotechnologischen Ansatz, bei dem ein carboxydotrophes und hydrogenogenes Archaeon in
einer kunstlichen Ko-Kultur mit ausgewahlten hydrogenotrophen Methanogenen kultiviert
wurde, um Biomethan zu produzieren. Diese anwendbare Methode zur Biomethanproduktion
ist hier als Teil einer schon verdffentlichten Publikation enthalten. Im zweiten Teil der Arbeit
geht es um die Entdeckung eines Eisenoxid-Minerals, dem Magnetit, in der methanogenen
Zone in marinen Sedimenten. Hier war das Ziel, den notwendigen Schritt der Magnetitbildung,
der Eisenreduktion, an die im marinen Sediment vorherrschende, methylotrophe
Methanogenese zu koppeln. Hierbei lag der Fokus auf den Methanosarcinales und deren
Fahigkeit inren Metabolismus an einen externen Elektronentransfer zu verknipfen. Dieser Teil
der Arbeit wurde theoretisch und praktisch in einem noch unverdffentlichten Manuskript
zusammengefasst und ist ebenfalls hier enthalten.



Abstract

In this cumulative master’s thesis two projects are summarized which were part of the practical
part of my master study. Both parts, which differ with regards to content, have one important
similarity. The metabolism of the strictly anaerobic methanogenic archaeal organisms, the
methanogens. In the first chapter a biotechnological approach is summarized in which a
carboxydotrophic hydrogenogenic archaeon and hydrogenotrophic methanogens are
cultivated in an artificial co-culture with the aim of biomethanation, hence biogas production.
This successful and applicable approach is summarized in an already published paper and is
part of this thesis. The second chapter deals with the findings of a novel magnetite in the
methanogenic zone of marine sediments. The goal was to link iron reduction to methylotrophic
methanogenesis, the predominant methanogenic pathway in marine sediments.
Methanosarcinales, with their capability to link their metabolism to external electron transfer
were selected as representative organisms. This part is summarized theoretically and
methodically in a yet unpublished manuscript and is also part of this thesis.
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1 Introduction

Methane (CH.) is a colorless, odorless but explosive, and highly effective greenhouse gas,
contributing to current global warming (Dean et al., 2018). Despite showing a lower abundance
than carbon dioxide (COy) in the atmosphere, CH4 has a higher global warming potential
(GWP) (Myhre et al., 2013). Nevertheless, CHs is a naturally occurring gas and is used
extensively as a fuel and therefore energy resource. As a main constituent of natural gas,
which is known as fossil fuel, CH4 can be divided into the already well-known non-renewable
resource, but also more recently as a renewable resource, in the form of biogas, from the 5"
generation of the proposed biofuel generations (Porqueras et al., 2012) where in contrast no
biomass is destroyed, but generated. This 5" generation is based on the energy metabolism
of strictly anaerobic archaea belonging to the order Euryarchaeota (Liu & Whitman, 2008) but
also the orders Crenarchaeota, Halobacterota and Thermoplasmatota as recently
demonstrated by Lyu et al., (2018) which makes them phylogenetically more diverse than
previously assumed. This archaeal energy metabolism is referred to as microbial or biological
methanogenesis. Methanogenesis is the last step of the global carbon cycle in which the strictly
anaerobic methanogenic archaeal organisms (methanogens) recycle organic matter produced
in primary production. Methanogens thrive in a broad range of ecosystems from marine
sediments to landfills and also in gastrointestinal tracts of mammals (Liu & Whitman, 2008), as
well as within a wide spectrum of temperatures ranging from subzero (Reid et al., 2006) to
over 100°C (Kurr et al., 1991). Depending on the aforementioned factors, methanogens are
able to utilize different substrates which include mainly: H2/CO,, the prevalent form of
methanogenesis, where molecular hydrogen (Hz2) donates electrons to reduce CO2, the methyl-
group type (methanol, methylamines), where these methylated Cs molecules are partly
oxidized to CO> donating electrons to reduce them to CHs, and the acetate pathway, where
this C2 molecule is also partly oxidized to CO, donating electrons to produce CHa. (Liu &
Whitman, 2008; Thauer et al., 2008). A few methanogens, mainly Methanosarcinales (Bott et
al., 1986; Rother & Metcalf, 2004) but also Methanothermobacter spp. (Daniels et al., 1977)
are even able to metabolize carbon monoxide (CO). Furthermore, Methanosarcinales exhibit
cytochromes, electron carrier proteins (Kihn et al.,, 1983), and methanophenazine,
hydrophobic phenazine derivates and cofactors, which additionally play a major role in electron
transport (Abken et al, 1998). Interestingly the presence of cytochromes and
hyperthermophilic methanogenesis are negatively correlated since no organism in this range
exhibits them and they seem to be more correlated to lower temperatures (Thauer et al., 2008).

For this cumulative master’s thesis two different projects were performed. First, a more
biotechnological approach with the establishment of an artificial co-culture for biomethanation
(Zipperle et al., 2021) using the hyperthermophilic, carboxydotrophic, hydrogenogenic
archaeon Thermococcus onnurineus (Bae et al., 2006) performing the water-gas shift reaction,
and three hyperthermophilic autotrophic hydrogenotrophic Methanocaldococcus, with focus on

7



Methanocaldococcus villosus (Bellack et al., 2011), according to following equation:
4CO+4Hzo94C02+4Hz%CH4+3C02+H20(1)

The second project was a basic research approach based on findings of (Lin et al., 2020)
where a novel occurrence of authigenic magnetite was discovered in the methanogenic zone
in marine sediments. The goal was to link magnetite formation to methylotrophic
methanogenesis of certain Methanosarcinales and their capability of external electron transfer
using cytochromes (Holmes et al.,, 2019). Methanosarcina acetivorans was used as the
representative organism.

Since in both cases methanogens were involved, following text will focus on the organisms
used, and their metabolism regarding energy conservation will be described in more detail.

2 Results
2.1 Chapter 1

Methanocaldococcus  villosus, hydrogenotrophic  methanogenesis  without
cytochromes:

M. villosus was first isolated from a hydrothermal system in northern Iceland. Since this
archaeon is hyperthermophilic the temperature for growth ranges from 55 to 90°C with an
optimum of 80°C. Regarding pH and salinity the optimum is 6.5 and 2.5% (w/v) NaCl
respectively (Bellack et al., 2011). Interestingly this organism exhibits polar orientated flagella
which are used for active movement and considering size make M. villosus the fastest
organism on Earth (Herzog & Wirth, 2012). Additionally the flagella are used for cell to cell
contact and adherence to surfaces (Bellack et al., 2011). Regarding energy conservation this
organism solely thrives on COz reduction via Hz, making it a representative organism for
hydrogenotrophic methanogenesis without cytochromes. Summarized this pathway is based
on following equation:

CO2+4Hy; > CHs + 2H0 (2)

in which CO: is reduced successively to CHs in the extensively described methyl branch
(Buckel & Thauer, 2013; Liu & Whitman, 2008; Thauer et al., 2008) (Fig.1).

Here CO: is fixed and binds to methanofuran (MFR), which then is further reduced to the formyl
level through electrons from the reduced ferredoxin (Fd), which gets the electrons from the
original electron donor H, (Thauer et al., 2008). The formyl group from MFR is then transferred
to tetrahydromethanopterin (H4sMTP) which is dehydrated to methenyl- HsMTP and furthermore
reduced to methylene-, and methyl- HiMTP. These steps use electrons from FaxH» for
reduction. The methyl group is then transferred to the coenzyme M (CoM) which is an

exergonic step, and involved in energy conservation by creating an electrochemical sodium
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ion potential for ATP synthesis (Thauer et al., 2008). Then CoM is reduced to CH4through the
methyl coenzyme reductase (Mcr) with electrons from the coenzyme B (CoB). CoB and CoM
form a heterodisulfide (CoM-S-S-CoB) which is getting reduced through the heterodisulfide
reductase, and thereby regenerating the coenzymes. This is the second exergonic and energy
conserving step, in which reducing CoM-S-S-CoB and reducing Fd is coupled (Thauer et al.,
2008). The reduced Fd is again used to fix CO..

Methanobacteriales

Methanococcales

Methanopyrales =500 mV Co,
Methanomicrobiales Fd 2
(all without cytochromes) A'm .jz
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Fig. 1: Methyl branch and CO:2 reduction with Hz2 to CHs. Energy conservation pathway for
hydrogenotrophic methanogens without cytochromes. Figure taken from Thauer et al., 2008

Based on this metabolic pathway (Fig.1) combined with the capability of T. onnurineus to
oxidize CO for ATP synthesis (Rittmann et al., 2015) a successful and applicable approach for
biomethanation was established using pure CO or synthetic CO-containing industrial waste
gases (Zipperle et al., 2021).
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Abstract: Climate neutral and sustainable energy sources will play a key role in future energy
production. Biomethanation by gas to gas conversion of flue gases is one option with regard to
renewable energy production. Here, we performed the conversion of synthetic carbon monoxide
(CO)-containing flue gases to methane (CHy) by artificial hyperthermophilic archaeal co-cultures, con-
sisting of Thermococcus onnurineus and Methanocaldococcus jannaschii, Methanocaldococcus vulcanius, or
Methanocaldococcus villosus. Experiments using both chemically defined and complex media were per-
formed in closed batch setups. Up to 10 mol% CHy4 was produced by converting pure CO or synthetic
CO-containing industrial waste gases at a high rate using a co-culture of T. onnurineus and M. villosus.
These findings are a proof of principle and advance the fields of Archaea Biotechnology, artificial
microbial ecosystem design and engineering, industrial waste-gas recycling, and biomethanation.

Keywords: Archaea Biotechnology; anaerobic microbiology; methanogenesis; biohydrogen; biological
gas conversion

1. Introduction

In the European Union, around 70% of primary energy is generated by the combustion
of fossil fuels, contributing about 78% (3367 Tg-CO, equ.) of the total emitted greenhouse
gases [1,2]. A transition to a carbon dioxide (CO;)-neutral and sustainable energy pro-
duction system is urgently needed. One of the possibilities is to utilize the power-to-gas
process [3-5]. Within this process, biomethanation of CO, to methane (CHy,) offers a sus-
tainable opportunity to enable the transition from fossil fuels, as it is an autobiocatalytic
process. Therefore, it is envisioned that biomethanation will become an essential part of
future energy production systems, as CHy could be produced at a stable pace and stored in
vast amounts in the natural gas grid network [6]. Pure cultures of methanogenic archaea
(methanogens) [7-12] and enrichment cultures containing methanogens [13-17] can be
utilized for in situ or ex situ biomethanation [18-20].

Carbon monoxide (CO)-containing rich waste gases are a by-product of industrial
processes such as steelmaking [21]. CO-containing gases can also be obtained by gasifica-
tion of carbon-rich materials, such as domestic organic waste or lignocellulose conversion
to syngas [22]. The fact that biofuel production directly from lignocellulose is still costly
and biotechnologically challenging makes microbial gas to gas conversion from CO a
promising alternative bioprocess [7,23]. Developments in the transformation of gaseous
waste products to energetically valuable compounds emphasize the potential for syngas as
a substrate [24-27]. CO has a high potential for donating electrons, making it a favourable
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substrate for lithotrophic microorganisms [28,29]. Besides CO, waste and syngas mainly
consist of molecular hydrogen (Hj), CO,, and CHy. As early as 1990, it was demonstrated
that methanogens can metabolize some components from syngas [30].

The direct conversion of pure CO to CHy was performed by hydrogenotrophic
methanogens and subsequently analysed [31-34]. Furthermore, growth adaption to CO
did not change the CHy4 production rates significantly in the case of Methanothermobacter
marburgensis, and the specific growth rate (u) of Methanothermobacter thermautotrophicus
on pure CO was only a hundredth of the growth rate achieved using H»:CO, as a sub-
strate [31]. This led to the assumption that an artificial co-culture, where CO is converted
to CHy in a successive bioprocess, would lead to higher efficiency, as microorganisms
specifically adapted to the task of converting CO and producing CHy4 can be selected.
Studies showed that the independent performance of the water gas shift reaction (WGSR)
and biomethanation by two different organisms in the same vessel resulted in a more than
20-fold faster conversion than direct conversion by a single organism [34]. Therefore, we
hypothesized that an artificial co-culture of a carboxydotrophic, hydrogenogenic microbe
with a hydrogenotrophic, autotrophic organism would drive favourable thermodynamic
conditions for the WGSR. These conditions are created by direct removal of the gaseous
metabolic end products of the WGSR, that is Hy:CO,, by the methanogen. The conver-
sions that are successively performed by the two organisms can be summarized with the
following equation:

4CO +4H,0 — 4 CO;, +4H, — CHy +3 CO, + 2 H,O 1)

Overall, studies using a co-culture approach showed promising results for biomethane
production rates [34,35]. Based on a previous study where a bacterial /archaeal co-culture
was utilized [36], we wanted to investigate the potential of artificial archaeal co-cultures con-
sisting of a carboxydotrophic, hydrogenogenic archaeon, and different hydrogenotrophic,
autotrophic, and methanogenic archaea for biomethanation. We selected Thermococcus
onnurineus for performing the catalysis of the WGSR, as it was shown that 1 and H,
productivity on CO was substantially higher compared to other carboxydotrophic and
hydrogenogenic microbes [37-40]. To catalyse the second part of the reaction, Methanocaldo-
coccus jannaschii, Methanocaldococcus vulcanius, and Methanocaldococcus villosus were selected,
because of their similar cultivation requirements to T. onnurineus with respect to tempera-
ture, salt concentration, and pH optimum. All four organisms were isolated from deep-sea
hydrothermal vents and belong to the Euryarchaeota. They are able to grow in a tem-
perature range of 63 to 86 °C, a salt concentration of 1 to 5%, and a pH of 5.5 to 7.0.
T. onnurineus is a heterotroph, while the methanogens are chemolithoautotrophs [41-44].
Moreover, hyperthermophilic organisms are more advantageous over mesophiles, since at
higher temperatures, a faster conversion of CO by the carboxydotrophic microorganism
occurs, and a three times faster removal of H; is obtained by the methanogen [34,45].
Therefore, the properties of a hyperthermophilic environment positively affects growth
and conversion rates and is, thus, advantageous over mesophilic conditions. Here, we
analysed whether T. onnurineus together with one of the three methanogens can be grown
as a powerful artificial archaeal co-culture to efficiently generate biological CHy from
synthetic waste gases.

2. Materials and Methods
2.1. Chemicals

CO (99.999 Vol.-%), H,:CO (60 Vol.-% in CO), H,:CO, (80 Vol.-% in CO;), and an
artificial CO-containing syngas (CO, 16.7 Vol.-%, H, Vol.-% 16.8%, CHy Vol.-%14.7, N,
Vol.-% 14.5%, and CO 37.3 Vol.-%) were used for closed batch experiments. For gas
chromatography (GC), Hz (99.999 Vol.-%), CO; (99.999 Vol.-%), CO (99.999 Vol.-%), H, /CO,
(80 Vol.-% in CO;), Hy /N> (4.5 Vol.-% H; in Nj), CHy (99.995 Vol.-%), and the standard
test gas (Messer GmbH, Wien, Austria) (containing 0.01 Vol.-% CHy, 0.08 Vol.-% CO, in
N3) were used in addition to the gases mentioned above. All gases, except the standard
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test gas, were purchased from Air Liquide (Air Liquide GmbH, Schwechat, Austria). All
other chemicals were of the highest grade available.

2.2. Media

Medium A is a modified version of the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) medium 282. The exact composition of medium A and medium
B can be found in Supplementary Materials, Tables S1 and S2. Balch’s vitamin solution was
used [46]. For M. marburgensis and M. thermautotrophicus, a phosphate-buffered medium
was used [47].

2.3. Strains and Cultivation Conditions

The strains M. jannaschii JAL-1, M. villosus KIN24-T80, M. vulcanius M7, M. marburgen-
sis DSM 2133 (Marburg), and M. thermautotrophicus DSM 1053 (delta H) were purchased
from the DSMZ. T. onnurineus NA1 was provided by Prof. Dr. Sung Gyun Kang (Korea
Institute of Ocean Science and Technology (KIOST), Ansan, Korea).

Every cultivation was performed in closed batch mode [48]. Experiments were con-
ducted in 120 mL serum bottles (Ochs Glasgeraetebau, Langerwehe, Germany), sealed with
a 20 mm butyl rubber stopper and an aluminium crimp cap (Chemglass Life Science LLC,
Vineland, NJ, USA). Serum bottles were filled with the corresponding medium and sealed.
Anaerobic conditions were created by evacuating and re-pressurizing with H,:CO; (4:1) to
0.5 barg five times. The bottles were autoclaved and stored at 4 °C until further use. Unless
otherwise stated, the medium was augmented with the following sterile filtered stock
solutions before inoculation: NaHCO3, L-Cysteine-HCL, and Balch’s Vitamin solution [46]
(see Supplementary Materials, Tables S1 and S2). Afterwards, the bottles were flushed with
H,:CO, (4:1) to 0.5 barg, before the addition of autoclaved Na,S-9H,O.

The inoculum, 1 mL (2% v/v) of an actively grown culture, was added anaerobi-
cally. The final liquid phase in each serum bottle added up to 50 mL. Depending on the
experiment, the headspace gas phase was exchanged with the corresponding gas. Bottles
were incubated at 80 °C in either a double-layer shaking incubator at 100 rpm (LABWIT
ZWYR-2102C, Labwit Scientific Pty Ltd., Burwood East, Australia) or in a water bath at
~100 lateral shakes per minute (GFL 1083, LAUDA-GFL, Burgwedel, Germany).

2.4. Pure-Culture Closed Batch Experiments

The methanogens M. villosus, M. vulcanius, and M. jannaschii were grown under 2 barg
H;:CO; in either medium A or B. A reduced version of them without vitamins, yeast
extract, trace elements, or a combination of the three was also tested. The incubation
rhythm consisted of 13 and 7 h incubation periods, with 2 h of sampling in between every
period. The same rhythm was applied for cultivation of T. onnurineus. It was grown
in the same medium, but under 1 barg CO. These incubation periods did not apply for
M. marburgensis and M. thermautotrophicus, because of their slow growth. Furthermore,
they were grown in a phosphate-buffered M. marburgensis medium with either 1.7 barg
CO, 1.7 barg H,:CO (4:1), or 1.7 Hp:CO, (4:1).

2.5. Co-Culture Closed Batch Experiments

The co-cultures consisted of T. onnurineus and either M. villosus, M. vulcanius, or
M. jannaschii. The experiments were conducted according to two general schemes. In the
first setup, the experiment started by growing the respective Methanocaldococcus strain
under 2 barg H,:CO; first. After 13 h in the incubator, T. onnurineus was added. The
bottles were then pressurized with CO, H,:CO, or artificial syngas to 1 barg. In the second
setup, T. onnurineus grew 13 h under pure CO, H,:CO, or artificial syngas before one of the
Methanocaldococcus strains was added. From this point onward, both schemes followed the
same incubation rhythm, as described in the pure-culture experiments, and ended after
a maximum of 80 h of cumulative incubation time. Every experiment was performed in
hexuplicates (n = 6) on media A and B, as well as on reduced versions of them.
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2.6. Sampling

The routinely performed sampling consisted of removing the cultures from the incu-
bator and measuring the pressure as soon as the bottles cooled down to room temperature
(~60 min). To analyse growth, 0.7 mL of the cultures were withdrawn for optical density
(OD) measurements (A = 578 nm). Lastly, the bottles were flushed and re-pressurized with
the corresponding gas.

2.7. Analytical Procedures

OD of the cultures was measured via a spectrophotometer at A = 578 nm (Specord
200 Plus, Analytik Jena, Jena, Germany). The headspace gas composition before and
after inoculation in pure cultures was determined via the gas headspace pressure differ-
ence [18,47,49]. Gas evolution and uptake rates were calculated according to methods
described in refs. [47,50,51]. Samples that were withdrawn for gas chromatography (GC)
analysis did not undergo the sampling procedure. The headspace gas composition in
co-culture experiments was analysed via GC, and the evolution and uptake rates were
calculated [52]. Some of the negative controls revealed “air contamination” and were
removed from the calculations of the results. To maintain the correct atmosphere, OD was
measured after completion of the GC run and as such is only an estimate of the true OD.

3. Results
3.1. Growth Kinetics of Methanogens in Defined Medium

Growth and gas conversion by the methanogens M. villosus, M. vulcanius, and M. jannaschii
were analysed in defined versions of media A and B on H:CO, (4:1), by removing complex
components. Removal of the trace elements from the media hindered growth. M. villosus
showed a higher methane evolution rate (MER) than the other two methanogens in medium
A and B (Figure 1).
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Figure 1. Growth kinetics and MER of M. villosus, M. vulcanius, and M. jannaschii. (A,B) grown in
medium A; (C,D) grown in medium B. Both media were without yeast extract and vitamins. Error
bars in the line graphs show the standard deviation. All experiments are N =1, n = 3. However,
N =2, n = 3 for M. villosus using medium B.
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M. marburgensis and M. thermautotrophicus were grown on CO, H:CO (3:1) and H,:CO,
(4:1) [53]. The analysis showed that M. marburgensis and M. thermautotrophicus, when grown
on H,:CO; (4:1), had a high turnover, and furthermore, experiments on H,:CO resulted in
poor CHy conversion. No growth was observed on pure CO (see Supplementary Materials,
Figure S1, Table S5). Due to these findings, M. marburgensis and M. thermautotrophicus were
excluded from the co-culture experiments.

3.2. T. onnurineus Grown on CO

T. onnurineus was grown individually in a pure culture in media A and B. Results indicated
that the organism reached higher ODs;3 when grown on medium A as well as achieved a higher
gas conversion than in media B. Omission of vitamins from medium B showed no difference
regarding the H, evolution rate (HER) (see Supplementary Materials, Table S6, Figure S2).

3.3. Artificial Archaeal Co-Culture Engineering

Conversion of CO to CHy and CO, was performed with a co-culture consisting of
T. onnurineus together with either M. villosus, M. jannaschii, or M. vulcanius. After pre-
growth of the methanogens for 13 h, the cultures were inoculated with T. onnurineus.
Growth and gas rates were analysed for all three co-cultures in media A and B (Tables 1 and 2,
Figure 2). Co-cultures in medium A had relatively similar MERs ranging from 1.4 to
1.6 mmol L~ h™!, whereas in medium B, the co-culture consisting of M. villosus and
T. onnurineus achieved MERs between 1.6 and 2.0 mmol L~ h~1. In general, the measured
mean gas evolution and uptake rates were either equal or slightly higher in medium B.
The higher CO uptake rate (COUR) and CO; evolution rate (CER) in medium B indicated
that T. onnurineus performed better under this condition. It is likely that the H, uptake rate
(HUR) of the methanogens positively influenced the COUR of T. onnurineus by creating
favourable thermodynamic conditions [34].

Table 1. Mean gas evolution and uptake rates of the co-cultures cultivated in medium A on 100% CO 1.

Co-Culture

MER/mmol L-1h-1!  HUR/mmolL-1h-1 CUR/mmolL-1h-1 COUR/mmolL-1h-! CER/mmolL-1h-1

M. villosus + T. onnurineus
M. vulcanius + T. onnurineus
M. jannaschii + T. onnurineus

1404 64+15 1404 64+15 5011
1.6 £03 70+£13 1.6 £03 70+13 54+09
15+04 65+ 15 1.5+£03 65+ 15 50%1.2

! Measurements were taken after a 7 h incubation period. Data collected at indicated timepoints in Figure 2 A. (N = 1, n = 6). Values are
shown with standard deviation.

Table 2. Mean gas evolution and uptake rates of the co-cultures cultivated in medium B on 100% CO 1.

Co-Culture

MER/mmol L-1Th-1  HUR/mmolL-1h-1 CUR/mmolL-1h-1 COUR/mmolL-1h-1 CER/mmolL1h-1

M. villosus + T. onnurineus
M. vulcanius + T. onnurineus
M. jannaschii + T. onnurineus

20£03 83+13 21+£03 84+£13 6.3 £0.9
1.6 £05 103 £0.2 2.6 +£03 11.3+0.7 87+£0.5
1.8+04 9.0+ 15 1.9+ 05 9.1+1.6 72+12

! Measurements were taken after a 7 h incubation period. Data collected at indicated timepoints in Figure 2 B. (N = 1, n = 6). Values are
shown with standard deviation.

The results suggested that the co-culture with M. vulcanius was less efficient in medium
B, as it had a higher CO, uptake rate (CUR) and HUR, compared to medium A, but not a
higher MER. This agrees with the results obtained from pure-culture experiments, where
medium B led to a slightly lower MER of M. vulcanius compared to the other methanogens.

Comparison of the MERs between the pure and the co-cultures suggested that, on
average, a lower MER was measured in the co-cultures (Tables 1 and 2, Figure 1). A likely
reason for this was that they were dependent on the conversion of CO to CO; and H,
by T. onnurineus. Figure 3 shows that the CHy production and growth occurred at the
highest capacity, as the H, content in most cultures was below 1 mol%, except for one case,
suggesting it was fully converted. As such, the rate-limiting step in CHy production by the
methanogens in the co-culture was the availability of Hj.
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Figure 2. Growth kinetics of either M. villosus, M. jannaschii, or M. vulcanius with T. onnurineus. After
the first 13 h, the medium was inoculated with T. onnurineus and the gas phase was exchanged from
H;:CO; to CO. The error bars show the standard deviation. Closed black circles on the x-axis mark
the re-pressurising of the headspace with CO. The asterisks on the x-axis indicate the sampling points
for GC analysis. (A) Growth in medium A; (B) growth in medium B.N=1,n=6.
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Figure 3. Relative mean molar gas composition in the co-cultures headspace after a 7 h incubation
period on CO. Measurements were taken at the timepoints indicated in Figure 2. (A) Co-culture
cultivated in medium A; (B) co-culture cultivated in medium B.N =1, n=6.

To circumvent Hj limitation in the co-culture experiments, two strategies were em-
ployed. First, to create a functional culture with a high H, production rate in advance of
the methanogen being added, an inoculation scheme was tested, where T. onnurineus was
initially grown 13 h on CO, prior to addition of said methanogen. Second, a different gas
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composition, Hp:CO (3:1) instead of pure CO, was used to provide additional H; available
in the atmosphere. In addition, an experiment with a gas composition resembling that
of industrial waste or syngases was performed [21]. The co-cultures were exposed to an
artificial syngas (see Section 2.1) that could arise by industrial processes (Table 3). As
T. onnurineus grown with M. villosus in medium B was considered the best co-culture, this
pair was used. However, it should be noted that these were closed batch experiments
and that the productivities are dependent on the conversion kinetics and on the tested
time interval.

Table 3. Mean gas evolution rates of co-cultures in medium B under different gas compositions and
inoculation orders !.

Co-Culture Gas MER/mmol L-1 h—1 CER/mmol L-1h-1
M. villosus + T. onnurineus CcO 20+03 63 +09
T. onnurineus + M. villosus CcO 1.1+0.1 3.7+1.0
M. villosus + T. onnurineus H,:CO 1.0+04 0.0 +0.0
T. onnurineus + M. villosus H,:CO 1.0+£0.3 0.0 +0.0
M. villosus + T. onnurineus Art. syngas 15405 09 £0.6
T. onnurineus + M. villosus Art. syngas 09+03 NA

1 Measurements were taken after a 7 h incubation period (N =1, n = 6). Values are shown with standard deviation.

In experiments with pure CO, the MER was twice as high when M. villosus was added first.
The average H, content turned out to remain below 0.3 mol% (see Supplementary Materials,
Table S7). When gassing with H,:CO, interestingly, both inoculation schemes showed a
decreasing performance over time, as revealed by a MER, which was only half of what
was achieved when pure CO was used (Table 3). However, the measured CO; levels were
below 0.1 mol% in both cases (see Supplementary Materials, Table S7). This could have
been caused by the presence of H; in the H:CO, as the additional application of Hy within
the gas negatively affected growth and performance of T. onnurineus, which in turn most
likely hindered the MER. The reduced CER by T. onnurineus may have been caused by the
lower partial pressure of CO in the serum bottle headspace.

In the experiment where the artificial syngas mix was used and where M. villosus
was pre-grown, the MER was 1.5 & 0.5 mmol L~! h~!. The average CH, mol% increased
by about 10% to 24.8 mol%. This increase was similar to what was obtained when using
pure CO, although the MER decreased as the experiment progressed. We did not observe
a negative impact on the MER during co-culture experiments when elemental sulphur
was added.

4. Discussion

This study is a new brick in the emerging research field of Archaea Biotechnology [54]
and artificial microbial ecosystem design and engineering [55]. We investigated the con-
version of one-carbon substrates (CO, H»:CO, and CO-rich waste gases) by the artificially
designed co-cultures of either M. villosus, M. jannaschii, or M. vulcanius together with
T. onnurineus. Our results showed fast and reliable gas conversion, with a reduction in pure
CO to about 50 mol% and simultaneous production of ~10 mol% CHy within 7 h. The most
efficient conversion of the artificial syngas was performed by the co-culture M. villosus with
T. onnurineus, inoculated in this order. This culture showed a CO reduction of 7%, starting
from 37.3 mol% and an increase in CHy by ~10 mol% within 7 h. This proved the ability
of the co-cultures to convert a variety of different CO-containing gas compositions with a
lower proportion of CO.
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A study with a similar experimental setup reported an ~6% CHy increase after
22 h [35]. We obtained 10% increase in 7 h. This suggests that the established co-culture
(T. onnurineus /M. villosus) is of higher catalytic power. Nonetheless, most up-to-date pub-
lished co-cultures were tested in different setups than the one reported in this study, making
a direct comparison of evolution and uptake rates rather difficult [26,30,34]. Establish-
ing different co-cultures in a bioreactor setup will, thus, be of great importance to fully
understand their growth and production kinetics.

Pure-culture closed batch experiments of the methanogens in a defined medium on
H,:CO, showed a higher MER (4.2 £ 0.1 mmol L~ h™!) than the co-cultures
(2.0 + 0.3 mmol L~! h™1) (Figure 1, Table 3). Therefore, the potential for achieving a
higher MER in co-cultures is possible if the necessary gas supply can be performed, and the
inhibitory concentration of CO would not be surpassed [56]. Although the main limitation
of the co-culture grown on pure CO was the availability of H, for methanogenesis and,
hence, the conversions of CO to Hy and CO, by T. onnurineus (Figure 3 and Supplementary
Materials, Table S7). The addition of H; to the gas phase did not provide an increase in the
MER. Rather, it led to a limitation of CO; availability (Supplementary Materials, Table S7),
most likely due to the reduced performance of T. onnurineus under the lower CO partial
pressure. Consequently, application of the artificial syngas led to an increase in MER,
as biomethanation seems to be neither limited by CO, nor H; availability. Nonetheless,
it did not reach the same values as in pure CO (Table 3). This can be explained by the
concentration reduction in CO, CO,, and Hj in syngas by the other initially present gases,
reducing substrate availability.

A change in the cultivation method to a bioreactor setup with higher pressure, agi-
tation, and a constant gassing, resulting in having a higher gas solubility and higher gas
transfer rate to the liquid phase, might increase the conversion of CO by T. onnurineus
and the potential of the co-culture [37,39,48]. However, the ratio of the gas in the liquid
phase has to be considered carefully, as high agitation might also lead to an excessive CO
availability for the methanogens [34]. As recently more and more genetic tools for archaea
become available, an overexpression of the carbon monoxide dehydrogenase could also be
a solution to debottleneck CO conversion by T. onnurineus [39,57].

Unfortunately, T. onnurineus is still dependent on a complex medium containing
yeast extract, which limits the potential industrial applicability. However, co-cultivation
could be used to gain advantages or improve growth of both microorganisms through
improving their syntrophic relationships [34]. Finding a suitable defined medium for T.
onnurineus or replacing it by a different organism that can catalyse the WGSR from CO in
minimal conditions is one suggested avenue of research. Carboxydocella thermautotrophica
or Carboxydocella sporoproducens would fall into the same pH and temperature conditions as
the herein employed methanogens [35].

A direct conversion of CO to CHy by a single organism such as M. marburgensis or
M. thermautotrophicus is likely not the most suitable biotechnological approach, as the
inhibitory concentration of CO for these methanogens is very low [31,34]. The artificially
created archaeal co-cultures consisting of one of the hyperthermophilic methanogenic
archaea M. villosus, M. jannaschii, and M. vulcanius together with T. onnurineus, as performed
in this study, are highly efficient and reliable for biomethanation. By adaptation to a
minimal medium and by performing targeted bioprocess development, artificial archaeal
co-cultures could be of environmental, economic, and industrial value in renewable energy
production and storage.

5. Conclusions

This contribution is another step in the rapidly developing research field of Archaea
Biotechnology. Furthermore, it is a proof of principle for the design and engineering of
artificial microbial co-cultures. Additionally, it marks a cornerstone in the use of artificial
archaeal co-cultures for the biomethanation of syngas. This design of artificial archaeal
co-cultures represents a novelty in the field of biomethanation, due the unique selection of
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organisms and their hyperthermophilic growth conditions. The created co-cultures convert
a variety of different CO-containing gases, including syngas, to CHy. As the WGSR might
still be the limiting factor, finding the best organism for conversion of HyO:CO to H»:CO,
will be of future relevance to enhance the kinetics of the artificial co-culture. Apart from the
choice of the archaea, the inoculation sequence of the strains and medium development are
crucial factors for a successful design. These factors will be important in engineering the
next steps for scaling up the bioprocess of artificial archaeal co-cultures. Inferring from our
results, hyperthermophilic and anaerobic archaea are of great biotechnological relevance,
as they act as highly efficient H, and CHy cell factories in artificial co-culture.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
fermentation7040276/s1, Table S1: Chemical composition of medium A, Table S2: Chemical composition of
medium B, Table S3: 141 trace element solution modified from DSMZ, Table S4: Holden’s trace element
solution 2, Table S5: The physiological maximal and mean values of CHy4 production and growth
kinetics of M. marburgensis and M. thermautotrophicus, Table S6: HER of T. onnurineus after 7 h of
incubation, Table S7: Relative mean molar gas composition of the co-culture’s headspace after a
7 h incubation period, Figure S1: Growth of M. marburgensis and M. thermautotrophicus in defined
medium, Figure S2: Growth of T. onnurineus at 1 barg CO.
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Abbreviations

CO, Carbon dioxide

CHy Methane

CO Carbon monoxide

H, Molecular hydrogen

WGSR  Water gas shift reaction

DSMZ  Deutsche Sammlung von Mikroorganismen und Zellkulturen
OD Optical density

GC Gas chromatography

MER Methane evolution rate

HER Molecular hydrogen evolution rate
COUR  Carbon monoxide uptake rate
CER Carbon dioxide evolution rate
HUR  Molecular hydrogen uptake rate
CUR Carbon dioxide uptake rate
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2.3 Chapter 2

Methanosarcina acetivorans, aceticlastic and methylotrophic methanogenesis
posessing cythochromes:

M. acetivorans was first isolated from methanic marine sediments in California. This organism
is mesophilic with an optimal temperature range from 35 to 40°C. Regarding pH and salinity
the optimum range is between 6.5 to 7 and at least 2.34% (w/v) NaCl. No growth is observed
when NacCl is omitted completely. M. acetivorans shows no flagellum and is non-motile but like
other Methanosarcinales may form aggregates under certain biogeochemical circumstances
(Sowers et al., 1984, 1993). This methylotrophic methanogen thrives preferably on acetate but
also on other methyl group substrates like methanol and methylamines (Sowers et al., 1984)
and even on CO (Rother & Metcalf, 2004). No growth is observed using H»/CO- or formate as
substrate (Sowers et al., 1984). Typical for Methanosarcinales, these organisms have
cytochromes and methanophenazine, enzymes and phenazine derivates connected to
electron transport (Abken et al., 1998; Kiuhn et al., 1983). These two important different
pathways described here are based on the extensively performed research on previous studies
(Costa & Leigh, 2014; Ferry, 2020; Holmes et al., 2019; Q. Li et al., 2006; Liu & Whitman,
2008; Prakash et al., 2019; M. Wang et al., 2011; Welte & Deppenmeier, 2014).

In the aceticlastic pathway first acetate is fixed and subsequently converted to acetyl-CoA
through ATP, which is then cleaved and decarbonylated into the methyl and carbonyl remnant
(Fig.2). Here the carbonyl group is oxidized to CO2 by transferring electrons to Fd and the
methyl group is transferred to the cofactor tetrahydrosarcinapterin (H4SPT). Here the
metabolite enters the methyl branch, where the methyl group is transferred to the CoM
catalyzed by the membrane-bound methyl transferase. Importantly this step is coupled with
the establishment of a electrochemical sodium gradient and therefore involved in energy
conservation (Fig.3) (Gottschalk & Thauer, 2001). Ultimately CHa is produced by the reduction
of the methylated coenzyme through the corresponding reductase Mcr with electrons from CoB
which then forms the multi-enzyme complex CoM-S-S-CoB. This multi-enzyme complex is
then regenerated through the reduced Fd causing an electron transport chain (ETC) where the
representative Rnf complex with the c-type cythocrome (MmcA) and methanophenazine (Mph)
channel electrons to the heterodisulfide reductase (HdrED) (Fig. 3). Here again this ETC is
coupled to a sodium and proton translocation and hence additionally involved in energy
conservation (Ferry, 2020; M. Wang et al., 2011).

For the second part of this cumulative master’s thesis Methanosarcina acetivorans was grown

on methanol since acetate is an unlikely substrate due to the fact that in situ bacteria
outcompete methanogens for this potential electron donor (Reeburgh, 2007).
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Fig. 2: Pathways of aceticlastic and methylotrophic methanogenesis for Methanosarcina and Methanosaeta.
Red arrows show the aceticlastic pathway whereas the blue arrows show the methylotrophic pathway. Green

arrows show the hydrogenotrophic which is described more in detail in the previous section and Fig.1. Figure
taken from Welte et al., 2013.
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Fig. 3: Aceticlastic pathway with corresponding enzymes and cofactors
regarding metabolism and energy conservation. Figure taken from Ferry
et al.. 2020

Methanogenesis based on methyl type compounds differs from aceticlastic methanogenesis
which can be seen in Fig. 2. Here the substrate enters the methyl branch directly converted as
the methylated coenzyme M (CHs-S-CoM) via two specific methyl transferase enzymes and
the methanol corrinoid protein (Bose et al., 2006) (Krzycki, 2004). In contrast to methylotrophic
methanogenesis coupled with H, oxidation here electrons derive from the partly oxidation of
CHs-S-CoM to CO: via the reversed methyl branch according to the following equation:

CH30H -> 3 CH4 + CO2 + 2 H20 (3)

In total one molecule CO; is produced per three molecules CH4. Due to this reversion and

therefore transfer from the methyl group of CH3-S-CoM to H4SPT energy is consumed making
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this step endergonic (Gottschalk & Thauer, 2001). The formed CH3s-H4SPT then is stepwise
oxidized to methenyl-HsSPT reducing the cofactor F420 which transfers the electrons to the Fpo
complex which in contrast to acetate grown M. acetivorans is up-regulated in methanol grown
cells (L. Li et al., 2007). The next step is the transfer of the formyl group to MFR in which the
corresponding dehydrogenase oxidizes the formed molecule to CO, and MFR. Here the
electrons are transferred to Fd, hence reducing it (Bertram & Thauer, 1994). In this pathway,
the reduced Fd transfers the electrons to the Rnf complex. With the transfer of electrons from
the reduced co-factors here again an ETC is established where, additionally to the Rnf and
Fpo complex, the MmcA and Mph are involved in channeling electrons to HdrED regenerating
CoM-S-S-CoB. Here again the ETC triggers the sodium and proton translocation and therefore
energy can be generated (Welte & Deppenmeier, 2014) (Fig.3) (Fig. 4). Naturally linked to this
step the remaining 3 molecules of the CH3-S-CoM are reduced to CHa.

2 H* 3 Na+
Hdr MPh Rnf
<
CoM-S-S-CoB HS-CoM Fdox Fdreq
HS-CoB
CH,

CHS-S-COM + HS-CoB

Fig. 4: Sodium and proton translocation coupled with reduced ferredoxin and hence
electron transport to Hdr. Figure taken from Welte & Deppenmeier, 2014.

With this detailed knowledge on the energy metabolism of methylotrophic methanogens and
the reported possibility of external electron transfer in Methanosarcinales (Bond & Lovley,
2002; Holmes et al., 2019; Prakash et al., 2019; Shang et al., 2020) following unpublished
manuscript was composed:
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2.4 Iron reduction and possible magnetite precipitation by
methylotrophic Methanosarcinales

Unpublished manuscript

Personal contribution: Conceptualization, methodology, formal
analysis, investigation, writing

27



Abstract

Methanogenesis is the last step in the anaerobic part of the global carbon cycle in which
organic matter produced by e.g., photosynthesis is recycled. This metabolism is performed by
strictly anaerobic microorganisms, methanogenic archaea (methanogens). Despite extensive
research on the metabolic potential and substrates utilization that can be used by these
organisms, and their biotechnological applicability, their geomicrobiological influence on
mineral formation remains largely enigmatic. The current focus on certain methanogens, the
Methanosarcinales, on extracellular electron transfer represents a comparatively new area of
research. Methanosarcinales show the highest diversity regarding substrate utilization among
the characterized methanogens and thrive in a broad spectrum of ecosystems such as marine
sediments, whereof e.g., Methanosarcina acetivorans was first isolated. In the current study,
we examined M. acetivorans grown on methanol as substrate with the addition of ferrihydrite
as electron acceptor. Microbial iron reduction, and possible magnetite formation by M.
acetivorans was mimicked in a pure culture approach. We suggest an adapted methylotrophic
pathway linked to iron reduction based on our results in which M. acetivorans actively reduces
Fe(lll) to Fe(ll). Magnetite formation was observed at a certain degree, but not stable,
indicating the complexity of geobiochemical factors for mineral formation. We propose an
alternative pathway for energy conservation in methylotrophic Methanosarcinales and highlight
its role on the formation of iron minerals.
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Introduction

Methanogenesis is the last step of the global carbon cycle, the last step in the anaerobic carbon
cycle, and therefore also the last step in the degradation and recycling of organic matter
produced by primary production. Methanogenesis is a strictly anaerobic microbial process and
is exclusively performed by methanogenic archaea (methanogens) mainly belonging to the
Euryarchaeota phylum (Liu & Whitman, 2008). These organisms metabolize a limited variety
of substrates to produce methane (CH.) including molecular hydrogen (H.) and carbon dioxide
(COy), with which they mediate the most widespread type of methanogenesis, where H-
donates electrons to reduce COy; the methyl-group type methanogenesis, where methylated
C+ compounds are reduced and oxidized; and the acetate type pathway (acetoclastic
methanogenesis), where this C, compound is likewise reduced and oxidized to produce CHs4
but also CO- as final products (Thauer et al., 2008), (Liu & Whitman, 2008). Another distinction
of methanogens can be made via the presence of cytochromes, which are electron carrier
proteins that are yet only known from the order of Methanosarcinales (Kuhn et al., 1983), and
furthermore the presence of methanophenazine, a hydrophobic phenazine derivate, which is
as well connected to electron transport (Abken et al., 1998). Furthermore, Methanosarcinales
show the highest diversity regarding substrate utilization with representative organisms for all
main pathways (Liu & Whitman, 2008). Interestingly Methanosarcinales are phylogenetically
closely related to a cluster of anaerobic methane oxidizing archaea (ANME-2) (F.-P. Wang et
al., 2014) and therefore are linked to the hypothesized possibility of reverse methanogenesis
(Hallam et al., 2004) where an external electron acceptor would be mandatory (Timmers et al.,
2017). These external electron acceptors are inter alia sulphate (SO4?), nitrate (NO3’) and
metal ions like iron (Fe(lll)) (Timmers et al.,, 2017). ANME are key players in the sulfate-
methane transition zone (SMTZ) of marine sediments where they thrive in a syntrophic
consortium with sulfate-reducing bacteria (Boetius et al., 2000). These consortia oxidize
biogenic and abiogenic CH4 produced in marine sediments via reduction with sulfate derived
from seawater, and are capable for preventing large amounts of CH, escaping into the water
column and the atmosphere (Jargensen & Kasten, 2006).

Most recently Lin et al. (2021) reported a novel magnetite nanoparticle mineral from a yet
unknown source in sediments associated with methane seepage. These minerals differ in size
and characteristic properties compared to the already known magnetite produced by
magnetotactic bacteria (Devouard et al., 1998) and dissimilatory iron-reducing bacteria (Li et
al., 2009). Magnetite (Fe?*(Fe**),0.) is an iron oxide where ferric (Fe(lll)) and ferrous (Fe(ll))
iron form an octahedral crystal (Cornell & Schwertmann, 2003). Ferric iron, which may be
reduced biotically (Lovley, 1991) but also abiotically (lonescu et al., 2015), incorporates the
ferrous iron enabling magnetite formation. The origin and exact formation mechanisms of this
newly reported mineral in methanic sediments are still unknown, yet several hypotheses can
be considered. The possibility of methanogens performing reverse methanogenesis coupled
to iron reduction may be biochemically conceivable (Yan et al., 2018) but is unlikely since until
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now no methanogen was discovered performing this reversed reaction. Only a genetically
engineered methanogen, Methanosarcina acetivorans with the methyl-coenzyme M reductase
(Mcr) from a ANME-1 origin was able to oxidize CH4 with FeCls as electron acceptor (Soo et
al., 2016), again highlighting the phylogenetic proximity from ANME to Methanosarcinales (K.
U. Hinrichs et al., 1999) but also the limiting step as Mcr does not seem to operate reversed in
situ (Timmers et al., 2017). CH4 oxidation was assumed to be limited to the SMTZ and therefore
spatially separated from methanic sediments (Claypool & Kaplan, 1974) yet more recent work
has shown that these biogeochemical zones are more transient than previously assumed
(Treude et al., 2014). Especially the anaerobic oxidation of CH4 coupled to iron reduction (Fe-
AOM) (Beal et al., 2009) is a process that appears to operate below the SMTZ within the
methanogenic zone (Aromokeye et al., 2020) and therefore these organisms may play an
active role in accelerating magnetite formation. Nevertheless, the majority of CH4 is oxidized
with the coupling of sulfate reduction (K.-U. Hinrichs & Boetius, 2002) and therefore
methanogens act as key players in the methanogenic zone. Acetate and H. are highly
consumed substrates used by both bacteria and methanogens whereby the former
outcompete the latter (Reeburgh, 2007) thus making them unlikely electron donors for
methanogenesis coupled to iron reduction in marine sediments. Therefore, we hypothesized
that rather methylotrophic methanogenesis might be a possible mechanism that is coupled to
iron reduction and the formation of magnetite. Moreover, it is quantitatively the dominant
methanogenesis pathway in marine sediments (Zhuang et al., 2018). It is well known that
certain methanogens, especially Methanosarcinales, are able to reduce iron as external
electron acceptor (Bond & Lovley, 2002) (Bodegom et al., 2004). Holmes et al. (2019)
demonstrated that Methanosarcina acetivorans shows a higher gene expression of a c-type
cythochrome when incubated with an external electron acceptor anthraquione-2,6-disulfonate
(AQDS) and methanol as substrate, indicating a possible energy metabolism in a
methylotrophic methanogen coupled with an external electron acceptor. Additionally, it was
recently discovered that in an attempt to form zerovalent iron, Methanosarcina barkeri was
able to reduce iron and precipitate magnetite by first growing the organism with H»/CO- but
then omitting the electron donor when iron oxides where added, hence decoupling iron
reduction from the active metabolism (Shang et al., 2020). Furthermore, it has been
demonstrated that Methanosarcina acetivorans was able to reduce iron and precipitate
magnetite by using acetate as substrate and enhancing external electron transfer with AQDS
Prakash et al., (2019). Both routes are therefore conceivable for laboratory conditions but
unlikely for magnetite formation in methanic sediments since these substrates are not available
for methanogens (Reeburgh, 2007; Schdnheit et al., 2004).

Therefore, this study investigates and highlights methylotrophic methanogenesis coupled to
iron reduction in an attempt to link magnetite formation to the active metabolism of these
organisms. Using Methanosarcina acetivorans as the model organism we demonstrate the
influence of this newly discovered energy conservation pathway but also the inhibitory factors
and challenges in the formation of iron minerals.
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Methods

Growth conditions

All experiments were performed under strictly anaerobic closed batch conditions (Taubner &
Rittmann, 2016) in sterile 120 mL serum bottles closed with butyl rubber stoppers and sealed
with aluminium crimp caps.

Methanosarcina acetivorans (DSM 2834) was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ). Prior to the experiment the organism was pre-
cultured in adapted versions of DSMZ medium 141c¢ by omitting first Fe(NH4)2(SO4)2 x 6 H20
solution (0.1% w/v), Na-acetate, Trypticase peptone (BD BBL) and Na-resazurin solution
(0.1% wi/v). In the late exponential phase, the organism was then transferred to the latter
medium by omitting L-cysteine and transferred an additional time by omitting L-cysteine and
yeast from the medium completely. The last step in the pre-culture setup was transferring
Methanosarcina acetivorans twice to the final medium containing (per litre) 0.34g KCI, 4g
MgClz x 6 H20, 0.5g MgSO4 x 7 H20, 0.25g NH4Cl, 0.14g CaClz x 2 H20, 0.14g KoHPO4, 189
NaCl. 10 mL Modified Wolin’s mineral solution (Wolin et al., 1964). After sterilization through
autoclaving the following sterile prepared solutions were added (per L) 1g NaHCOs3. 5 mL
Methanol. 5 mL Wolin's vitamin solution (Wolin et al., 1964) and a final concentration of 1 mmol
L' NayS. Sterile prepared solutions were maintained under anaerobic conditions in a N
atmosphere. For the experiment, 9 mmol L™ final concentration sterile prepared ferrihydrite
was added to the final medium to an end volume of 50 mL liquid phase and 70 mL gas
headspace under a 1 barg No/CO; (80:20) atmosphere. The pH of the final medium was 6.5
and not further adjusted since it was in the optimal range (Sowers et al., 1984). Media
modifications and organism transferring were performed to avoid possible abiotic iron
reduction through reducing agents and organics (Sivan et al., 2016). The organism was
incubated in the dark in a 35°C water bath while slowly shaking.

Poorly crystalline ferrihydrite was prepared as described formerly in Lovley & Phillips, (1986).
Summarized, a FeCls solution was titrated with NaOH to pH 7 while stirring. The slurry then
was washed with autoclaved Milli-Q H.O to remove formed salt and leftover base. The washed
ferrihydrite was then resuspended in autoclaved Milli-Q H-O and anaerobized twice with N2 for
30 min while shaking.

Experimental setup

To monitor iron reduction and mineral precipitation over time, Methanosarcina acetivorans was
grown and kept in the experimental bottles over a time period of 18 days. A destructive
sampling method was performed where a defined set of bottles, consisting of quadruplicates
of the microbiological experiments and a zero control (treated the same but no organism), was
sacrificed every 3 days for all analysis procedures. An additional set of bottles which were
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treated identically to the microbiological experiments, was established to investigate time and
pH on possible magnetite formation. Here after 18 days methanol addition was omitted and
the headspace was exchanged from N2/CO- (80:20) to N». This row was incubated in the dark
at 35°C for additional 14 days without shaking. Additionally, a control group was established
to investigate and correlate metabolism to iron reduction. Here after 18 days of incubation
ferrihydrite was added and methanol was omitted while maintained under a N> atmosphere.
Validation and maintaining productivity was reassured via pressure measurements, the
addition of methanol (0.15 mL per bottle every 3 days) and flushing all serum bottles again to
1 barg N2CO- (80:20) or Ny, respectively.

Sampling was performed anaerobically in a glove box and consisted of first taking 2 mL of the
liquid phase for gPCR measurements, then filtering the formed precipitates from the liquid
phase and drying it in the dark to prevent possible photooxidation. The separated liquid phase
was furthermore titrated and fixed to pH 1, incubated and also stored in the dark for later
analysis.

Analytical methods

After preparation, ferrihnydrite was determined by inductively-coupled-plasma mass
spectrometry (ICP-MS). Here the slurry was digested with H.SO4 to pH 1 to insure Fe(lll)
solubility, and incubated in the dark for 24h. The solution was then diluted accordingly based
on the initial concentration and prepared for measurement.

Iron reduction and therefore the concentration of Fe(ll) was determined first through
spectrophotometric analysis as described in DIN 38 406: German standard methods for the
examination of water, waste water and sludge; cations (group E); determination of iron (E 1).
Summarized, the already filtered and fixed anaerobic liquid phase which was titrated to pH 1
with Ho.SO4 was laced with 1,10-Phenanthroline and measured at an absorbance with 510 nm.
Standards were used accordingly to the protocol described above.

Secondly, total iron, Fe(lll), Fe(ll) was determined again through mass spectrometry (ICP-MS).
The results of both methods should yield identical results, besides possible minor deviations
through methodical difference, due to the insolubility of Fe(lll) in neutral pH solutions. Fe(lll)
was expected to be present only in the poorly crystalline ferrihydrite or possibly magnetite
which were filtered and separated out of the medium before pH changes were made for Fe(ll)
determination.

Separated and already dried precipitates were measured via x-ray diffraction (XRD).
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Results

Iron reduction and Magnetite formation

Methanosarcina acetivorans is a mesophilic acetotrophic methanogen isolated from marine
sediments which is able to metabolize further methyl-group substrates and carbonmonoxide
but not H»/CO- (Rother & Metcalf, 2004; Sowers et al., 1984). Here we grew Methanosarcina
acetivorans on methanol as substrate and ferrihydrite as potential electron acceptor, and in
contrast to Methanosarcina barkeri which was also considered for the experiment, the former
grew without adding L-cysteine as reducing agent. Therefore, Methanosarcina barkeri was
excluded from further experiments. Methanol uptake and CH4 production, hence growth and
productivity, was monitored via pressure measurements considering the following equation:

4 CH3OH -> 3 CH4 + CO, + 2 H,0 (1)

Therefore, an increase in pressure was expected. This is shown in Fig.1 indicating no growth
inhibition through iron and no further substrate limitation from the medium over the duration of
the experiment. The reduction of added ferrihydrite and therefore the production of Fe(ll) was
identified over the whole experiment run and increased with time in inoculated bottles (Fig. 2a).
Furthermore, after ferrinydrite addition on day 1 only a minor amount (0.47+0.08 mmol L") was
reduced abiotically and remained almost identical over time (Fig.2a). Only a short time after
ferrihydrite addition, the typical red-brown colored slurry changed to a black precipitate that
flocculated (Fig. 2b).

2,5
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Pressure (bar)

0,5

1 3 6 9 12 15
Days

Fig. 1: Productivity measurement via pressure over 15 days.
Inoculated system in blue, zero control in orange.
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Fig. 2a: Iron reduction/Fe(ll) production over 15 days. Inoculated system in blue,
zero control in orange.

Fig. 2b: Color and structural changes of ferrihydrite. Right zero control, remaining bottles inoculated
and augmented ferrihydrite after 15 days of incubation.

These black precipitates were supposed to be magnetite (Prakash et al., 2019; Yamada et al.,
2014) but interestingly only in the beginning of the experiment, precisely on the second
sampling day, magnetite peaks were identified during XRD measurements (Fig. 3a). These
peaks decreased during the third and fourth measurements and no peaks were detectable
from the fifth measurement onward. The zero-controls showed similar magnetite peaks as
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inoculated bottles indicating magnetite formation in the zero control (Fig. 3b), which contradicts
iron reduction values of zero controls (Fig. 2a).
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Fig. 3a: XRD spectrum, magnetite peak in inoculated bottles (8,7,6 top down) from the first
measurement.
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Fig. 3b: XRD spectrum, magnetite peak in inoculated bottle (8, red) compared to zero control (black).
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To investigate the role of pH and time on magnetite formation an additional control group was
established and after changing the headspace from N>CO; (80:20) to N», the pH of the
inoculated medium increased from pH 6.5 to pH 7.5 after 18 days of incubation. Here, despite
the black colored precipitates no magnetite was identified. Furthermore, to link iron reduction
to the metabolism, ferrihydrite was added to an additional control group after 18 days of
incubation where methanol was depleted and not further augmented. Here, no magnetite was
identified and the ferrihydrite maintained the typical red-brown colored slurry for another 14
days under a N2 headspace.

Discussion

Previous studies on extracellular electron transfer focused on either using the humic acid
analogue AQDS to enhance iron reduction (Bond & Lovley, 2002; Holmes et al., 2019; Prakash
et al., 2019; Yamada et al., 2014), decouple iron reduction from the active metabolism (Shang
et al., 2020; Sivan et al., 2016), or using acetate, which is unlikely used as a substrate for
magnetite formation in the methanogenic zone (Prakash et al., 2019). The impact of iron
species on CH4 production and enumerating the specific gas composition in the headspace
was not part of this study since this was described extensively in previous studies (Bodegom
et al., 2004; Bond & Lovley, 2002; Prakash et al., 2019). We focused on representing a near
natural environment reflected in the chosen media and solutions used during the experiment.
Ferrihydrite is a prevalent iron mineral in natural environments and therefore a traceable
source (Jambor & Dutrizac, 1998). Thus, M. acetivorans was cultured in a defined medium
without adding crucial reducing agents, organics, or additional electron shuttles. We were able
to link iron reduction to methylotrophic methanogenesis through an already proposed (Holmes
et al., 2019) and herewith adapted pathway (Fig. 4). As shown in Fig. 4, methanol is converted
to CH3-CoM using 3 specific enzymes (Bose et al., 2006), and is then partly oxidized to CO-
while being simultaneously reduced to CH4, according to equation (1). During CO2 production,
the cofactor Faz0 and the electron transfer protein ferredoxin appear in their reduced form but
are re-oxidized through the Fpo complex (Fso:methanophenazine oxidoreductase) (Yan &
Ferry, 2018) and the Rnf complex (M. Wang et al., 2011) respectively, where in both cases a
proton/sodium translocation takes place and ATP can be generated. Electron transport takes
place either via methanophenazine or directly through Rnf to the membrane multiheme
cytochrome A (MmcA) which is most likely the direct intermediate for iron reduction (Holmes
et al,, 2019). Exact ATP yields with methanol as substrate compared to conventional
methanogenesis has yet to be determined but M. acetivorans showed enhanced ATP yields
when grown on acetate and ferrihydrite (Prakash et al., 2019) and enhanced growth rates
when grown on methanol and AQDS as external electron acceptor (Holmes et al., 2019). This
knowledge leads to the assumption that iron reduction might be a beneficial metabolic pathway
in an otherwise challenging and competitive environment such as marine sediments, therefore
opening a new ecological niche for methanogens. Considering previous results and combined
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with the results demonstrated here, it can be assumed that methylotrophic methanogens from
the Methanosarcinales might indeed be a driving force for magnetite formation in marine

sediments.
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Fig. 4: Adapted and proposed pathway for iron reduction with methanol in
Methanosarcina acetivorans. (Holmes et al., 2019)

However, in this study only minor magnetite peaks were detected in the precipitates and this
might be for several reasons. Hydrogen sulfide and other sulfuric components inhibit magnetite
precipitation by enhancing its solubility in natural environments (Roberts, 2015). In our
experiments, the concentration of Na,S was already lowered to 1 mmol L' but may have been
nevertheless a possible inhibitor for magnetite formation. Furthermore, our results showed high
Fe(ll) production and hence iron reduction might have been too rapid to allow for magnetite
formation. This could explain why, up to a certain point, no magnetite peaks were detected in
XRD. Methanol was added continuously over the whole experiment run and therefore nearly
all of Fe(lll) was available for reduction. Further crucial factors for magnetite formation are the
ambient pH and redox potential of the parent solution (Roh et al., 2003). The final pH of the
medium was 6.5 and not further adjusted by buffering with carbonate, to avoid potential siderite
formation (Roh et al., 2003). Therefore, the partial pressure of produced CO- might have
further lowered the pH to a point where magnetite is no longer stable. By omitting reducing

agents like L-cysteine completely, there is the possibility that the redox potential was not
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aligned to methanogenesis (Reeburgh, 1983) which is reflected in our unpublished data where
Methanosarcina barkeri was not able to grow without it. Nevertheless, Methanosarcina
acetivorans was able to thrive in our defined medium, possibly mediating its own low redox
microenvironment (Fetzer & Conrad, 1993). The identified magnetite peak in the zero controls
might be due to small abiotically induced reduction via sulfide, which contrasts data from
Roberts (2015). Furthermore, no sulfide minerals such as pyrite were identified in XRD.
Additionally, zero controls showed only minor iron reduction values and remained almost
identical over the whole experiment run making it unlikely to form magnetite.

Our findings suggest that Methanosarcinales posess the capability to shuttle electrons to the
outside of the cell (Abken et al., 1998; Kihn et al., 1983). This might have catalyzed iron
reduction in conditions resembling marine sediments, which again highlights the incomplete
knowledge of the metabolic diversity regarding archaea physiology. Despite yet lacking direct
evidence for methanogen-driven magnetite formation, we were able to link these specific
organisms to iron reduction with some confidence, thus shedding new light on the impact of
methanogenesis on mineral formation. Further data is still required, to overcome experimental
challenges by adaptions of required key parameters. Future work can then be conducted to
compare the properties of magnetite produced by culture experiments to recently discovered
authigenic magnetite in marine sediments. (Lin et al., 2020).
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3 Discussion

In Zipperle et al., 2021 a biological recycling system was established where toxic waste gases
are transformed into biological produced gas usable as a fuel for daily human needs, showing
again the massive potential of archaea for biotechnological application (Pfeifer et al., 2021).
Furthermore, a system was established where the inhibitory effects of CO on methanogens
are circumvented by using another archaeal organism, approaching a more realistic natural
environment reflecting the complexity of global biogeochemical cycles in natural ecosystems.
Certain methanogens are able to metabolize CO directly (Bott et al., 1986; Daniels et al., 1977;
Rother & Metcalf, 2004), but not on a biotechnological relevant scale (Daniels et al., 1977;
Diender et al., 2016). This relevance is nevertheless of great importance, since beside the
possibility of biogas production through methanogens is given, future research must focus on
intensive upscaling to make it economically viable. This transition to alternative and in best
case biologically produced fuels (Porqueras et al., 2012) is inevitable since fossil fuels will
become depleted in near future (Shafiee & Topal, 2009) and additionally challenge the climate
drastically. Another yet limiting factor in our biomethanation process is the complexity of the
medium since yeast is still a crucial factor (Zipperle et al., 2021) for the hydrogenogenic but
heterotroph organism Thermococcus onurinneus (Bae et al., 2006). Yeast extract is a complex
mixture of autolyzed cell content which is therefore not entirely characterized and additionally
expensive, hence not ideal for industrial application. A reasonable approach is to find a
different organism performing the water-gas shift reaction and to further genetically engineer
the organism by overexpressing the CO dehydrogenase (Kim et al., 2013) to reach the highest
possible yield. The factor temperature may be a controversial topic since hyperthermophilic
archaea need high temperatures and therefore energy may be consumed for heating the
system. But it is already well established that in running biogas plants the naturally produced
heat can be reused through heat exchangers and therefore they run towards self-sustainable
systems. Due to generally higher methane evolution rates in hyperthermophilic methanogens
and the capability of these organism to withstand high pressure (Mauerhofer et al., 2021)
therefore outweigh discussed arguments above and make these hyperthermophilic co-cutures
a comprehensive approach for biogas production. These yet limiting factors are therefore no
insuperable barriers but feasible challenges for near future research.

Hyperthermophilic methanogens are mainly isolated from hydrothermal vents in marine
seafloor environments. They thrive on H2 and CO: through the Wood-Ljungdahl pathway, an
ancient carbon fixation pathway (Borrel et al., 2016) which is proposed to be one of the first
metabolic pathways in Earth’s history with CHs as endproduct (Martin & Russell, 2007). With
hydrogenotrophic methanogenesis being possibly the most ancient of these metabolic types,
the methylotrophic pathway appears to have a partly different evolutionary background
(Mufioz-Velasco et al., 2018).

Methylotrophic methanogenesis is the predominant methanogenic pathway in marine
sediments (Zhuang et al.,, 2018). Beside the fact that the transformation from acetate is
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responsible for the major global production of CHs (Deppenmeier, 2002), in marine sediments,
sulfate reducing bacteria outcompete methanogens for this substrate (Schonheit et al., 2004).
The same applies for H, (Kristjansson et al., 1982), greatly decreasing the potential ecological
niche for methanogens vastly. This might be the reason that certain methanogens lost the
capability to metabolize Hz since even methanogens without cytochromes outcompete
methanogens with cytochromes for Hz (Thauer et al., 2008) which might indicate the substrate
specification in the methanogenic zone in marine sediments (Zhuang et al., 2018). The
methanogenic zone is the layer below the sulfate-methane transition zone (SMTZ) where
methanogens dominate in contrast to the dominating anaerobic methane oxidizers (AOM) in
the SMTZ (Iversen & Jorgensen, 1985). In these interdependent layers upwardly diffusing CH4
is oxidizes via sulfate reduction by anaerobic methanotrophs (ANME) (Hinrichs & Boetius,
2002) which are often in a syntrophic consortium with sulfate-reducing bacteria (Knittel &
Boetius, 2009). This interdependent relationship, as well as their slow growth rates (Girguis et
al., 2005), might be one of the reasons why no ANME organism could be isolated and brought
to pure culture so far. Phylogenetically ANME organisms can be separated into three clusters
(ANME-1, ANME-2, ANME-3) all of which are closely related to methanogens. ANME-1 are
closely related to the order of Methanomicrobiales (Hinrichs & Boetius, 2002) and additionally
seem to be more adapted to higher temperatures (Biddle et al., 2012) and in contrast ANME-
2 and ANME-3 show close relation to the order of Methanosarcinales (Hinrichs & Boetius,
2002) and Methanococcoides (Knittel et al., 2005) respectively, and are more abundant in
colder environments. Especially the phylogenetic relation from ANME-2 to the
Methanosarcinales and the extensive biochemical research on the potential possibility of these
methanogens to perform reverse methanogenesis (Hallam et al., 2004) coupled to an external
electron acceptor (Yan et al., 2018) lead us to the assumption that this potential pathway might
provide a link to authigenic magnetite formation in marine sediments (Lin et al., 2020). The
present study however, comes to the conclusion that this route is unlikely since no methanogen
performed reverse methanogenesis in the laboratory environment. Exclusively a engineered
Methanosarcina acetivorans with the methyl-coenzyme M reductase from a ANME organism
was capable to perform this otherwise irreversible step (Scheller et al., 2010) (Soo et al., 2016)
indicating the distinct relation but evolutionary specification of the target enzyme. Since the
SMTZ and the methanogenic zone are more merged than previously assumed (Claypool &
Kaplan, 1974; Treude et al., 2014) the possibility that anaerobic oxidation of methane coupled
to iron reduction (Aromokeye et al., 2020) may still be a potential source for magnetite
precipitation in methanic sediments.

In our experimental procedure, which is summarized methodically and theoretically in our
manuscript, we were able to couple iron reduction to methylotrophic methanogenesis. Besides
the lack of significant magnetite formation, the necessary step in this process was achieved
with success. In both cases, Fe-AOM and methylotrophic methanogenesis coupled to iron
oxides, an external electron acceptor is mandatory for magnetite precipitation. Additionally,
both potential organism groups share very similar electron transporting pathways (F.-P. Wang
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et al., 2014). Despite clear evidence of methane oxidation coupled to iron reduction in the
methanogenic zone (Aromokeye et al., 2020), methylotrophic methanogens remain key
players in this ecosystem, making them the more likely candidates in a novel microbial
formation pathway of authigenic magnetite in marine sediments (Lin et al., 2020).

For this master's thesis methanogens were the key players in two different scientific
approaches. In both cases extensive research and build up methodical procedures lead to the
confirmation of established hypotheses. Based on our newly gathered data, further research
may expand the application of these organisms for industrial use and for basic science
investigating the evolutionary and geologically history of Earth.
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