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Preface

Preface

This study within the framework of the priority program 1006 “International
Continental Drilling Program” (ICDP) by a grant to MA (AL 1898/1) and supported by
the Deutsche Forschungsgemeinschaft (DFG). This thesis investigated the microbial
composition, distribution and processes in CO> dominated soil and subsurface
sediments in the active fault zone in the Cheb Basin, Western Eger Rift region (Czech
Republic).

The first sampling campaign was conducted in September 2015. The expedition was
organized by the section Geomicrobiology, Helmholtz Centre Potsdam, German
Research Centre of Geosciences (GFZ) and with the operation assistance from Robert
Bussert, two 3-m cores were retrieved. The deep drilling campaign was conducted from
March to April 2016. The deep drilling campaign was organized by the section
Geomicrobiology, Helmholtz Centre Potsdam, German Research Centre of
Geosciences (GFZ). A 108.5 m core was retrieved from this deep drilling (HIB-1). The
laboratory work described in this thesis was performed in section Geomicrobiology,
Helmholtz Centre Potsdam, German Research Centre of Geosciences (GFZ).

This thesis is presented in English and submitted as a cumulative dissertation to the
Faculty of Mathematics and Natural Science at the University of Potsdam. This thesis
contains a general introduction to the particular research field including the deep
biosphere, the description of the study sites and study objectives. The main part is
composed of three manuscripts with the first authorship. A final synthesis and future

outlook are summarized based on the manuscripts.
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Summary

Summary

The Cheb Basin (CZ) is a shallow Neogene intracontinental basin located in the western
Eger Rift. The Cheb Basin is characterized by active seismicity and diffuse degassing
of mantle-derived CO; in mofette fields. Within the Cheb Basin, the Hartousov mofette
field shows a daily CO> flux of 23-97 tons. More than 99% of CO, released over an
area of 0.35 km?. Seismic active periods have been observed in 2000 and 2014 in the
Hartousov mofette field. Due to the active geodynamic processes, the Cheb Basin is
considered to be an ideal region for the continental deep biosphere research focussing
on the interaction of biological processes with geological processes.

To study the influence of CO> degassing on microbial community in the surface and
subsurface environments, two 3-m shallow drillings and a 108.5-m deep scientific
drilling were conducted in 2015 and 2016 respectively. Additionally, the fluid retrieved
from the deep drilling borehole was also recovered. The different ecosystems were
compared regarding their geochemical properties, microbial abundances, and microbial
community structures. The geochemistry of the mofette is characterized by low pH,
high TOC, and sulfate contents while the subsurface environment shows a neutral pH,
and various TOC and sulfate contents in different lithological settings. Striking
differences in the microbial community highlight the substantial impact of elevated CO>
concentrations and high saline groundwater on microbial processes. In general, the
microorganisms had low abundance in the deep subsurface sediment compared with the
shallow mofette. However, within the mofette and the deep subsurface sediment, the
abundance of microbes does not show a typical decrease with depth, indicating that the
uprising CO»-rich groundwater has a strong influence on the microbial communities via
providing sufficient substrate for anaerobic chemolithoautotrophic microorganisms.
Illumina MiSeq sequencing of the 16S rRNA genes and multivariate statistics reveals
that the pH strongly influences the microbial community composition in the mofette,
while the subsurface microbial community is significantly influenced by the
groundwater which motivated by the degassing CO,. Acidophilic microorganisms show
a much higher relative abundance in the mofette. Meanwhile, the OTUs assigned to

family Comamonadaceae are the dominant taxa which characterize the subsurface



Summary

communities. Additionally, taxa involved in sulfur cycling characterizing the microbial
communities in both mofette and CO; dominated subsurface environments.

Another investigated important geo—bio interaction is the influence of the seismic
activity. During seismic events, released H> may serve as the electron donor for
microbial hydrogenotrophic processes, such as methanogenesis. To determine whether
the seismic events can potentially trigger methanogenesis by the elevated geogenic Ha
concentration, we performed laboratory simulation experiments with sediments
retrieved from the drillings. The simulation results indicate that after the addition of
hydrogen, substantial amounts of methane were produced in incubated mofette
sediments and deep subsurface sediments. The methanogenic hydrogenotrophic genera
Methanobacterium was highly enriched during the incubation. The modeling of the in-
situ observation of the earthquake swarm period in 2000 at the Novy Kostel focal
area/Czech Republic and our laboratory simulation experiments reveals a close relation
between seismic activities and microbial methane production via earthquake-induced
H; release. We thus conclude that H> — which is released during seismic activity — can
potentially trigger methanogenic activity in the deep subsurface. Based on this
conclusion, we further hypothesize that the hydrogenotrophic early life on Earth was
boosted by the Late Heavy Bombardment induced seismic activity in approximately 4.2

to 3.8 Ga.



Zusammenfassung

Zusammenfassung

Das Eger-Becken (CZ) ist ein flaches, intrakontinentales neogenes Becken im
westlichen Eger-Graben. Das Eger-Becken zeichnet sich durch aktive Seismizitdt und
die diffuse Entgasung von aus dem Mantel stammenden CO» in Mofettenfeldern aus.
Das Mofettenfeld von HartouSov weist einen tdglichen CO»-Fluss von 23-97 Tonnen
auf. Mehr als 99% des CO, werden auf einer Fliche von 0,35 km? freigesetzt. Im
Untersuchungsgebiet wurden in den Jahren 2000 und 2014 seismisch aktive Perioden
beobachtet. Aufgrund der aktiven geodynamischen Prozesse gilt das Egerer Becken als
ideale Region fiir die kontinentale Tiefenbiosphdrenforschung, die sich auf die
Wechselwirkung von biologischen Prozessen mit geologischen Prozessen konzentriert.
Zur Untersuchung des Einflusses der CO»-Entgasung auf die mikrobielle Gemeinschaft
in der ober- und unterirdischen Umwelt wurden 2015 und 2016 zwei 3 m tiefe
Flachbohrungen und eine 108,5 m tiefe wissenschaftliche Bohrung durchgefiihrt.
Zusitzlich wurde auch aus dem Tiefbohrloch Fliissigkeit gewonnen. Die verschiedenen
Okosysteme wurden hinsichtlich ihrer geochemischen Eigenschaften, der mikrobiellen
Abundanzen und der mikrobiellen Gemeinschaftsstrukturen verglichen. Die
Geochemie der Mofetten zeichnet sich durch einen niedrigen pH-Wert und hohe TOC-
und Sulfatgehalte aus, wihrend das unterirdische Milieu einen neutralen pH-Wert und
verschiedene TOC- und Sulfatgehalte in unterschiedlichen lithologischen Umgebungen
aufweist. Auffillige Unterschiede in der mikrobiellen Gemeinschaft unterstreichen den
erheblichen Einfluss erhohter CO;-Konzentrationen und stark salzhaltigen
Grundwassers auf mikrobielle Prozesse. Generell waren die mikrobiellen Abundanzen
in dem tiefen Untergrundsediment im Vergleich zur flachen Mofette gering. Innerhalb
der Mofette und des tiefen unterirdischen Sediments zeigt die Héaufigkeit der
Mikroorganismen jedoch keine typische Abnahme mit der Tiefe, was darauf hinweist,
dass das aufsteigende CO»-reiche Grundwasser einen starken FEinfluss auf die
mikrobiellen Gemeinschaften hat, indem es geniigend Substrat fiir anaerobe
chemolithoautotrophe Mikroorganismen bietet. Die Illumina-MiSeq-Sequenzierung
der 16S rRNA-Gene und die multivariate Statistik zeigen, dass der pH-Wert die

Zusammensetzung der mikrobiellen Gemeinschaft in der Mofette signifikant bestimmt,



Zusammenfassung

wihrend die unterirdische mikrobielle Gemeinschaft signifikant vom Grundwasser
beeinflusst wird, das durch das ausgasende CO: geprdgt ist. Azidophile
Mikroorganismen zeigen eine viel hohere relative Abundanz in der Mofette,
wohingegen die der Familie Comamonadaceae zugeordneten OTUs die dominierenden
Taxa der unterirdischen Gemeinschaften darstellen. Zuséitzlich charakterisieren Taxa,
die am Schwefelzyklus beteiligt sind, die mikrobiellen Gemeinschaften sowohl in der
Mofette als auch in der CO2-dominierten unterirdischen Umwelt.

Eine weitere wichtige Untersuchung der Geo-Bio-Interaktion ist der Einfluss der
seismischen Aktivitdit. Wihrend seismischer Ereignisse kann freigesetztes H» als
Elektronendonator fiir mikrobielle hydrogenotrophe Prozesse, wie z.B. die
Methanogenese, dienen. Um zu bestimmen, ob die seismischen Ereignisse durch die
erhohten geogenen H>-Konzentrationen moglicherweise methanogene Prozesse
auslosen konnen, fiihrten wir Laborsimulationsexperimente mit Sedimenten durch, die
aus den Bohrungen gewonnen wurden. Die Simulationsexperimente weisen darauf hin,
dass nach der Zugabe von Wasserstoff betrdchtliche Mengen an Methan in inkubierten
Mofettensedimenten und tiefen unterirdischen Sedimenten produziert wurden. Die
methanogene hydrogenotrophe Gattung Methanobacterium wurde wéhrend der
Inkubation stark angereichert. Die Modellierung der in-situ-Beobachtung der
Erdbeben-Schwarmzeit im  Jahr 2000 im  Schwerpunktgebiet = Novy
Kostel/Tschechische Republik und unsere Laborsimulationsexperimente zeigen einen
engen Zusammenhang zwischen seismischen Aktivititen und der biotischen
Methanproduktion durch erdbebeninduzierte H2-Freisetzung. Wir kommen daher zu
dem Schluss, dass H» - dass bei seismischer Aktivitét freigesetzt wird - moglicherweise
methanogene Aktivitdt im tiefen Untergrund auslosen kann. Basierend auf dieser
Schlussfolgerung gehen wir weiter davon aus, dass das frithe hydrogenotrophe Leben,
durch die durch Late Heavy Bombardment induzierte seismische Aktivitét in etwa 4,2

bis 3,8 Ga verstarkt wurde.
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ATP Adenosine triphosphate

BLAST Basic Local Alignment Search Tool
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1 Introduction

1 Introduction

1.1 The deep biosphere

The concept of the biosphere was extended over the past three decades since the
discovery of the deep biosphere (Gold, 1992). Global subseafloor sedimentary
microbial abundance was estimated to be 4.1 x 105 g C (Kallmeyer et al., 2012)
whereas global continental subsurface biomass was estimated to be 10'® - 10'7 g C
(McMahon and Parnell, 2014). The microorganisms in the deep biosphere are involved
in many fundamental processes, e.g. dissolution, alteration and precipitation of
minerals, and changes in redox conditions (D'Hondt et al., 2002; Alt and Shanks, 2011;
Vaughan and Lloyd, 2012). Although the deep biosphere was considered to be one of
the hardest ecosystems to study due to the inherent difficulties (e.g. cost of the sampling
campaign, contamination issue and sample handling), more and more studies focused
on the deep biosphere so far. Until now, most deep biosphere studies focus on marine
sediments are in the frame of the International Ocean Drilling Program (IODP)
(Blazejak and Schippers, 2011; Mangelsdorfet al., 2011; Lomstein et al., 2012; Breuker
etal., 2013; Yanagawa et al., 2013; Inagaki et al., 2015). However, the studies focus on
the terrestrial deep biosphere are much less compared with that on the marine deep
biosphere. The studies of terrestrial deep biosphere related to the investigations of oil
reservoirs (Youssef et al., 2009), aquifers (Alawi et al., 2011; Lerm et al., 2013; Luef
etal., 2015; Wu et al., 2016; Probst et al., 2017; Probst et al., 2018), deep mines (Takai
et al., 2001b; Trimarco et al., 2006; Deflaun et al., 2007; Strapoc et al., 2008; Borgonie
et al., 2011), and crust rock and sediment through deep drilling (> 20 m) were reported
recently (Sass and Cypionka, 2004; Zhang et al., 2005; Breuker et al., 2011; Vuillemin
and Ariztegui, 2013; Nyyssonen et al., 2014; Thomas et al., 2014). Microbial
communities in the deep biosphere were site-specific due to the different environmental
influences (Ariztegui et al., 2015). Compared with the large unexplored terrestrial
subsurface environment, the studies so far only revealed a relatively small fraction of

terrestrial deep biosphere and the knowledge is still lacking.

18



1 Introduction

Unlike the surface environment, not only the light for the photosynthesis is not available
in the deep biosphere but also the flux of energy and nutrients are extremely low
(Morono et al., 2011). Microbial growth in the deep biosphere is also restricted by many
extreme factors in comparison with the surface biosphere e.g. high temperature and
pressure, anaerobic or hypoxic conditions, and less availability of water and organic
carbon (Kallmeyer and Wagner, 2014). Furthermore, the substrates essential to deep
subsurface microorganisms are getting depleted with the increase of depth (Froelich et
al., 1979; Middelburg, 1989). Additionally, the nutrient flux is usually extremely low
due to the limitations of sediment chemistry and hydrology (Stevens and McKinley,
1995). Hence, deep subsurface sediments were considered as the most oligotrophic
environments on Earth (Phelps et al., 1994). The microbial processes in the deep
subsurface are much slower and the turnover time of organic matters is much longer
than the surface biosphere (Lomstein et al., 2012) as well. Although the microorganisms
in the deep biosphere revealed relatively low abundance and low activity compare with
that in the respective surface environment (Breuker et al., 2011; Yanagawa et al., 2014;
Walsh et al., 2016), microbiological studies on hydrothermal systems, mineral water,
and aquifers indicated that these deep subsurface habitats harbor diverse and active
microorganisms (Anantharaman et al., 2016; Hernsdorf et al., 2017) as “hotspots” for
the microorganisms in the deep biosphere. The chemolithoautotrophic microorganisms
— which obtain energy from the oxidation of inorganic compounds and obtain carbon
via CO» fixation — such as sulfate reducing bacteria (SRB; e.g. Desulfobacca and
Desulfotomaculum), nitrifying bacteria (e.g. Nitrospira and Nitrosomonas) and iron-

oxidizing bacteria (e.g. Gallionella and Ferrovum) are favored in these “hotspots”.

With the decrease of the other substrates availability, H, becomes the major controlling
and limiting factor for microbial activity in the terrestrial microbial deep biosphere
(Stevens and McKinley, 1995; Nealson, 2005; Spear et al., 2005; Hinrichs et al., 2006).
H> can be generated through fermentative processes within the subsurface ecosystem
as well as the radiolysis of water, the water-rock interactions, and tectonic activity
(Vovk, 1987; Stevens and McKinley, 1995; Savary and Pagel, 1997; Chapelle et al.,

2002; Lin et al., 2005). Additionally, H> released in connection with tectonic stress was

19



1 Introduction

observed (Sugisaki and Sugiura, 1985) and H> can be generated by a mechano-chemical
reaction between groundwater and fresh surfaces of crushed rock material during
earthquakes (Kita et al.,, 1982). Hydrogenotrophic microorganisms — e.g.
hydrogenotrophic methanogens (e.g. Methanobacterium) (Zeikus, 1977) and
hydrogenotrophic sulfate reducing bacteria (e.g. Desulfovibrio) (Jergensen BoBarker,
1978) — which depend on biogenic and abiogenic processes provided H», become

another important component of the deep subsurface microorganisms.

1.2 The Cheb Basin: the western Eger Rift region

The Cheb Basin (NW Bohemia, Czech Republic) is a shallow Neogene intracontinental
basin filled with fluvial and lacustrine sediments (< 350 m thick; Figure 1A). The basin
formed at the intersection of the Eger Rift (Kopecky, 1979) and the Regensburg—
Leipzig—Rostock fault zone (Bankwitz et al., 2003b; Geissler et al., 2004). The
Regensburg—Leipzig—Rostock fault zone is represented as the Marianske Lazne Fault
(MLF, Variscian) and the Pocatky-Plesna Fault Zone (PPZ, Late Pleistocene) in the
Cheb Basin (Bankwitz et al., 2003a; Bankwitz et al., 2003b). Four Quaternary
volcanoes existed in this area (Mrlina et al., 2009; Rohrmiiller et al., 2018). This
intersection region is characterized by active seismicity in form of “earthquake
swarms”’, which are typically clustered small earthquakes induced by fluid pressure at

upper crustal depths (Weise et al., 2001; Bréauer et al., 2003; Fischer, 2003).

Due to magmatic activity beneath the crust, large-scale degassing of mantle-derived
CO2 (> 99%) — combined with traces of gases such as He, N», Ar, and CH4 — occurs in
Cheb Basin (Weinlich et al., 1999; Kédmpf et al., 2013; Hrubcova et al., 2017; Brauer et
al., 2018). The emanating gas originates from magma chambers at the boundary
between the Earth lithosphere and crust. The gas migrates through the upper
lithospheric mantle and the crust to the surface and mixes with water in both deep
thermal and shallow groundwater aquifers (Weise et al., 2001; Briuer et al., 2008;
Bussert et al., 2017). After the earthquake swarm 2000, Briuer et al. (2005) reported

the concentration of biogenically produced methane had increased in the emanating gas
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1 Introduction

at a wellhead in Wettinquelle (Figure 1A). The shift of the §'*CH4 values indicated a
microbial origin of the emanating methane, which had presumably been produced by
hydrogenotrophic methanogens. Thus, Bréuer et al. (2005) established the hypothesis
that seismic events may trigger methanogenesis. This finding hints us that the
geological activities (e.g. emanating gas, ascending fluid and seismic activities)
significantly influence the deep biosphere and motivates us to study the influenced

surface and subsurface microbial processes in this COz-dominated active fault zone.
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1.3 Mofettes in the Eger Rift

The mantle-derived emanating CO; created the diffuse degassing structure (DDS) — so-
called mofette — on the surface, which apart from the surrounding normal soil. In
general, mofette (Figure 1C) can be spotted and speculated by the much smaller, more
chlorotic or totally extinct vegetation (Pfanz et al., 2004; Vodnik et al., 2007), the
corpses of dead animals, and atmospheric abnormalities (Kies et al., 2015). The mofette
occurs worldwide due to its co-existence with active seismic areas and volcanic areas

(Rennert and Pfanz, 2016).

The elevated CO:> concentration is the characteristic of the mofette: (i) the ascending
CO; accumulates in the soil and excludes the oxygen, which creates a hypoxic even
anaerobic environment in the mofette, and (ii) the CO; causes soil acidification
(Beaubien et al., 2008; Blume and Felix-Henningsen, 2009; Rennert and Pfanz, 2016).
The hypoxic and acidic environment in the mofette causes striking differences in the
aspects of geology and biology. The acceleration of silicate weathering (Stephens and
Hering, 2002; Beaubien et al., 2008; Blume and Felix-Henningsen, 2009; Videmsek et
al., 2009; Mehlhorn et al., 2014), losses of base cations (Beaubien et al., 2008;
Videmsek et al., 2009), and increase in metal mobilization (Mehlhorn et al., 2014;
Mehlhorn et al.,, 2016) were reported within the mofette. The investigation on
vegetations indicated a decelerated growth, an increased plant C/N ratio, and
physiological adaptations to the acidic, hypoxic or even anoxic environments (Pfanz et
al., 2004; Vodnik et al., 2007; Rennert and Pfanz, 2016). A common feature of the biota
in the mofette is that a substantial amount of mantle-derived geological CO; is
incorporated. It was first reported by Oppermann et al. (2010) in a CO; vent in the
Latera Caldera (Central Italy) by 8'3C analyses of plant and microbial lipids. Around
8-27% of the bulk soil organic matter (SOM) derived from microorganisms was
estimated by Nowak et al. (2015) through combined §'*C and §'3C isotope mass
balances. Beulig et al. (2016) showed that up to 67% of mofette soil carbon content
originated from the assimilation of geogenic CO; via plant primary production through
radiocarbon analyses. This phenomenon was explained by the inhibited macro- and

microbiological degradation of organic substances (Beulig et al., 2016).
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Furthermore, a few studies revealed highly specialized microbial communities
harboring in the mofette, which were considered to be significantly influenced by the
elevated CO> concentration. A shift to anaerobic/microaerophilic and acidophilic
community compositions has been reported in mofettes located near the Laacher See
(Germany) (Kriiger et al., 2009; Kriiger et al., 2011), the Cheb Basin (Czech Republic)
(Beulig et al., 2015), and in StaveSinci (Slovenia) (Videmsek et al., 2009). A high
abundance of SRBs and high activity of sulfate reducing were demonstrated in mofettes
(Beaubien et al., 2008; Frerichs et al., 2013) as well as the high activity of methanogenic
archaea (Frerichs et al., 2013). The high-throughput sequencing was applied in a few
mofette studies so far. Sdenz de Miera et al. (2014) reported a decrease of mofette
microbial community richness, evenness, and diversity with an increase of CO» flux
and an increase of the OTUs related to the Chloroflexi phylum in central-southern
Spain. Beulig et al. (2015) studied a mofette located in the Cheb Basin and indicated
the community was dominated by methanogens (e.g. Methanosarcinales and
Methanomicrobiales) and subdivision 1 Acidobacteria, which likely adapted to the
hypoxic and acidic environment. The metatranscriptomic and metagenomic approaches
were also recently introduced into the study of the microbial composition and activity
under the influence of CO: by Beulig et al. (2016). The metatranscriptomic data
highlighted the enhancement of sulfate reduction, methanogenesis, and the CO>
assimilation together with the disturbance of aerobic/anaerobic respiration. Futhermore,
Krauze et al. (2017) revealed that the microbial communities in springs and wet
mofettes are shaped by chemolithotrophic, anaerobic, and microaerophilic
microorganisms. The authors further hypothesized a largely interconnected deep-

trenching CO> conduits in the Cheb Basin.
However, microbiological studies of the mofette only focused on the springs, wells or

near-surface soil layers (< 70 cm) so far. The sediments beneath the mofette and the

COs-influenced deep biosphere have not yet been analyzed.
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1.4 Study site: The Hartousov mofette field (HMF)

The study site is located within the Hartousov mofette field (HMF or DDS HartouSov).
The HMF covers an area of approximately 350,000 m? of grassland with two small
ponds (2—6 m?) and close to the river Plesna (Kampf et al., 2013). Nickschick et al.
(2015) estimated 23-97 tons of CO»> released daily in the HMF and mapped the CO,
flux in very high resolution (5 m between each measurement; Figure 1B). This
relatively accurate CO2 flux map hinted the potential CO; conduits and therefore
contributed to the selection of the drilling site. The gas flux in the HMF has the highest
ratio of mantle-derived gasses (Bréuer et al., 2008; Kampf et al., 2013), which indicated
much easier and more direct migration paths in the HMF. Thus, the drilling in the HMF
would have a high possibility of reaching active CO> conduits. A 93-m-deep drilling
was conducted by the GEOFOND Prague (well SA-30 /ID 103141) in 1957 (Flechsig
et al., 2008), which is 200 m away from our planned drilling site. Hence, the
stratigraphy and petrography of the sediments near the planned drilling site were
provided and can be used to estimate and coordinate the drilling processes. The
lithology of HMF is composed of distinct units. From the lowermost to the surface are
Palaeozoic basement consists of weathered mica schist, Miocene terrestrial sediment
deposited in a swamp environment, Miocene lacustrine sediment deposited in a
relatively deep lake, and the last unit is the uppermost sediments deposited as floodplain

due to the nearby Plesna river (Bussert et al., 2017).

A few studies investigated the local microbial compositions and processes within the
Cheb Basin. As described before, the microbial CO, assimilation, microbial
composition, and distribution were well studied from a nearby mofette located in the
Cheb Basin (Beulig et al., 2015; Nowak et al., 2015; Beulig et al., 2016). These results
indicated a significant influence from the elevated CO; concentration. Interestingly,
Krauze et al. (2017) investigated wet mofettes in the Cheb Basin and found the
microbial community highly adapted to the anoxic conditions in the mineral and
thermal waters. The authors highlighted the connection between the wet mofettes and
the deep biosphere according to the unique taxa which are usually found in the deep

biosphere (e.g. Hadesarchaea and taxa related to Bathyarchaeota). The occurrence of
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such taxa in the wet mofette was explained by the uprising mantle-derived CO>. These
studies provided us insights into the microorganisms in a CO; dominated environment

and suggested a possible microbial background in the CO, dominated deep biosphere.

1.5 Methodology

The drilling core can be easily contaminated because of the exposure to the surface
environment and the usage of drill mud during the drilling campaign. The
contamination control approaches have been taken into consideration since the very
beginning of the subsurface microbiological research (Phelps et al., 1988). The drill
mud is used to provide hydrostatic pressure to prevent fluids from entering the borehole
as well as lubricate, cool, and clean the drill bit. In conventional drilling, the risk of
contamination from the microorganisms in the drill mud would be very high. The
common approach to analyze the contamination in microbiological related drilling
programs was adding dissolved tracers — which mimic the microorganisms and can be
identified afterward — into the drill mud. In this case, fluorescein was used as the
contamination tracer. Fluorescein is manufactured fluorescent dye. Its water-soluble
disodium salt is widely used in hydrology and hydrogeology investigation
(Goldscheider et al., 2008). Fluorescein was added into the KCI /CaCOs
/carboxymethyl cellulose (CMC)-based drill mud during the drilling in Ketzin,
Germany (Wandrey et al., 2010) and successfully revealed that the drill mud penetrated
20 mm into the core. Pellizzari et al. (2013) indicated that fluorescein was the simplest,
cheapest, and most accurate tracing method among fluorescein, microspheres, and 40,6-
diamidino-2-phenylindole stained bacteria. Although Wandrey et al. (2010) revealed
that fluorescein concentration in the drill mud tank was stable within 3 days, fluorescein
was added and mixed with drill mud freshly before the drill started as well as the
addition of new drill mud during the drilling in HMF. Meanwhile, the drill mud tank
was covered to avoid the photodecomposition of fluorescein. The laboratory
fluorescence measurement detected several cores in the drilling HIB-1 that were highly
contaminated and therefore would not be used for downstream analyses (Bussert et al.,

2017).
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To understand the long-term influence of elevated CO> concentration on the microbial
communities in the Eger Rift fault zone, a combination of molecular microbiological
methods and traditional cultivation-based approaches were introduced in this thesis.
The molecular ecological methods based on the polymerase chain reaction (PCR),
including real-time quantitative polymerase chain reaction (QPCR) and next-generation
high-throughput sequencing (NGS). The qPCR is sensitive enough to detect the low
amount of gene copies and can quantify microorganisms which contain a specific gene.
The qPCR was widely introduced in the studies related to the deep biosphere studies
(Nunoura et al., 2009; Webster et al., 2009; Biddle et al., 2011; Jorgensen et al., 2012;
Schippers et al., 2012; Breuker et al., 2013; He et al., 2016) and mofette studies
(Beaubien et al., 2008; Kriiger et al., 2009; Kriiger et al., 2011; McFarland et al., 2013;
Krauze et al., 2017). Here in this thesis the bacterial 16S rRNA gene, the dsrB gene and
the mcrA gene were quantified to reveal the abundance of bacteria (Lane, 1991), SRBs
(Ben-Dov et al., 2007) and methanogens (Steinberg and Regan, 2009). Next-generation
high-throughput sequencing significantly increases efficiency compared with Sanger
sequencing. By parallel sequencing enormous highly variable regions of 16S rRNA
gene fragments synchronously, the NGS provides much deeper insights into the
microbial composition and distribution of the communities (Sogin et al., 2006). Another
great advantage of NGS is that the NGS provides the possibility to identify taxa
independent from the traditional culturing-based methods and the taxa in low
abundance but essential to the whole microbial communities (Kysela et al., 2005; Sogin

et al., 2006).

1.6 Objectives

The main objective of this thesis is to improve our understanding of the bio-geo
interactions between microbial processes and the geological processes, namely CO»
ascending and seismic active environment in the Cheb Basin, western Eger Rift region.
For this purpose, two 3-m drillings were conducted in a mofette and an undisturbed
reference site for comparison. Followed by a 108.5-m-deep drilling intended to drill

into the active CO2 conduits. Geochemical, microbiological, and molecular ecological
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methods were performed on the retrieved core material to determine the influence of
elevated CO> concentration. To clarify the interconnection between seismic and
methanogenic activity, cultivation-based activity tests were provided in this thesis. To

achieve the main objective, the following specific questions will be answered:

- How does the elevated CO: concentration alter the abundance and diversity of the
mofette microbial community in the Hartousov mofette field?

- What is the characterization of the deep subsurface microbial community (based
on abundance, diversity, and distribution) in the Hartousov mofette field with CO»-
saturated degassing conduit system?

- Is methanogenesis in the deep subsurface of the study area triggered by the seismic

activities in the Eger Rift region? What is the mechanism behind it?

1.7 Thesis Organization

The material and method description, results and corresponding discussion of this
cumulative dissertation are based on three manuscripts which have been published or

in the process to be published as original research articles.

Manuscript I (published in Frontiers in Microbiology, 2018)

Influence of CO> Degassing on the Microbial Community in a Dry Mofette Field in
Hartousov, Czech Republic (Western Eger Rift)

DOI: https://doi.org/10.3389/fmicb.2018.02787

Authors
Qi Liu', Horst Kidmpf?, Robert Bussert’, Patryk Krauze', Fabian Horn', Tobias
Nickschick?, Birgit Plessen®, Dirk Wagner" © and Mashal Alawi’

Summary
This study aims to characterize the influence of elevated CO, concentration on the

geochemistry, microbial abundance, community composition, and determination of the
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significant community-shaping environmental factors in a mofette. To study the
influence of mantle-derived CO», two 3-m drillings were performed, one of which was
located in the center of a mofette and the other located at the undisturbed border of the
mofette field. To unravel the community structures, a high-resolution sampling (every
5 to 10 cm) was conducted. Molecular microbiological approaches, namely qPCR and
[llumina 16S rRNA gene amplicon sequencing were performed to reveal microbial
abundance and community composition/distribution. Downstream statistical analyses
indicated that the elevated CO; concentration significantly influenced the microbial

community.

Author Contributions

Q. Liu wrote the manuscript, performed sampling, pore water analyses, DNA
extractions and purification, gene quantification, and bioinformatical based statistical
analyses. H. Kdmpf and T. Nickschick performed CO; soil gas flux measurements. R.
Bussert led the drilling campaign and performed sedimentological analyses. F. Horn
and P Krauze were involved in statistical analyses. B. Plessen performed TOC and
isotopic analyses. D. Wagner contributed to the interpretation of the results and valuable
discussion. M. Alawi designed and supervised the study and led the writing of the

present manuscript.

Manuscript I (submitted to Frontiers in Microbiology)
Microbial signatures from a deep saline CO»-saturated aquifer of the HartouSov mofette

system (Eger Rift, NW Czech Republic)

Authors

Qi Liu" ¢ & Karsten Adler> %*, Horst Kimpf, Robert Bussert®, Birgit Plessen’, Hans-
Martin Schulz?, Patryk Krauze', Fabian Horn!, Dirk Wagner! ¢, Kai Mangelsdorf?,
Mashal Alawi’
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Summary

The objectives of this study are to investigate COz-influenced deep subsurface
sediments in the HartouSov mofette system and identify the impact of geogenic CO; on
the deep microbial community. A 108.5-m-deep borehole was drilled and the core
interval between 65 m and 95 m was selected for further investigations. The microbial
signatures were obtained via molecular biological analyses (e.g. QPCR and Illumina
16S rRNA gene amplicon sequencing) and biomarker analyses. The deep biosphere is
characterized by a similar abundance and diversity independent from the lithology over
the entire investigated depth profile. These results suggesting an overall impact of the

ascending CO»-saturated groundwater on the microbial community structure.

Author Contributions

All authors have taken part in the interpretation of the results and writing of the
manuscript. Q. Liu and K. Alder wrote the manuscript and performed subsampling and
initial descriptions of the core material in an equal manner. Q. Liu processed the
geomicrobiological analysis, i.e. DNA extractions and purification, gene quantification
and bioinformatical based statistical analyses. K. Alder performed the analysis of the
intact and past lipid membrane biomarkers and applied together with BP the bulk
elemental analysis. F. Horn was involved in 16S rRNA sequencing data processing. P.
Krauze was involved in statistical analyses. D. Wagner, K. Mangelsdorf, M. Alawi, H.
Kéampf, R. Bussert and H.-M. Schulz gave essential technical advice and contributed to
the interpretation of the results and valuable discussion. M. Alawi and K. Mangelsdorf
supervised the study and led the writing of the present manuscript. All authors have

taken part in the manuscript revisions and agreed with its scientific content.

Manuscript II (final draft)

Direct link between earthquake and subsurface microbial methane production
Authors

Qi Liu!, Sebastian Hainzl®, Horst Kimpf?, Robert Bussert’, Fabian Horn', Dirk
Wagner!: ¢, Mashal Alawi’
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Summary

This study aims to strengthen the hypothesis that seismic events can trigger
methanogenesis by conducting laboratory simulation experiments with sediments down
to 94.7 m at the HartouSov mofette system. A simulation of an earthquake event was
conducted by changing the headspace gas phase in the anaerobic vessels from N2/CO>
to H2/CO» to investigate whether H» is the key molecule for microbial processes in the
mofette system and essential to the methanogenesis in the Cheb Basin. The relation
between the in-situ observation of the earthquake swarm period in 2000 at the Novy
Kostel focal area/Czech Republic and our laboratory simulation experiments was
revealed via a modeling procedure. The seismic events triggered methanogenesis was
proved and based on this finding, we further hypothesize that the hydrogenotrophic
early life on Earth was boosted by the Late Heavy Bombardment induced seismic

activity in approximately 4.2 to 3.8 Ga.

Author Contributions

All authors took part in interpreting the results and writing the manuscript. Q. Liu
involved in sampling, cultivations, DNA extractions, and sequencing. S. Hainzl
provided the modeling and calibration of the cultivation results and the seismic data. H.
Kampf provided ideas and geological background. R. Bussert led the drilling campaign
of the shallow mofette core. F. Horn was involved in Illumina sequencing data
processes. D. Wagner provided valuable input in the interpretation of the results and
the discussion. M. Alawi designed and supervised the study, led the 108.5 m deep
drilling campaign and directed the writing of the present manuscript. All authors took

part in manuscript revisions and agree with its scientific content.
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2 Influence of CO; Degassing on the Microbial
community in a Dry Mofette Field in HartouSov, Czech

Republic (Western Eger Rift)

2.1 Abstract

The Cheb Basin (Czech Republic) is a shallow Neogene intracontinental basin filled
with fluvial and lacustrine sediments that is located in the western part of the Eger Rift.
The basin is situated in a seismically active area and is characterized by diffuse
degassing of mantlederived CO; in mofette fields. The Hartousov mofette field shows
a daily CO; flux of 23-97 tons of CO; released over an area of 0.35 km? and a soil gas
concentration of up to 100% CO>. The present study aims to explore the geo—bio
interactions provoked by the influence of elevated CO> concentrations on the
geochemistry and microbial community of soils and sediments. To sample the strata,
two 3-m cores were recovered. One core stems from the center of the degassing
structure, whereas the other core was taken 8 m from the ENE and served as an
undisturbed reference site. The sites were compared regarding their geochemical
features, microbial abundances, and microbial community structures. The mofette site
is characterized by a low pH and high TOC/sulfate contents. Striking differences in the
microbial community highlight the substantial impact of elevated CO; concentrations
and their associated side effects on microbial processes. The abundance of microbes
did not show a typical decrease with depth, indicating that the uprising COz-rich fluid
provides sufficient substrate for chemolithoautotrophic anaerobic microorganisms.
[llumina MiSeq sequencing of the 16S rRNA genes and multivariate statistics reveals
that the pH strongly influences microbial composition and explains around 38.7% of
the variance at the mofette site and 22.4% of the variance between the mofette site and
the undisturbed reference site. Accordingly, acidophilic microorganisms (e.g., OTUs
assigned to Acidobacteriaceae and Acidithiobacillus) displayed a much higher relative

abundance at the mofette site than at the reference site. The microbial community at the
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mofette site is characterized by a high relative abundance of methanogens and taxa
involved in sulfur cycling. The present study provides intriguing insights into microbial
life and geo—bio interactions in an active seismic region dominated by emanating
mantle-derived CO;-rich fluids, and thereby builds the basis for further studies, e.g.,
focusing on the functional repertoire of the communities. However, it remains open if

the observed patterns can be generalized for different time-points or sites.

2.2 Introduction

Due to magmatic activity beneath the Cheb Basin, large-scale degassing of mantle-
derived CO2 (>99%) occurs. The diffuse cold gas emanations at the surface (diffuse
degassing structures, DDS) can be distinguished as dry and wet mofettes (Kédmpf et al.,
2013). Mofettes provide insights into life under elevated CO; concentrations, low pH,
and anoxic conditions comparable to the Earth’s ancient atmosphere (Emiliani, 1992;
Raven, 1995; Young et al., 2012). Moreover, mofettes are used as model ecosystems
for studying the response of soil microorganisms to a potential CO> leakage of
underground carbon capture and storage systems (Kriiger et al., 2009; Kriiger et al.,

2011; Frerichs et al., 2013; Morales and Holben, 2013).

CO; degassing leads to hypoxia and acidification of the soil (Beaubien et al., 2008;
Blume and Felix-Henningsen, 2009; Rennert and Pfanz, 2016). Additionally, an
increase in metal mobilization was observed, which may affect the availability of soil
nutrients (Mehlhorn et al., 2014; Mehlhorn et al., 2016). As shown by several studies,
these direct influences of elevated CO2 concentrations on the environment are affecting

the mofette biota and its biological matter cycling.

First studies on the effects of CO: on the soil biota were focused on the plant vegetation.
These studies point to a decelerated growth, an increased plant C/N ratio but also
physiological adaptations that provide advantages in hypoxic or even anoxic
environments (Pfanz et al., 2004; Vodnik et al., 2007; Rennert and Pfanz, 2016). A

common feature of mofette soils are increased carbon and nitrogen contents (Ross et

33



2 Influence of CO2 Degassing on the Microbial community in a Dry Mofette Field in HartouSov, Czech Republic
(Western Eger Rift)

al., 2000; Rennert et al., 2011). By &'3C analyses of plant and microbial lipids,
Oppermann et al. (2010) demonstrated that within a CO> vent in the Latera Caldera
(Central Italy) a substantial amount of geothermal CO> is incorporated into the
microbial, plant, and soil carbon pools. Recently, Beulig et al. (2016) performed
radiocarbon analyses and showed that up to 67% of mofette soil carbon content
originated from the assimilation of geogenic CO> via plant primary production and
microbial CO; fixation. The authors pointed out that the almost undegraded organic
material found in the mofette soil is facilitated by the permanent exclusion of meso- to
macroscopic eukaryotes rather than an impaired biochemical potential for soil organic
matter decomposition. Complementary, Nowak et al. (2015) estimated through
combined §'*C and §'3C isotope mass balances that around 8-27% of the bulk soil
organic matter (SOM) derived from microorganisms. DNA stable isotope probing
allowed the identification of chemolithoautotrophic microorganisms such as
methanogenic archaea and acetogens as well as sulfate reducing bacteria (SRB) to be
involved in the assimilation of CO; (Oppermann et al., 2010; Beulig et al., 2015).
However, a quantification of chbL genes, encoding for the large subunit of RuBisCO,
a carboxylase which is of crucial importance for carbon assimilation in
chemolithoautotrophic microbes, revealed that only a part of the autotrophic CO»-fixing
microorganisms could adapt to the very high CO> concentrations found in a mofette in

Slovenia (Videmsek et al., 2009).

In the last decade, several studies have focused on the impact of elevated CO:
concentrations on the microbial community structure in mofettes. A shift to
anaerobic/microaerophilic and acidophilic community compositions has been reported
in CO, mofette soils located near the Laacher See (Germany) (Kriiger et al., 2009;
Kriiger et al., 2011), the Cheb Basin (Czech Republic) (Beulig et al., 2015), and in
Stavesinci (Slovenia) (Videmsek et al., 2009). Furthermore, at the Laacher See site, the
abundance of several functional and group-specific gene markers revealed a decrease
in Geobacteraceae and an increase in SRBs in the vent center and biomarker analysis
revealed a predominance of Thaumarchaeota as possible indicator organisms for

elevated CO» concentrations in soils (Frerichs et al., 2013). Also for a mofette in Latera,
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Italy, it was shown that strictly anaerobic SRBs are abundant in mofettes, whereby the
ATP biomass and total bacterial cell counts decreased (Beaubien et al., 2008). The
highest sulfate reducing activity was observed in the center of the vent. Also
Methanogenic archaea showed higher activities in the center of the vent compared to a
transition zone site. Contrary to the results from Frerichs et al. (2013) in the Laacher
See mofette, Geobacteraceae were in Latera mainly found at the CO2 vent and only

minor quantities were found at the reference site (Oppermann et al., 2010).

So far, only a few population datasets from dry mofettes are based on high throughput
sequencing. The 454 pyrosequencing analyses of 16S rRNA genes from a natural
mofette in centralsouthern Spain revealed that community richness, evenness, and
diversity decreased with increasing CO> flux (Saenz de Miera et al., 2014). An increase
in abundance was thereby observed for OTUs related to the Chloroflexi phylum.
Interestingly, Beulig et al. (2015) also showed that besides Methanoregulaceae,
unclassified Chloroflexi might be involved in acetogenesis by DNA-SIP. The second
16S rRNA pyrosequencing dataset was established by Beulig et al. (2015) for a mofette
located in the Plesna floodplain in the Cheb Basin. The community was dominated by
methanogens (e.g., Methanosarcinales and Methanomicrobiales) and subdivision 1
Acidobacteria, which likely thrived under stable hypoxia and acidic pH. Recently,
Krauze et al. (2017) investigated wet mofettes in the Cheb Basin by Illumina 16S rRNA
amplicon sequencing and found a unique microbial community highly adapted to the
anoxic conditions in the mineral and thermal waters and highlighted the connection
between the groundwater or mineral waters and the deep biosphere. Deeper insights
into the influence of CO; on the microbial community within the top 40 cm of a mofette
in the Cheb Basin were gained by a metatranscriptomic and metagenomic approach
(Beulig et al., 2016). One outcome of the study was that transcripts related to
methanogenesis (mcr) and sulfate reduction (dsr, cys, apr) were remarkably increased

in frequency.

However, until now, microbiological studies have focused only on near-surface soil

layers (<70 cm) of dry mofettes, and deeper sediments have not yet been analyzed in
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detail. The present study aims to characterize the influence of elevated CO:
concentrations inside a CO> conduit on the geochemistry, microbial abundance, and
community composition. Furthermore, this study intends to determine significant
community-shaping environmental factors. To study the influence of mantle-derived
COz, two 3-m drillings were performed, one of which was located in the center of the
DDS and the other at the undisturbed border of the mofette field. To unravel the
community structures a high-resolution sampling (every 5 to 10 cm) and Illumina 16S

rRNA gene amplicon sequencing was conducted.

2.3 Material and methods
2.3.1 Site Selection, Description, and Sampling

The drilling campaign was conducted in September 2015 in the HartouSov Mofette
Field (HMF; 50°07'58"N, 12°27'46"E; Figure 1B). The study site is located in the Cheb
Basin (NW Bohemia, Czechia), a shallow Neogene intracontinental basin filled with
fluvial and lacustrine sediments (< 350 m thick; Figure 1A). The basin formed at the
intersection of the Eger Rift (Kopecky, 1979) and the Regensburg—Leipzig—Rostock
fault zone (Bankwitz et al., 2003b; Geissler et al., 2004) where four Quaternary
volcanoes existed (Mrlina et al., 2009; Rohrmiiller et al., 2018). The western Eger Rift
has been well studied regarding structure of the lithosphere, seismic activity,
sedimentology, and fault characteristics (Dobe§ et al., 1986; Bucha et al., 1990;
gpiéékové et al., 2000; Bankwitz et al., 2003a; Kdmpf et al., 2005; Kédmpf et al., 2007,
Flechsig et al., 2008; Kédmpf et al., 2013; Fischer et al., 2014; Bussert et al., 2017). The
seismic activity in this area occurs as “earthquake swarms”, which are typically
numerous small earthquakes at upper crustal depths that cluster in time and space
(Fischer et al., 2014). Earthquake swarms usually occur in volcanic areas, geothermal
fields, and ocean ridges, whereas intraplate earthquake swarms that are not connected
to active volcanism are present in continental rifts, such as the Rio Grande Rift, the
Kenya Rift, and the western Eger Rift (Ibs-von Seht et al., 2008). Due to magmatic
activity beneath the Cheb Basin, large-scale degassing of mantle-derived CO2 (>99%)
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occurs, and traces of gases such as He, N2, Ar, and CH4 are emitted (Weinlich et al.,
1999; Kampf et al., 2013; Hrubcova et al., 2017; Briuer et al., 2018). The gas migrates
through the upper lithospheric mantle and the crust to the surface and mixes with water
of deep thermal and shallow groundwater aquifers (Bussert et al., 2017). Mofettes are
local degassing phenomena that often occur as larger DDS on the scale of up to a few
square kilometers. They are controlled by fluid migration in fault zones (Girault and
Perrier, 2014; Nickschick et al., 2015) or in volcanohydrothermal areas (Chiodini et al.,
2008; Girault et al., 2014; Inguaggiato et al., 2017). The investigated dry mofette is part
of the HartouSov mofette field (HMF or DDS HartouSov) according to Kdmpf et al.
(2013), which covers an area of approximately 350,000 m? of grassland with two small
ponds (2—-6 m?) close to the river Plesn. A total of 23-97 tons of CO> have been
estimated to be released daily in the HMF (Figure 1B) (Nickschick et al., 2015).

The drilling sites were located along a NW-SE-oriented profile that is perpendicular to
one of the main degassing areas of the HMF (Figure 1B). The CO; soil gas flux was
repeatedly measured in June, August, September, and October 2012 along a 55-m
profile that consisted of 11 stations (P1 to P11) with 5 m between each of them
(Nickschick et al., 2015). The CO» soil gas flux measurements were performed by the
accumulation chamber method, which uses a LiCOR 820 infrared gas analyzer for CO»
discharge quantification and two accumulation chambers (West Systems, Italy). The
profile encompasses low, medium, and high CO> soil degassing spots at the soil surface
with strong degassing in the center of the profile (Nickschick et al., 2015). Places of
high COz soil gas flux form small hummocks (Flechsig et al., 2008).

Two 3-m cores were retrieved by hammered drilling using a motor-driven hammer
(Wacker Neuson, Germany). The cores were taken from a dry mofette near station P6
and an undisturbed reference site in the direct vicinity of station P2 (Nickschick et al.,
2015) (Figures 1C,D). The mean CO; soil gas flux of the mofette amounted to 27,961.6
g m™ per day, while the CO; soil gas flux of the reference site amounted to 8.1 g m™
per day (Nickschick et al., 2015). At the mofette site, which has a size of about 2 m?,
the growth of vegetation is hindered by continual CO degassing (Figure 1C). A pond
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about 4 m away from the sampled dry mofette is irregularly filled with groundwater or

meteoric water.

Each core was subsampled in technical triplicates in the topmost 1 m in intervals of 5
cm and below in intervals of 10 cm. The inner part of the core material was subsampled
using an ethanol flamed spatula. The core material for molecular biological analyses

was immediately stored at -20°C after subsampling.

2.3.2 Geochemical Analysis

Pore water content in the sediment samples was too low to gain a sufficient amount of
water for ion chromatographic analyses; therefore, a leaching procedure was applied in
accordance with (Blume et al., 2011). Five grams of sediment were suspended in 25
mL of freshly autoclaved deionized water, shaken for 90 min in an anaerobic
workstation (Don Whitley Scientific Limited, West Yorkshire, United Kingdom), and
then centrifuged using airtight centrifuge tubes to remove solids. The water content of
the fresh sediment was calculated from the difference in weight after being dried at
75 °C for 2 days. The pH and the conductivity of the pore water were analyzed with a
Multi 3420 SET G digital measuring instrument (WTW, Weilheim, Germany).

Total organic carbon (TOC) and §'°Cor values were measured using an elemental
analyzer (NC 2500 Carlo Erba) coupled with a ConFlowllI interface on a DeltaPlusXL
mass spectrometer (Thermo Fischer Scientific). Around 3 mg of sample material were
weighed in unfolded Ag-capsules, added with 20% HCI, heated for 3 h at 75 °C,
enfolded in the Ag-capsules, and measured. The calibration of §'*Cor, was performed
by certified isotope standards (USGS24, CH-7) and proofed by an internal soil
reference sample (Boden3). The isotopic composition is given in §*Cor notation
relative to a standard: 6 (%o) = [(Rsample — Rstandard)/Rstandard] * 1000. The ratio (R) and
standard for carbon is '3C/!?C and VPDB (Vienna PeeDee Belemnite).

The cation and anion concentrations in leached pore water were analyzed using ion
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chromatography (IC) (Sykam Chromatography, Eresing, Germany) according to
Vuillemin et al. (2016) protocol. For cations, the IC system consisted of a S5300 sample
injector (Sykam), a 4.6 x 200 mm ReproSil CAT column (Dr. Maisch HPLC,
Ammerbuch-Entringen, Germany), and a S3115 conductivity detector (Sykam). The
eluent was 5 mM H2SOs, and the eluent flow rate was set at | mL min™'. The column
oven temperature was 45 °C. A Cation Multi-Element IC-standard (Carl Roth) was
diluted ten times for calibration. Samples and standards were measured in technical
triplicates. For anions, the suppressed IC system consisted of a SeQuant SAMS anion
IC suppressor (EMD Millipore, Billerica, MA, United States), a S5200 sample injector,
a 3.0 x 250 mm lithocholic acid (LCA) 14 column, and a S3115 conductivity detector
(all Sykam). The eluent was 5 mM Na,COj3 with 20 mg L! 4-hydroxybenzonitrile and
0.2% methanol. The eluent flow rate was set at 1 mL min™', and the column oven
temperature was set at 50 °C. A multi-element anion standard (Sykam) was diluted ten

times for calibration. Samples and standards were measured in technical triplicates.

2.3.3 DNA Extraction and Purification

The total genomic DNA was isolated by the FastDNA™ SPIN Kit for soil and the
FastPrep Instrument (MP Biomedicals, Santa Ana, CA, United States) with some
protocol modifications. The FastPrep Instrument homogenizing time was set to 30 s,
and the speed was set to 5.5 m s”!. The mixing time of Binding Matrix and DNA crude
extract solution was extended to 20 min. The Genomic DNA Clean & Concentrator ™-
10 (Zymo Research, Irvine, CA, United States) was utilized to remove humic acids and
other substances that may have inhibited the PCR reaction. Three DNA isolations were
extracted from each of the 44 sediment samples (22 samples from each core) as

technical triplicates. In total, 132 samples were processed.

2.3.4 Quantitative PCR

The total bacterial abundance (16S rRNA gene) and the functional genes of sulfate-
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reducing bacteria (SRB) (dsrB gene) and methanogenic archaea (mcrd gene) were
determined by a quantitative polymerase chain reaction (QPCR). The qPCR Master Mix
consisted of 12.5 ml iTaq™ Universal SYBR Green Supermix (Thermo Fisher
Scientific Inc., United States), 8.5 ml PCR water, 0.5 ml forward primer (20 mM), 0.5
ml reverse primer (20 mM), and 3 ml template. The quantification of the bacterial 16S
rRNA gene was based on the primer pair of 331F (5’-TCCTACGGGAGGCAG-
CAGT-3’) and 797R (5’-GGACTACCAGGGTATCTAATCCTGTT-3") (Lane, 1991)
and followed the protocol of 5 min at 98 °C, 40 cycles of 5 s at 98 °C, 20 s at 57 °C,
and 60 s at 72 °C. The cloned 16S rRNA gene fragment from E. coli was used as
standard. The qPCR efficiency for the 16S rRNA gene quantification was 90.2% and
the R2-value of the standard curve line was 0.996. The quantification of the dsrB gene
was based on the primer pair of dsr2060F (5’-CAACATCGTYCAYACCCAGGG-3’)
and dsr4R (5’-GTGTAGCAGTTACCGCA-3’) (Ben-Dov et al., 2007) and followed
the protocol of 10 min at 95 °C, 40 cycles of 30 s at 95 °C, 60 s at 60 °C, 60 s at 72 °C.
The cloned dsrB gene fragment of Desulfovibrio vulgaris was used as standard. The
gPCR efficiency for the dsrB gene quantification was 93.4% and the R%-value of the
standard curve line was 0.999. The quantification of the mcrA gene was based on the
primer pair of mlas-F (5’-GGTGGTGTMGGDTTCACMCARTA-3") and mcrA-R (5°-
CGTTCATBGCGTAGTTVGGRTAGT-3") (Steinberg and Regan, 2009) and followed
the protocol of 3 min at 95 °C, 40 cycles of 5 s at 95 °C, 20 s at 58.5 °C, 30 s at 72 °C,
and 3 s at 80 °C. The cloned mcrA4 gene fragment of Methanosarcina barkeri was used
as standard. The qPCR efficiency for the mcrd gene quantification was 97.7% and the

R2-value of the standard curve line was 0.997.

The qPCR was conducted on a CFX96 real-time thermal cycler (Bio-Rad Laboratories
Inc., United States), and the analysis of the quantification data was performed with the
CFX Manager™ software (Bio-Rad Laboratories Inc., United States).

2.3.5 Illumina MiSeq Amplicon Sequencing

The 16S rRNA gene amplified from extracted total genomic DNA was used as a
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template for the Illumina MiSeq highthroughput sequencing. The PCR reaction solution
consisted of 12.5 ml MangoMix™ (Bioline, Taunton, United States), 9.2 ml PCR water,
0.3 ml bovine serum albumin, 0.25 ml forward primer (20 mM), 0.25 ml reverse primer
(20 mM), and 2.5 ml template. Unique combinations of barcode-tagged 515F (5°-
GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCT
AAT-3") (Caporaso et al., 2011) primers were assigned to each sample. The
amplifications were performed on a T100 thermal cycler (Bio-Rad Laboratories Inc.,
United States) and followed the protocol of 3 min at 95 °C, 30 cycles of 30 s at 94 °C,
45 s at 56 °C, 60 s at 72 °C, and a final extension step of 10 min at 72 °C. The PCR
products were cleaned up with AMPure XP magnetic beads (Beckman Coulter GmbH,
Krefeld, Germany). After measuring the DNA concentration (CLARIO star plate reader,
BMG LABTECH GmbH, Ortenberg, Germany), PCR products were pooled in
equimolar amounts. The DNA pool was concentrated (Eppendorf Concentrator plus,
Eppendorf AG, Hamburg, Germany) to meet the requirement of sequencing (DNA
concentration > 50 ng pl™!). It should be noted that the used MangoMix™ (Bioline,
Taunton, United States) does not supply a proof-reading polymerase, which may inflate
species richness and interfere with recovery of certain genotypes (Brandariz-Fontes et
al., 2015). However, (Pereira et al., 2018) showed that the choice of DNA polymerase

did not significantly change the community profiling and composition.

2.3.6 Bioinformatics and Statistical Analysis

Sequencing was performed by Eurofins Scientific SE, Luxembourg, on an Illumina
MiSeq (2 x 250 bp). Read pairs were merged using PEAR (Zhang et al., 2014). QIIME
(Version 1.9.1) (Caporaso et al., 2010) was employed for microbiome analysis. More
specifically, reads were demultiplexed, and USEARCH (Edgar, 2010) was used for the
detection and removal of chimeric sequences. The SILVA database (Version 128)
(DeSantis et al., 2006) was utilized for open-reference OTU clustering (97% sequence
similarity) and taxonomic assignments. Rational taxonomic boundaries have been
proposed for the high taxa (that is, genus and above) of the Bacteria and the Archaea
on the basis of 16S rRNA gene sequence identities. These are: 94.5% for genus, 86.5%

41



2 Influence of CO2 Degassing on the Microbial community in a Dry Mofette Field in HartouSov, Czech Republic
(Western Eger Rift)

for family, 82.0% for order, 78.5% for class, and 75.0% for phylum (Yarza et al., 2014).
Within in this study the taxonomical data was discussed on genus-level and above.
Singletons and OTUs assigned to chloroplasts were removed. The data received for the
technical triplicates were merged for the downstream analyses. For alpha diversity
analyses, the data were rarefied to 14,528 reads per sample. Alpha diversity and
evenness were analyzed using the Shannon H index and the Shannon EH index. Beta
diversity (PCoA) was determined by calculating the weighted UniFrac distance metric
(QIIME), and samples from different depths were clustered and illustrated by 95%
confidence ellipses. For multivariate statistics (including canonical correlation analysis,
CCA), CANOCO 5 (Smilauer and Leps, 2014) and PAST3 (Hammer et al., 2001) were
used. Sequencing data were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk/ena) under accession numbers ERS 2039641 to ERS 2039772
(Bioproject PRIEB 22478).

2.4 Results
2.4.1 Stratigraphy and Geochemical Characterization

The reference core consisted primarily of fine- to medium- grained clayey sand that
contained dispersed iron mottles (Figure 2A). A gravel-rich sand layer was reached at
a depth of 80 to 100 cm, which roughly represented the groundwater level. The mofette
core was dominated by humus or peaty sand and occasional by sandy peat. Clay or
clayey sand occurred primarily in the topmost 20 cm. In the mofette field, the
groundwater level was shallower (25—-70 cm) than at the reference site. The very
shallow groundwater level was also reflected in the high water content of the sediment

(Figure 2B).
Ion concentrations, conductivity, and pH were obtained by sediment leaching (Figures

2C, E, F). The complete spectrum of measured anions, cations, and 8'*Core values is

provided in the Supplementary Tables S1, S2. The concentrations of sulfur, nitrate,
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and nitrite were under detection limit. The pH values in the mofette core increased from
around 3.5-4.3 down to a depth of 105 cm and varied from 4.0 to 4.6 between 105 and
275 cm in depth. In contrast, the pH values of the reference core ranged from 3.5 to 4.5
without displaying a clear trend. The conductivity of the mofette sediment was
substantially higher compared with the reference core. Conductivity in the mofette site
increased from 114 mg-L™! at the surface to 199 mg L' at a depth of 85 cm and
decreased downward to 16 mg L' at a depth of 275 cm. A conductivity peak of 126 mg
L ! was measured at a depth of 145 cm. In the reference core, the conductivity decreased

from top to bottom from 78 mg L' to 12 mg L.

The TOC content of the reference site decreased from 11.1% in the topsoil to 0.2% in
the deepest sample at 275 cm in depth. The mofette site was characterized by a generally
higher TOC content that varied significantly in the organic-rich peat layers (Figure 2D).
The highest TOC contents were present at a depth of 224 cm (20.1%) and below the
groundwater table at a depth of 82 cm (9.6%). 5'*Core values were in the range of -25.3

to -28.5%o, and showed no significant differences between mofette and reference site.

In comparison with the reference core, sulfate concentrations were higher across the
entire mofette core (Figure 2F). The sulfate most likely stems primarily from the
oxidation of pyrite, which at HartouSov (Flechsig et al., 2008) proved to be abundant in
the mofette sites. The highest sulfate concentrations were measured in the top 65 cm of
the reference (up to 25.74 mg L) and in the top 100 cm of the mofette core (up to
177.92 mg L. Sulfate concentrations were ten times higher than other measured anion
and cation concentrations in the mofette and had a strong positive correlation with
conductivity (R = 0.8019, p < 107). Therefore, the high sulfate concentrations seem to

be the main reason for the high conductivity.

2.4.2 Abundance of Microorganisms

The bacterial abundance (16S rRNA gene copy numbers) in the mofette core decreased

within the upper 50 cm (Figure 2G). However, no decrease in abundance was observed
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below 50 cm in sediment depth. From 0 to 100 cm in sediment depth, the gene copy
numbers of the reference core were one order of magnitude higher than those of the
mofette core. The highest bacterial abundance was analyzed at a depth of 12 cm in the
mofette core (5.8 x 10'° gene copies g™ sediment) and at 22 cm in the reference core
(1.2 x 10° gene copies g!' sediment). From 100 to 280 cm in sediment depth, the gene

copy numbers in the mofette core partially exceeded those of the reference site.

The abundance of SRB was estimated through the quantification of dsrB gene copies
(Figure 2H). The dsrB gene copy numbers in the reference core followed a similar
trend to that of the respective 16S rRNA gene copy numbers. The highest ds»B gene
copy number (1.9 x 107 gene copies g sediment) was measured at a depth of 12 cm,
and the lowest (1.6 x 10? gene copies g sediment) was measured at 125 cm. The dsrB
gene copy numbers in the mofette core decreased with depth (1.5 x 107 to 1.8 x 10*

gene copies g sediment).

The abundance of methanogens was estimated via the quantification of mcrd gene
copies (Figure 2I). Between a depth of 0 and 100 cm, the mcrA4 gene copy numbers of
both the mofette site and the reference site varied in the range of 0 and 8.5 x 10° gene
copies g'! of sediment. No mcrA genes were detected at depths greater than 100 cm at
the reference site; however, mcrdA gene copy numbers in the mofette site slightly
increased with depth (3.9 x 10* gene copies g'! sediment at a depth of 105 cm to 9.3 x
10* gene copies g'! sediment at a depth of 275 cm).

2.4.3 Community Structure

In total 10,201,992 sequences were obtained in the 16S rRNA gene library after
merging, demultiplexing, filtering, and excluding of chimeric sequences, chloroplast-
like sequences, and singletons. The read numbers ranged from between 21,143 and
160,896, with a mean value of 77,287. Rarefaction analyses revealed that no sample
exhibited a conspicuous increase in its Shannon H index when calculating more than

14,528 sequences per sample.
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Except for the section of sediment between 85 and 145 cm in depth, the reference site
showed a higher alpha diversity (Figure 2J). The alpha diversities of the mofette
increased with depth from 0 to 85 cm, remained constant from 85 cm to 145 cm, and
then decreased toward the end of the profile. The Shannon index of the mofette
displayed a weak positive correlation with pH (R = 0.582, p = 0.0045) and water content
(R=0.497,p=0.0187) (Supplementary Tables S3, S4). The Shannon EH equitability
index was lower throughout the depth sequence at the mofette than at the reference site

(Figure 2K), especially at the surface layers and the deepest part.

The relative abundance of each taxon is displayed by the percentage of total sequence
reads. The dominant phyla at both the mofette site and the reference site were
Acidobacteria (mofette: 20.4%; reference: 25.6%), Actinobacteria (mofette: 6.7%;
reference: 10.9%), Chloroflexi (mofette: 9.4%; reference: 15.8%), Firmicutes (mofette:
14.9%:; reference: 4.8%), and Proteobacteria (mofette: 24.9%; reference: 23.7%). The
dominant archaeal phyla were Bathyarchaeota (mofette: 1.8%; reference: 1.7%),
Euryarchaeota (mofette: <0.1%; reference: 0.4%), and Thaumarchaeota (mofette:
0.3%; reference: 1.0%). Moreover, a larger fraction of unassigned taxa were present in
the mofette sediments (4.0%) compared with in the reference sediments (1.0%; Figure

3).

Beta diversities were obtained by calculating a weighted UniFrac distance metric
(Figure 4). A distinct clustering of the microbial communities was observed for both
sites. The microbial community structure of the upper sediment (0-95 cm) of the
mofette was distinct from the deeper part of the core (100-275 cm), and we therefore
defined two distinct clusters. Cluster A includes communities from 0 to 95 cm in depth,

and Cluster B includes communities observed at depths between 100 and 275 cm.
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At a depth of 0-100 cm (Cluster A), the dominant taxa were Acidobacteriaceae
(Subgroup 1) (mofette: 12.4%; reference: 10.5%) — which contributed to 5.1% of the
dissimilarity — followed by the genera Acidithiobacillus (mofette: 7.1%; reference:
0.5%) — which contributed to 4.6% of the dissimilarity (Figure 5A). At a depth of 100—
275 cm (Cluster B), where the influence of the uprising CO2 was stronger than in the
atmospheric- and groundwater influenced upper part of the depth sequence, significant
differences in the community structures were observed (Figure 3). Acidothermus
(mofette: 0.5%; reference: 6.8%) and Acidobacteriaceae (Subgroup 1) (mofette: 2.0%;
reference: 8.3%) were much more abundant in the reference site, and Sulfurovum
(mofette: 4.2%; reference: 0.1%), Anaerolineaceae (mofette: 5.1%; reference: 2.0%),
Caldisericum (mofette: 5.5%; reference: 1.2%), Desulfobacca (mofette: 5.7%;
reference: 1.4%), Thermoanaerobaculum (mofette: 6.5%; reference: 0.3%), and
Bacteroidetes vadin HA17 (mofette: 4.1%; reference: 0.1%) were more abundant in the

mofette (Figure 5B).

In the mofette site, microorganisms potentially involved in sulfur cycling were far more
abundant (relative to the entire community) and comprised up to 14.4% of the sequence
reads. In contrast, only 2.5% of the sequence reads were involved in sulfur cycling at
the reference site. Observed taxa involved in sulfur cycling were sulfide/sulfur oxidizer
Acidithiobacillus (mofette: 7.1%; reference: 0.5%) (Kelly and Wood, 2000),
Sulfuriferula (mofette: 1.1%; reference: 0.1%) (Watanabe et al., 2015), Sulfurovum
(mofette: 1.5%; reference: 0.1%) (Inagaki et al., 2004), SRB Desulfobacca (mofette:
3.1%; reference: 0.9%) (Oude Elferink et al., 1999), and Desulfosporosinus (mofette:
0.8%:; reference: 0.2%) (Stackebrandt et al., 1997) (Figure 6A). Taxa involved in iron
cycling were less abundant in the mofette (1.1%) than at the reference site (1.2%). The
iron cycling-related taxa consisted of extremely acidophilic iron-oxidizer Ferrithrix
(mofette: 0.18%; reference: 0.01%) (Johnson et al., 2009), acidophilic ironoxidizer
Ferrovum (mofette: 0.72%; reference: 0.05%) (Johnson et al., 2014), Gallionella
(mofette: <0.01%; reference: 0.04%) (Hallbeck and Pedersen, 1990), and the aerobic
iron-oxidizer Sideroxydans (mofette: 0.20%; reference: 1.14%) (Emerson and Moyer,

1997) (Figure 6B). Methanogens were found in a relatively low proportion at both the
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Figure 5 Heatmap of the top 20 taxa which explain most of the dissimilarity between the microbial
communities of the mofette and the reference site based on the Bray—Curtis dissimilarity values.

Cluster A (depths between 0 and 95 cm) (A) and Cluster B (depths between 100 and 275 cm) (B).
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Figure 6 Relative abundance (r. a.) of the most abundant taxa and the total fraction involved in the

sulfur-cycle (A), iron-cycle (B), and methanogenesis (C).
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mofette site and the reference site (0.04 and 0.02%). Uncultured taxa from Rice Cluster
IT (GroBkopf et al., 1998), Methanobacterium (Smith et al., 1997), Methanosaeta (Patel
and Sprott, 1990), and Methanosarcina (Zinder et al., 1985) were the most abundant
genera and were proportionally more common in the mofette microbial community
(0.02, 0.01, 0.01, and <0.01%) in comparison with those of the reference site (<0.01%;
Figure 6C).

The mofette and the reference site shared 1,626 taxa, and a small fraction of taxa only
occurred in the mofette (138) or the reference site (128). At depths of between 100 and
275 cm, 1,336 taxa were shared, but 184 and 198 taxa were only observed in the mofette
and at the reference site, respectively. A total of 1,045 taxa were detected in the deeper
part (200—275 cm) of the mofette and the reference site, 124 taxa were detected only at
the mofette, and 330 taxa were only detected at the reference site (Supplementary

Table S5).

Interestingly, methanogenic archaea — such as Methanosphaerula — were only found in
the mofette. Methanoregula was not observed at the reference site between depths of
100-275 cm. Methanosaeta and Methanosarcina were not observed in the deep layers

(200-275 cm) of the reference site.

2.4.4 Multivariate Statistics

Canonical-correlation analysis was wused to determine community-shaping
environmental factors (Figure 7). Among all measured environmental parameters, only
those with significant pagj-values (Bonferroni corrected <0.05) were included in the
analyses. pH, sulfate concentration, and TOC formed the optimal subset of parameters
to explain the observed OTU distribution. The pH value explains 38.7% of the
distribution pattern of taxa at the mofette site (Figure 7A) and 16.3% at the reference
site (Figure 7B). Sulfate concentration explains 12.7% of the distribution pattern of
microorganisms at the mofette (Figure 7A) and 8.4% at the reference site (Figure 7B).

The TOC values explain 11.4% of the distribution pattern at the reference site (Figure
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7B) and 4.5% at the mofette (Figure 7A). The differences in the community structure
of the mofette and the reference site are mainly explained by pH (22.4%), sulfate
concentration (10.6%), and TOC (9.9%) (Figure 7C). The 16S rRNA gene copy
numbers at the reference site are positively correlated with pH (R = 0.709, p = 0.0002),
whereas at the mofette site, a significant negative correlation with pH (R =-0.655, p =
0.0009) was observed (Figure 2G) (Supplementary Tables S3, S4). No significant
correlation with any measured environmental parameter was found for the abundance

of the dsrB or mcrA genes.
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Figure 7 CCA analyses of the microbial communities of the mofette (A), reference site (B), and for

both (C). The environmental parameters were selected based on the forward-selection method with

significant padj-values (Bonferroni corrected <0.05).
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2.5 Discussion

Dry mofettes — such as the HMF — allow for an investigation of geo—bio interactions
that result from the permanent degassing of mantle-derived COxz. In the uppermost soil
layers — which have been the focus of other studies (Kriiger et al., 2009; Blagodatskaya
et al., 2010; Sédenz de Miera et al., 2014; Beulig et al., 2015) — the conditions are not
necessarily permanent strictly anoxic, which also allows aerobic or microaerophilic
heterotrophic microorganisms to grow. The input of oxygen can derive from meteoric
water as well as horizontally via groundwater flow. The sampling depth and lithological
profile are therefore of major importance in unraveling the influence of the CO on the
microbial communities. For the first time, the present study provides insights into the
community structure in 3-m-deep sediments of a mofette and a nearby reference site.
The combination of geochemical analyses and Illumina MiSeq highthroughput
sequencing of 16S rRNA genes reveals the complexity of geo—bio interactions in the

CO;-influenced habitat.

We observed a strong influence of the emanating CO;-rich fluid on crucial soil
parameters, such as pH, water content, and ion composition (Figure 2). The relatively
low pH may be an indication for the influence of CO> also at the reference site, and
reflects the characteristics of the lithological profile. However, the CO> flux
measurements at the surface of the reference site did not reveal any mofette activity;
this is supported by the typical TOC profile and low sulfate concentration and
conductivity. Both sampling sites were located in a wet land area (floodplain) with a
high groundwater level. We assume that depending on the season (and flooding) an
influence by CO»-rich groundwater at both sites is possible. It is known that the
groundwater level at the HMF may shift around 20 cm per day (Nickschick et al., 2017).
Within the first 80 cm of the depth profile the pH of the reference site (pH > 4) was
higher than at the mofette site (pH < 4). At the reference site the groundwater level is
situated within a gravel-rich sand layer at a depth of 80 to 100 cm. The groundwater,
which may migrate horizontally, presumably causes a decrease of the pH due to
dissolved CO». Thereby, the fine- to medium-grained clayey sand in the reference site

might function as a natural vertical barrier for the groundwater and CO> flow, especially
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in depths deeper than the core sequence. In the mofette, the groundwater level was
shallower (25—70 cm) than at the reference site. On the other hand the pH in the mofette
was highest in the gravel-rich layer between depths of 130-140 cm. The high
conductivity and sulfate concentration (Figure 2) may indicate that mineral water from
greater depth is admixed with groundwater in the mofette. Mineral water found in the
same mofette in a depth of ca. 82 m had a pH of 6.4 and a sulfate concentration 1470

mg L! (Bussert et al., 2017).

The different microbial community structures found in each depth and each core at the
reference site and in the mofette cannot be explained by the variances in the lithology
of the core material, however, the lithological setting is from a major importance for
both habitats in greater depth (78 m) where a cap-rock like carbonate-rich layer largely
seals the CO»-rich aquifer and allows for a channelized CO; degassing (Bussert et al.,
2017). Instead, the pH, TOC, and sulfate concentration formed the optimal subset of
parameters to explain the abundance and distribution of the taxa at both sites.
Multivariate statistical analyses and qPCR results revealed that at the reference site, the
microbial abundance was positively correlated with pH (R = 0.709, p = 0.0002), while
a significant negative correlation was observed at the mofette site (R = -0.655, p =
0.0009; Figures 2C,G and Supplementary Tables S3, S4). Therefore, several taxa of
the microbial community at the mofette site seem to be adapted to the acidic conditions.
However, the diversity and the evenness at the mofette site are positively correlated
with the pH (R = 0.582, p = 0.0044, and R = 0.550, p = 0.008; Supplementary Tables
S3, S4), indicating that it is mainly specialists that can withstand the extreme
environmental conditions. It is remarkable that solely the pH value explains 38.7% of
the distribution pattern of taxa at the mofette site (Figure 7A). Since the pH value at
the reference site is hardly affected by the emanating CO,, it only explains 16.3% of
the OTU distribution (Figure 7B). However, since the pH is generally cocorrelated with
COs concentration, it is necessary to consider the fact that the abundance of autotrophic

microorganisms in the mofette site is also positively correlated with the amount of CO»-

rich emanating fluids. The results of the geochemical analyses and the 16S sequencing

lead to the assumption that in addition to pH, sulfate also plays an important role in
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microbial matter cycling under anaerobic conditions in the mofette site. The sulfate
concentration — which is five to fifteen times higher in the mofette site — explains 12.7%
of the distribution pattern of microorganisms at the mofette (Figure 7A). In comparison
with the mofette, the sulfate concentration at the reference site explains only 8.4% of

the community structure (Figure 7B).

In comparison with the reference site, the TOC values were up to 100 times higher in
the peat layers of the mofette (Figures 2A, 2D). While pH and ion concentrations are
directly influenced by the emanating CO», the high TOC content at the mofette site can
be explained by the consequences of acidification and anoxia on mesoscopic or
macroscopic eukaryotes involved in the degradation of complex organic matter;
additionally it was shown that acetogenesis is a prominent process in mofettes
(Beaubien et al., 2008; Beulig et al., 2015; Beulig et al., 2016; Fernandez-Montiel et al.,
2016b). The TOC values explain 11.4% of the distribution pattern at the reference site
(Figure 7B) and only 4.5% at the mofette (Figure 7A). Moreover, the top 10 abundant
taxa at the reference site were heterotrophic microorganisms. In contrast, the high
abundance of chemolithoautotrophic taxa in the mofette highlights the importance of
an autotrophic- rather than a heterotrophic lifestyle in habitats with strongly elevated
CO> concentrations (Oppermann et al., 2010). Autotrophic microorganisms can fix
significant amounts of carbon from geogenic CO> (Nowak et al., 2015), whereas
organic substrates remain undegraded and accumulate in the sediment. An interesting
side effect can be seen in a long-term perspective because such an enormous
accumulation of organic substances in sediments may be the precondition for the

development of a paleo organic layer at a late stage.

The bacterial 16S rRNA gene copy numbers in the mofette varied from 10° to 10° copies
g! of sediment. The highest gene copy numbers were found in the topsoil of the mofette
(1.2 x 10° gene copies g at a depth of 12 cm; Figure 2G). While the abundance of
microorganisms at the reference site followed a classical trend and decreased with depth,
the abundance of microorganisms in the mofette did not decrease with depth beyond 50

cm. The present study suggests for the first time that at a depth greater than 100 cm, the
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microbial abundance in the mofette even partially exceeded that of the reference site.
This trend was also observed for SRB and methanogenic archaea (Figures 2H, 2I). As
discussed later, presumably the uprising CO;-rich fluid feeds the ecosystem from
underneath with substrates such as CO; and sulfate. However, compared with the
reference site, the gene copy numbers at the mofette were about one order of magnitude
lower for the uppermost 100 cm. Higher cell numbers in the surface soil of the reference
site can be explained by the predominance of aerobic processes and a rather moderate
pH. In general, the gene copy numbers per gram of subsurface sediment at the HMF
were similar to soils with highly elevated CO> concentrations (10° to 10'° copies g’!
sediment) (Beaubien et al., 2008; Kriiger et al., 2009; Oppermann et al., 2010; Frerichs
et al., 2013; Beulig et al., 2015; Fernandez-Montiel et al., 2016a; Ferndndez-Montiel et
al., 2016b). The top 40 cm of the mofette site at the HMF was an exception, for here,
the gene copies were one order of magnitude lower (10% to 10° copies g™ sediment)
compared with the Plesna floodplain site, which is located 1.8 km to the NW (Beulig et
al., 2015). Reasons for the discrepancy could be the higher CO; flux at the HMF or
different soil characteristics (Kdmpf et al., 2013). Additionally, seasonal effects have
to be considered. In April (Beulig et al., 2015), the surface water level is often higher,
and substrates might be more easily accessible in comparison with September, when

the HMF drilling took place.

Both diversity and evenness were lower at the mofette than at the reference site
(Figures 2J, 2K). A lowered diversity was also observed at the La Sima mofette in
Spain (Saenz de Miera et al., 2014). The low evenness indicates a dominance of
specialists, such as anaerobic acidophilic and acidotolerant taxa in the mofette
community. In the mofette, the alpha diversity and the evenness were higher at depths
between 85 and 125 cm. This shift can be explained by the surface water table and the

admixture of surrounding aerobic communities.
The results of the Beta diversity of the community highlight the assumption that only

the deeper sediments are almost unaffected by oxygen. The PCoA plot of the weighted

UniFrac distance metric revealed that the mofette harbors two distinct communities
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(Figure 4). One cluster includes communities from shallow depths between 0 and 95
cm (Cluster A), and the other cluster includes communities in the deep anoxic sediments
from 100 to 275 cm (Cluster B). The microbial communities from the reference site
cluster apart from all mofette samples, which highlights the fact that the mofette

community is strongly influenced by the degassing phenomenon.

Site-specific effects — such as a low pH and changes in ion composition — do not
sufficiently explain the differences between Cluster A and Cluster B, but the oxygen
availability could be identified as the major stress factor. In the mofette, the oxygen-
dependent depth gradient was clearly reflected in the antagonistic shift of the relative
abundance of aerobic and anaerobic taxa in Cluster A and Cluster B. The relative
abundance of obligate and facultative anaerobic microorganisms affiliated with
Bacteroidetes, Bathyarchaeota, Caldiserica, and Parcubacteria gradually increased
with depth. At the same time, the relative abundance of versatile Proteobacteria
strongly decreased with increasing depth (Figure 3). Strictly anaerobic and facultative
aerobic microorganisms affiliated with Acidithiobacillus, Clostridiaceae 1, Bacillus,
and Ignavibacteriales that were observed in Cluster A were much more abundant at the
mofette than at the reference site. In Cluster B, strictly anaerobic microorganisms within
the taxa Thermoanaerobaculum, Bacteroidetes vadin HAI7, Desulfobacca,
Caldisericum, Anaerolineaceae, and Sulfurovum shaped the community and explained
most of the differences (14.5% dissimilarity) between the communities of the deep
sediments of the mofette and reference site (Figures 5A, 5B). Neither in Cluster A nor
Cluster B were any of the strictly aerobic taxa more abundant in the mofette than at the
reference site, except for Acidobacteriaceae (Subg. 1). Additionally, the family
Acidobacteriaceae (Subg. 1) was the most abundant taxa in both study sites (mofette:
12.4%; reference site: 10.5%). Members of this group are heterotrophic, aerobic, or
microaerophilic, and some species are facultative anaerobes (Pankratov et al., 2012).
Therefore, the occurrence at both sites under both aerobic and anaerobic conditions is
plausible. The HMF multivariate statistics indicate a strong negative correlation of the
taxon with pH, and the same correlation has been observed by (Mannista et al., 2007)

in tundra soils. Moreover, the proportion of unassigned taxa (4.0%) was much higher
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in the mofette compared with the reference site, indicating that mofettes are unique

environments that harbor a large fraction of novel, as-of-yet undescribed organisms.

The sulfate-rich mofette with a pH < 4.0 offers ideal growth conditions for obligate
acidophilic bacteria such as Acidithiobacillus (Kelly and Wood, 2000). Accordingly,
these bacteria’s abundance is positively correlated with the sulfate concentration (R =
0.699, p = 0.0003; Supplementary Tables S3, S4). In both clusters, taxa potentially
involved in sulfur cycling had a more substantial proportion (14.4%) and a higher
diversity (e.g., of Desulfobacca, Desulfosporosinus, Sulfurovum, and Sulfuriferula) in
the mofette in comparison with the reference site (3.0%; Figure 6A). Desulfobacca was
also recently found in a Plesna floodplain site (Beulig et al., 2016). A higher abundance
of SRB was also observed in CO» vents (Beaubien et al., 2008) and CO»-affected soils
(Frerichs et al., 2013). Striking differences between the mofette and reference site were
also observed for taxa potentially involved in iron-cycling. The results lead to the
assumption that in addition to sulfate reduction, iron-cycling is also an important feature
under aerobic conditions at the reference site and under anaerobic conditions in the
mofette. The aerobic or microaerophilic taxa — such as Gallionella and Sideroxydans
(Hallbeck and Pedersen, 1990; Emerson and Moyer, 1997) — were more abundant at the
reference site, whereby acidophilic obligate and facultative anaerobic genera — such as
Ferrithrix and Ferrovum (Johnson et al., 2009; Johnson et al., 2014) — dominated in the

mofette (Figure 7B).

The extreme environmental conditions in the mofette also favor the growth of
methanogenic archaea. Methanosphaerula (Cadillo-Quiroz et al., 2009) occurred solely
in the mofette, whereby other genera — such as Methanoregula (S. L. Bréuer et al.,
2011), Methanosaeta (Patel and Sprott, 1990), and Methanosarcina (Zinder et al., 1985)
— were abundant at all depths in the mofette core but occurred only in low abundances
close to the surface in the reference site, presumably because oxygen is spatially
depleted by aerobic processes. Other archaea potentially involved in acetogenesis and

methane cycling — such as Bathyarchaeota and ammonia-oxidizing Thaumarchaeota

affiliated with South African Gold Mine Gp 1 (SAGMCG- 1) (Takai et al., 2001a) —
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were found at the mofette and the reference site in almost the same relative abundances
(1.7 and 0.2%). These organisms have been found in marine sediments, deep aquifer
waters, a CO; vent, as well as in water from wet mofettes and in thermal water in the
Eger region (Kubo et al., 2012; Frerichs et al., 2013; Evans et al., 2015; Krauze et al.,
2017). Additionally, several other microorganisms found in the deep mofette sediments
(e.g., Thermoanaerobaculum, Caldisericum, Sulfurovum, and Mobilitalea) have been
isolated from hot springs, hydrothermal sediments, or thermal water from a 2.8-km-
deep well (Oude Elferink et al., 1999; Inagaki et al., 2004; Losey et al., 2013;
Podosokorskaya et al., 2014). These microorganisms most likely derive from the deep
biosphere, indicating that the mofette is connected to the deep subsurface via ascending
fluids. The environmental conditions in the mofette at 1-3 m in depth are similar to
deep sediments or deeply originating thermal waters with respect to the availability of
oxygen and ion composition and may therefore also provide adequate growth

conditions for such taxa.

The microbial communities from both Cluster A and Cluster B at the HMF share many
abundant taxa with the communities described by Saenz de Miera et al. (2014) in the
shallow sediments at the La Sima CO; gas vent (top 10-20 cm; Supplementary Table
S6) and a CO»-influenced floodplain site at Plesna (Beulig et al., 2015). Although the
relative abundances of these common taxa display clear differences, they represent an
outline of the characteristic core community of CO»-influenced surface habitats. The
occurrence of unshared sitespecific taxa can be explained by the differing
environmental conditions. For example, higher oxygen concentrations (<7%) (Peinado
et al., 2009) and historical thermal anomalies might specifically trigger the growth of
aerobic or facultative anaerobic thermophiles — such as members of Ktedonobacteria
(e.g., Thermogemmatispora) — at the La Sima mofette. The high resemblance of the
Cluster A communities to the microbial communities at the CO;-influenced Plesna
floodplain site (Beulig et al., 2015) lead to the assumption that the environmental
conditions at both mofettes located in the Cheb Basin are rather similar compared with
those the La Sima site. The low pH at the HMF and the floodplain particularly favors
the growth of acidophilic taxa (e.g., Acidobacteria, Subg. 1), which have a rather low
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abundance at the La Sima site.

The high relative abundance of sulfate reducers, methanogens as well as further
autotrophs indicate that the community is supported by hydrothermal originating
substrates, delivered by the mantle-derived CO». The geochemical data demonstrate
that electron acceptors such as sulfate and CO; are sufficient available. This is in good
accordance with the findings from Beulig et al. (2016) who showed that in the mofette
transcripts related to methanogenesis (mcr) and sulfate reduction (dsr, cys, apr) were
remarkably increased in the frequency. In the Eger Rift, hydrogen, which is a key
electron donor in the deep biosphere (Stevens and McKinley, 1995; Chapelle et al.,
2002; Nealson, 2005; Spear et al., 2005; Hinrichs et al., 2006), becomes available
during radiolytic decay in the underlying fissured granite or stress-released during

earthquake swarms (Brauer et al., 2005; Brauer et al., 2007).

2.6 Conclusion

Our study of a dry CO» degassing mofette in Hartousov, NW Bohemia, as central part
of a CO: conduit deepens the knowledge of geo—bio interactions in extreme
environments with elevated CO; concentrations. The mofette ecosystem is
characterized by anoxic conditions, a low pH, high TOC content and due to the
admixing of mineral waters a relatively high sulfate concentration and conductivity.
Our study shows that the exceptional environmental conditions provoke a decrease in
diversity and favor the occurrence of anaerobic, acidophilic taxa, whereby sulfate
reduction and methanogenesis become distinct processes. However, the deeper mofette
sediments alone provide strictly anaerobic conditions, and accordingly, two distinct
community clusters were found at different depth intervals. Electron acceptors such as
CO; and sulfate are provided by the permanently ascending fluid which is admixed with
deep thermal waters, thereby forming a kind of anoxic deep biosphere habitat close to
the surface level. Hydrogen, originating from deep fissured granites may thereby
function as an electron donor. This study is limited to taxonomical assignments, further

studies focusing on deep mofette sediments should implement metagenomic or
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transcriptomic approaches to unravel the functional repertoire of the communities.
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3 Microbial signatures from a deep saline CO;-
saturated aquifer of the HartouSov mofette system

(Eger Rift, NW Czech Republic)

3.1 Abstract

The HartouSov mofette system is a natural CO, degassing site located in the central
Cheb Basin (Eger Rift, Central Europe). In early 2016 a 108 m deep borehole was
drilled into this system to investigate the impact of ascending geogenic CO; on the
indigenous deep microbial communities and their surrounding life habitat. During
drilling a CO> blow out occurred at a depth of 78.5 meters below surface (mbs)
suggesting a CO» reservoir related to a deep low-permeable CO;-saturated saline
aquifer at the transition from Early Miocene terrestrial to lacustrine sediments. Past
microbial communities were investigated by hopanoids and glycerol dialkyl glycerol
tetraethers (GDGTs) reflecting rather the environmental conditions during the time of
deposition than showing a signal of the current deep biosphere. The composition and
distribution of the deep microbial community potentially influenced by the upward
migration of CO; starting during Late Pleistocene time were investigated by intact polar
lipid (IPL), quantitative polymerase chain reaction (PCR) and deoxyribonucleic acid
(DNA) analysis. The deep biosphere is characterized by a similar abundance and
diversity independent from the lithology over the entire investigated depth profile
suggesting an overall impact of the ascending COs-saturated groundwater on the
microbial community structure. The results revealed that a high relative abundance of
Acidovorax and Aquabacterium as well as specialized members of unknown and
uncultured genera within the family Comamonadaceae are indicative for CO»-
dominated environments. A set of new IPLs are suggested to be indicative for

microorganisms associated with CO; accumulation in the mofette system.
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3.2 Introduction

The HartouSov mofette system is located in the center of the Cheb Basin (Eger Rift) at
the central part of the Pocatky-Plesna Fault Zone (PPZ) (Bankwitz et al., 2003a;
Bankwitz et al., 2003b; Flechsig et al., 2008)(Figure 1A). The region is known for
periodically occurring earthquake swarms and widely distributed natural cold gas
exhalation systems in form of mofette sites and mineral water springs releasing CO»-
rich gas into the atmosphere (Fischer et al., 2014). The CO, originates from active
magma chambers at the crust-mantle boundary and at lithospheric mantle depths of
about 65km depth. The CO, preferentially migrates as a component of supercritical
fluids in the lower crust or either dissolved in water or as a free gas phase along deep-
seated faults in the upper crust to the surface (Weinlich et al., 1999; Weise et al., 2001,
K. Bréuer et al., 2011; Kédmpf et al., 2019). Both, the PPZ and the HartouSov mofette
system started to develop in the Late Pleistocene (Bankwitz et al., 2003a; Bankwitz et

al., 2003b).

Previous investigations from sediments of the upper 9 m at the Hartousov mofette
system revealed that ascending CO»-containing fluids cause sediment fluidization,
hydrofracturing and geochemical alterations e.g. sediment bleaching, mobilization of
metals and the preservation of organic matter (Flechsig et al., 2008; Rennert et al., 2011;
Mehlhorn et al., 2016; Rennert and Pfanz, 2016; Bussert et al., 2017; Liu et al., 2018;
Mehlhorn et al., 2018). At the surface, CO> exhalation occurs in form of diffuse
degassing structures (DDS, namely dry mofettes) and localized water-filled, pool-like
structures (wet mofettes) (Flechsig et al., 2008; Kdmpf et al., 2013; Nickschick et al.,
2015; Nickschick et al., 2017; Kampf et al., 2019).

Dry mofette areas display high CO: soil gas concentrations, low soil pH, accelerated
silicate weathering, leaching of base cations, anomalous vegetation patterns, low
taxonomic and functional biodiversity of soil biota and limited microbial degradation
of soil organic matter (SOM) (Rennert et al., 2011; Hohberg et al., 2015; Rennert and
Pfanz, 2016; Kampf et al., 2019). In comparison to reference sites, the microbial

community obviously differs in composition and is dominated by anaerobic
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chemolithoautotrophic microorganisms, e.g. acidophilic, methanogenic and sulfur-
cycling organisms (Beulig et al., 2015; Beulig et al.,, 2016; Liu et al., 2018).
Additionally, a higher microbial abundance was observed even in deeper parts of the
sedimentological profile (Liu et al., 2018) and estimates for microbial fixation of
ascending geogenic CO: reach up to 27 % of the total SOM (Nowak et al., 2015).
Similar characteristics were also found at other mofette sites, e.g. the Laacher See in
Germany (Kriiger et al., 2009; Frerichs et al., 2013), the Latera caldera in Italy
(Oppermann et al., 2010) and the Stavesinci mofette in Slovenia (Sibanc et al., 2014).

Hydrogeochemical investigations of waters from wet mofettes and mineral springs in
the Cheb Basin by Krauze et al. (2017) and in the adjacencies (Wagner et al., 2007;
Schuessler et al., 2016) unraveled different water sources with surface water being co-
sourced by a deep saline aquifer at some locations. The microbial communities in all of
these CO»-influenced waters were generally dominated by chemolithoautotrophic
microorganisms (iron- and sulfur-cycling organisms) and methanogenic archaea.
Similar to dry mofettes, the microbial degradation of complex dissolved organic carbon
(DOC) 1is also restricted in these anaerobic environments (Krauze et al., 2017)
suggesting that upstreaming CO; is one of the main carbon sources for microorganisms
as well. The connection to a deep saline aquifer at some mofettes (e.g., Bublak,
approximately 1.5 km NNE of the HartouSov mofette) was indicated by the occurrence
of specialists from the deep subsurface biosphere and marine paleoenvironments
pointing to a broadly distributed deep saline aquifer as a general deep microbial habitat

in this region (Krauze et al., 2017).

Subsequently, further deep biosphere habitats may exist related to CO> reservoirs in
geological trapping structures indicated by an increase in gas flow rates after swarm
earthquakes pointing to a gas release after seismically induced fracking of sealing layers
(Sandig et al., 2014; Sauer et al., 2014; Schuessler et al., 2016; Fischer et al., 2017).
Moreover, Bréuer et al. (2005) described dm- to m-sized cavities in sediments of the
nearby open-cast mine Nova Ves Il at 50 mbs (meter below surface) which developed
along fluid migration pathways. This suggests the presence of restricted gas-filled

cavities potentially acting as distinct habitats for the deep biosphere. An important hint
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for a CO»-related deep biosphere was recognized by Briuer et al. (2005) after the swarm
earthquake activity in 2000. They detected an increase in methane concentrations at the
Wettinquelle (Bad Brambach, Germany) about 20 km north of the HartouSov mofette
system with a significant decrease of &'*Cietane attributed to microbial methane
production from magmatic CO; and pre- or co-seismically released hydrogen from the
granitic basement. Similarly, higher methane concentrations were detected at the

Bublak mofette after the swarm event in 2011 (Brauer et al., 2018).

These previous investigations show that ascending geogenic CO»-containing fluids
locally alter the sedimentary overburden and thus change the environmental conditions
for microbial life. Additionally, there are indications for subsurface structures that may
harbor COz-influenced deep microbial habitats which could act as deep microbial
hotspots. However, studies investigating the potential for CO;-related deep microbial
life in the Cheb Basin and the Eger Rift are still missing. Thus, in early 2016 a 108.5 m
deep borehole was drilled by the German Research Centre for Geosciences (GFZ) as a
test case for the International Continental Scientific Drilling Program (ICDP) project
“Drilling the Eger Rift” (Dahm et al., 2013). The borehole was positioned in the
Hartousov mofette system (HJB-1) (50°07'58"N, 12°27'46"E) and described in detail
by Bussert et al. (2017). During drilling, CO»-rich sediments were recovered between
71 and 81 mbs. At a depth of 78.5 mbs, a CO, blow out occurred suggesting the
penetration of a subsurface CO; accumulation. This CO; reservoir is related to a basal
low-permeable CO,-saturated and saline aquifer (1892 mg L' of free dissolved CO»)
that occurs between 79 and 85 mbs at the transition from Early Miocene terrestrial to
overlying lacustrine sediments. Hydrogeochemically, the aquifer is characterized by
Na-Ca-HCO3-SOs-type water with a high Fe content of up to 13.7 mg L! and a pH of
6.4 (Bussert et al., 2017). Due to the potential of the CO>—saturated aquifer to harbor a
very specialized microbial community we focussed on the core interval between 65 and
95 mbs. Thereby, we aimed to identify the impact of geogenic CO2 on deep microbial
communities and to figure out whether the low-permeable CO»-saturated and saline
aquifer might act as a hotspot for active and abundant deep microbial life. The

methodological approach to characterize the microbial community included lipid
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biomarker analysis of past and living microbial biomass (hopanoids, GDGTs and intact
polar lipids) as well as DNA analysis such as quantitative Polymerase Chain Reaction
(qPCR) and Illumina 16S rRNA gene amplicon sequencing. Furthermore, the microbial
signals were compared to lithological background information and sedimentological

bulk parameters.

3.3 Methods

3.3.1 Drilling, coring and pump test

A detailed description of the fieldwork including drilling, coring and a pump test was
published by Bussert et al. (2017). The drilling was performed with a Drillmec G-25
device installed on a Tatra 815 drilling lorry and discovered core material in PVC liners
with a length of 3 m and a diameter of 0.1 m. The drilling mud consisted of
homogeneously blended pure bentonite. Fluorescein was added as a tracer to monitor
potential drill mud contamination of the retrieved core material according to Pellizzari
et al. (2013). Subsamples for further analysis were taken about every 0.5 m and stored
in gasbags flushed with nitrogen at -80 °C directly after core recovery in the field. After
the drilling campaign, a 24-hour pump test within the deep low-permeable CO»-
saturated saline aquifer was performed. The groundwater was filtered, the obtained
water samples geochemically analyzed and the obtained filters were stored at -20 °C,

respectively.

The initial lithological description of the sample material and the drill mud
contamination control were performed in the lab. The frozen core segments were stored
overnight at 5 °C to initiate the thawing of the external sample layer and to avoid fluid
migration from the rim to the center of the samples. The thawed rim (approx. 1 cm) was
removed (inner coring), the still frozen inner core described (e.g. in Supplementary
Figure S1), material from the removed rim (outer rim) tested in triplicates for
fluorescein (Pellizzari et al., 2013) and the samples again stored at —80 °C. To ensure

that the samples are not contaminated by external DNA the inner coring technique was
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repeated in a clean bench (Thermo Scientific, Waltham, USA). The removed material
and the outside of the inner core were again tested in triplicates for fluorescein (inner
rim). Inner core samples (sample) exceeding the background fluorescence were
excluded from further analysis (Supplementary Figure S1). The fluorescein
concentration was measured with a CLARIO star® plate reader (BMG LABTECH
GmbH, Ortenberg, Germany). The background fluorescence signal was obtained from
samples of a shallow drilling campaign (3 m) drilled in 2015 adjacent to our study side

without the application of drill mud and fluorescein (Liu et al., 2018).

3.3.2 Bulk carbon and nitrogen analyses

Total carbon (TC), total organic carbon (TOC), total nitrogen (TN) and the bulk 8'*Corg
were all analyzed with the same equipment consisting of a NC2500 Carlo Erba
elemental analyzer coupled with a ConFlo_III interface on a DELTAplusXL isotope
ratio mass spectrometer (IRMS) (Thermo Fischer Scientific). Prior to analysis, the
sample material was freeze-dried, powdered and homogenized. In order to determine
the TC and TN approximately 25 mg of sample material was loaded into tin capsules
and the content was calibrated against acetanilide. For the investigation of TOC and
bulk §'3Core the carbonate content was removed using in situ decalcification. Therefore,
around 3 mg sample material was loaded into Ag-capsules and decalcified by drops of
3 % HCI followed by 20 % HCI and heated for 3 h at 75 °C. The calibration was
performed using elemental urea and certified isotope standards (USGS24, IAEA-CH-
7) and proofed with an internal soil reference sample (Boden3, HEKATECH). All
isotope compositions are given relative to the VPDB (Vienna Pee Dee Belemnite)
standard in the conventional delta notation. The total inorganic carbon (TIC) was

calculated by subtraction of TOC from TC.
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3.3.3 Lipid biomarker extraction and chromatographic column

separation

The freeze-dried, powdered and homogenized sediment samples (about 80 g) were
extracted with a modified extraction method after Bligh and Dyer (1959) using
methanol:dichloromethane (DCM):ammonium acetate buffer (pH 7.5) (2:1:0.8) as
extraction solvent mixture. The sample material was centrifuged for 10 min with
2500 rpm. The supernatant was transferred to a separation funnel and the solvent ratio
changed to 1:1:0.9 (methanol:DCM:ammonium acetate buffer) to achieve phase
separation. Afterward, the organic phase containing the lipid extract was collected in a
turbovap glas and the solvent was removed (TurboVap 500). Each fifth sample was a
blank. After extraction Sa-Androstane and deuterium-labeled phosphatidylcholine
(PCqss = 1,2-dimyristoyl-d54-sn-glycerol-3-phosphocholine) were added as standards
for compound quantification in the aliphatic and intact polar lipid fractions,
respectively. The obtained total extracts were chromatographically separated into a low
polar lipid (20 ml chloroform), free fatty acid (50 ml methyl formiate with 0.025 %
glacial acetic acid), glycolipid (20 ml acetone) and intact polar lipid (IPLs, 25 ml
methanol) fraction using two glass syringe columns filled with dried pure silica (1 g
silica gel 63—200 pm, dried at 110 °C for 2 h) and Florisil (1 g magnesium silica gel
150-250 um) with the silica column on top of the Florisil column. The IPL fraction was
only eluted from the silica column (Zink and Mangelsdorf, 2004). To improve IPL
recovery the silica column was eluted with 25 ml methanol:water (60:40) for a second
time. Phase separation was conducted as described above. Finally, the IPL fractions
were combined and the solvent was removed. Afterward, the IPL fraction was split into
two halves: one for the direct detection of IPLs and one for the detection of polar lipid

fatty acids (PLFAs) after saponification (Miiller et al., 1993).
After removal of asphaltenes, the low polar lipid fraction was further subdivided by

Medium Pressure Liquid Chromatography (MPLC) into an aliphatic, aromatic and NSO
fraction (Radke et al., 1980). The aliphatic fraction was analyzed for hopanoids and the
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NSO fraction for glycerol dialkyl glycerol tetracthers (GDGTs). GDGTs have been

quantified as an external archaeol standard.

3.3.4 Determination of the lipid biomarkers

Analysis of IPLs was performed on a Thermo Scientific Ultimate 3000 RS Ultra high
performance liquid chromatography (UHPLC) coupled to a Q Exactive Plus Orbitrap
mass spectrometer (MS) with a heated electrospray (H-ESI II) probe. Samples were
separated with a LiChrospher 100 diol column (2x125 mm, 5 um; CS-Chromatographie
Service) equipped with a pre-column filter. The eluents used for compound separation
were (A) n-hexane:isopropanol:formic  acid:ammonia (25% in  water)
79:20:1.2:0.04 v/v and (B) isopropanol:water:formic acid:ammonia (25 % in water)
88:10:1.2:0.04 v/v (solvent gradients: 1 min 100 % A, linear increase of B to 65 %
within 20 min and 40 min for reconditioning). The flow rate was set to 0.35 ml/min
(modified after Riitters et al., 2001). ESI source conditions were as follows: spray
voltage -2.2 kV; capillary temperature 300 °C; nitrogen sheath gas at 49 and auxiliary
gas at 12 arbitrary units at a temperature of 419 °C, S-Lens 65 V. The obtained data
were acquired in negative and positive ion mode with dependent MS/MS acquisition at
ranges of m/z 400 to 2000. The full scan and fragment spectra were collected at a

resolution of 280 000 and 70 000 (at m/z 200), respectively.

The aliphatic fraction and PLFAs were determined on a Thermo Trace GC Ultra
equipped with a Thermo PTV injection system and an SGE BPXS5 fused silica capillary
column (50 m length, 0.22 mm ID, 0.25 um film thickness) coupled to a Thermo Trace
DSQ Quadrupole MS. Helium was used as carrier gas. The temperature of the GC oven
was programmed from 50 °C (hold 1 min) to 310 °C at a rate of 3 °C min™!, followed
by an isothermal phase of 30 min. The injector temperature was programmed from 50
to 300 °C at a rate of 10 °C s'. The MS was operated in electron impact ionization
mode (EI) at 70 eV. Full scan mass spectra for compound identification were recorded

from m/z 50 to 600 at a scan rate of 1.5 scans s™.
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GDGT analysis was conducted on a Shimadzu LC10AD HPLC instrument coupled to
a Finnigan Triple Stage Quadrupol (TSQ) 7000 MS with an atmospheric pressure
chemical ionization (APCI) interface. Samples were separated at 30 °C with a Prevail
Cyano column (2.1x150 mm, 3 um; Alltech) equipped with a pre-column filter. The
mobile phase consisted of (A) n-hexane and (B) isopropanol and compound separation
was achieved using the following solvent gradients: 5 min 99 % A and 1 % B, linear
gradient to 1.8 % B within 40 min, increase to 10 % B within 1 min and holding time
for 5 min to clean the column, back to initial solvent conditions within 1 min and 16 min
for column equilibration (Schouten et al., 2007). The flow rate was set to 200 pl min™'.
The APCI adjustments were: corona current 5 pA giving a voltage of around 5 kV,
vaporizer temperature 350 °C, capillary temperature 200 °C and nitrogen sheath gas at
60 psi (no auxiliary gas). Mass spectra were generated by selected ion monitoring in
the positive ion mode for the masses 1295.0, 1302.1, 1049.5, 1035.5, 1021.5 and 654.2

each with a width of 7 amu (to also obtain neighboring masses) at a scan rate of 0.33 s.

Compound specific 8'>C values of the aliphatic fraction (hopanoids) were determined
with a GC-isotope ratio monitoring (IR)-MS system consisting of an Agilent 7890 GC
(USA) connected with an open split GC-C/TCIII-Interface for compound-specific
carbon and hydrogen isotope analysis to a Delta V Plus IRMS (Thermo Fischer
Scientific, Germany). The GC-separated organic substances were oxidized to CO> in a
combustion furnace at a temperature of 940 °C on a CuO/Ni/Pt catalyst. CO, was
transferred to the mass spectrometer to determine carbon isotope ratios. 3 uL of the
aliphatic fraction was injected with a split ratio of 1:2 and an initial temperature of
230 °C to a programmable temperature vaporization inlet (PTV, Agilent Technology,
USA). The injector was heated to 300 °C with a heating rate of 12 °C s!. The separation
of the aliphatic fractions was attained by a fused silica capillary column (HP Ultra 1,
50m x 0.2 mm ID, 0.33 um FT, Agilent Technology, Germany) with a temperature
program starting from 40 °C to 300 °C, with a heating rate of 4 °C min™! and the
maximum temperature held for 45 min. The carrier gas was Helium with a flow rate of
1.0 ml min!. All samples were measured in triplicates with a usual standard deviation

0f <0.5 %o. The quality of the results was checked by measuring n-alkane standards (-
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Cis, n-Cao, n-Cas) with the known isotopic composition (Campro Scientific, Germany).
Isotopic compositions are given in the delta notation relative to the Vienna Pee Dee

Belemnite (VPDB) standard.

3.3.5 DNA extraction and purification

Due to the extremely low amount of biomass in the core samples, 10 g of powdered
sample material was used to extract the total genomic DNA with the DNeasy®
PowerMax® Soil Kit (QIAGEN, Venlo, Netherlands). Afterward, the obtained DNA
was dissolved in 5 ml of DNA-free water (Carl Roth, Karlsruhe, Germany). For each
sampling depth, three independent samples were taken from different positions of the
core horizon as technical triplicate. The 5 ml DNA solution was concentrated to 100 pL
by an Eppendorf Concentrator Plus (Eppendorf AG, Hamburg, Germany). The
Genomic DNA Clean & Concentrator™-10 (Zymo Research, Irvine, CA) was utilized
to remove humic acids and other substances that may inhibit the polymerase chain
reaction (PCR). Three DNA extractions were done from separated sample triplicates.
DNA from 1 mL DNA-free water (Carl Roth, Karlsruhe, Germany) was extracted as a

negative control.

In addition to the core material, approximately 1 L of the fluid samples from the pump
test were filtered (0.2 um) to collect insoluble particles. The total genomic DNA
trapped on the filters was extracted by the FastDNA™ SPIN Kit for Soil and the
FastPrep® Instrument (MP Biomedicals, Santa Ana, CA) with standard protocols. The
FastPrep® Instrument homogenizing time and the homogenizing speed were modified

to 30 s and 5.5 m s according to Liu et al. (2018).

3.3.6 Quantitative PCR

The bacterial 16S rRNA gene copies were determined by a quantitative polymerase

chain reaction (qQPCR) to reveal the total bacterial abundance. The gPCR Master Mix
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consisted of 10 ul SYBR® FAST gPCR Master Mix (2X) Universal (KAPA
Biosystems, Wilmington, Massachusetts, USA), 5.92 ul PCR water, 0.04 ul forward
primer (100 uM), 0.04 ul reverse primer (100 uM), and 4 pl template. The
quantification of the bacterial 16S rRNA gene was based on the primer pair 341F
(5’- CCTACGGGAGGCAGCAG -3’)and 534R (5’- ATTACCGCGGCTGCTGG -3°)
(Degelmann et al., 2010). The qPCR was programmed as 3 min at 95 °C, 40 cycles of
3sat95°C, 20s at 60 °C, 30 s at 72 °C, and 3 s at 80 °C for the plate read. A cloned
16S rRNA gene fragment from Escherichia coli was used as standard. The qPCR was
conducted on a CFX96 real-time thermal cycler (Bio-Rad Laboratories Inc., USA) and
the analysis of the quantification data was performed with the CFX Manager™ software
(Bio-Rad Laboratories Inc., USA). The concentration range of the standard was
optimized and set from 103 to 107 16S rRNA gene copies. The R2-value of the standard
curve line was 0.994 to 0.997.

3.3.7 Illumina MiSeq amplicon sequencing

The 16S rRNA gene was amplified with OptiTaq™ polymerase (Roboklon, Berlin,
Germany) which has a proofreading capability due to the extremely low concentration
of extracted total genomic DNA. The PCR reaction solution consisted of 2.5 ul10x
Buffer Pol C, 0.125 ul OptiTag™ polymerase, 1 pl ANTP Mix (5 mM each), 1 ul MgCl,
(25 mM), 17.075 pl PCR water, 0.3 pl bovine serum albumin, 0.25 pl forward primer
(20 uM), 0.25 pl reverse primer (20 pM) and 2.5 pl template. Unique combinations of
barcode-tagged S5I5F  (5’- GTGCCAGCMGCCGCGGTAA -3’) and 806R
(5’- GGACTACHVGGGTWTCTAAT -3’) (Caporaso et al., 2011) primers were
assigned to each sample. The amplifications were performed on a T100™ thermal
cycler (Bio-Rad Laboratories Inc., USA). The PCR program was 5 min at 95 °C, 35
cycles of 30 s at 95 °C, 45 s at 56 °C, 60 s at 72 °C and a final extension step of 7 min
at 72 °C. A cloned 16S rRNA gene fragment from E. coli was used as the positive
control. The PCR products were cleaned up with AMPure XP magnetic beads
(Beckman Coulter GmbH, Krefeld, Germany). After measuring the DNA concentration
with a CLARIO star® plate reader (BMG LABTECH GmbH, Ortenberg, Germany)
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PCR products were pooled in equimolar amounts. The pooled DNA solution was
concentrated with Eppendorf Concentrator plus (Eppendorf AG, Hamburg, Germany)
to meet the requirement of the Illumina MiSeq high-throughput sequencing. The final
pooled DNA concentration was 77.05 ng pl™.

3.3.8 Bioinformatics and statistical analysis

Sequencing was performed by Eurofins Scientific SE (Luxembourg) on an Illumina
MiSeq (2 x 250 bp). Dual-indexed reads were demultiplexed using CutAdapt (Martin,
2011) allowing for 10 % errors in the primer and no errors in the barcodes. Read pairs
were merged using PEAR (Zhang et al., 2014) and trimmed using Trimmomatic (Bolger
et al.,, 2014). The orientation of the target sequences was standardized using the
information obtained from demultiplexing. The QIIME-pipeline (Version 1.9.1)
(Caporaso et al., 2010) was employed for OTU clustering and taxonomic assignment.
More specifically, USEARCH (Edgar, 2010) was used for the removal of chimeric
sequences and open-reference OTU clustering (97 %). The SILVA database (Version
128) (DeSantis et al., 2006) was the reference database for chimera removal, OTU
clustering and taxonomic assignment. Singletons and OTUs assigned to chloroplasts
and mitochondria were removed from the obtained OTU table. After the filtering
processes, 11,063,679 sequences were obtained in the 16S rRNA gene library in total.
The read numbers ranged between 11,446 and 296,694 with a mean value of 112,895.
Due to its presence in the negative control, Undibacterium was treated as contamination
and removed from the library before further analyses. The alpha diversity was estimated
by using the Shannon H and Shannon EH indices. Beta diversity was determined by the
non-metric multidimensional scaling (NMDS) with PAST3 (Hammer et al., 2001).
Sequencing data were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk/ena) under accession numbers PRIJEB22478 (ERS4382097 to
ERS4382146 and ERS4382395 to ERS4382400).
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3.4 Results
3.4.1 Stratigraphy and sample material

The core section between 65 and 95 mbs depth was lithologically composed of three
different units which were from bottom to the top: 1) a weathered Paleozoic mica schist
(95 —91.5 mbs, Paleozoic basement), ii) sandy to peaty Early Miocene mudstones of
the Main Seam Formation (Fm.) with lignite fragments and root structures suggesting
paleo-soil horizons in the lower and upper sections (91.5 — 78.5 mbs) and ii1) laminated,
calcareous, sandy or peaty Early Miocene mudstones interbedded with bioclastic
carbonates, dolomite beds and gypsum layers of lacustrine origin (78.5 — 65 mbs)
belonging to the Cypris Fm. (Figure 8a) (Bussert et al., 2017). Identified macrofossils
in the Cypris Fm. were bark fragments, seeds, plant debris and ostracod shells (Figure
8a and Supplementary Figure S1). Both sediments, Main Seam and Cypris Fm.
revealed vein-like structures indicating CO; ascending pathways with potentially
mineral alteration and precipitation. These features were siderite-rich veins and bubble
structures in the Main Seam Fm. and small fractures, dykes and sills with sediment
color changes in the Cypris Fm. The CO> blow out during the drilling campaign
occurred at the transition from the Cypris Fm. to the underlying Main Seam Fm. This
indicates that a carbonate layer (about 30 cm thick) found at this transition or the
lacustrine sediments itself act as a sealing layer for the low-permeable CO»-saturated
saline aquifer in the upper Main Seam Fm. resulting in a zone characterized by a high

CO2 pore pressure (Figure 8a).

3.4.2 Bulk carbon and nitrogen

Carbonates were detected in all three lithological units expressed as total inorganic
carbon (TIC) (Figure 8b). In the Paleozoic basement and the Main Seam Fm. the
carbonates were dominated by zoned siderite spheres and veins that could have been
precipitated from the low-permeable CO»-saturated saline aquifer. At the transition

from the Main Seam Fm. to the Cypris Fm. carbonates were essentially absent except
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for the thick (30 cm) carbonate layer at 78.5 mbs. In the Cypris Fm. calcite
predominated pointing to an origin from the lacustrine environment which was

supported by the finding of ostracod shells.
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Figure 8 a) Stratigraphical and lithological description of the HartouSov mofette core HIB-1 (2016)
between 65 and 95 mbs based on visual inspection of the sample material and data from Bussert et
al. (2017). Depth profiles of bulk sedimentological parameters showing b) total inorganic carbon

(TIC), c) total organic carbon (TOC), d) total nitrogen (TN), €) bulk 8'*Corg and f) the TOC/TN

ratio.

Organic matter was not detected in the Paleozoic basement. TOC contents of the Main
Seam Fm. ranged between 0.2 % and 2.3 %. After a small increase, the TOC contents
remained relatively constant at ca. 1 % before increasing to 2.3 % at the top of the Main
Seam Fm. (Figure 8c). In the overlying lacustrine Cypris Fm. the TOC contents were
significantly higher and show strong fluctuations between 2.3 % and 10 %. Bulk §'3Cor,

data also changed with the lithological transition from the Main Seam to the Cypris Fm.
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showing relative constant values around -24 %o in most parts of the Main Seam Fm. and
a strong decrease down to -30 %o at the top (Figure 8e). In the Cypris Fm. the organic

carbon isotope signals fluctuate between -31 %o and -27 %o.

The total nitrogen content (TN, Figure 8d) was mainly positively correlated with the
TOC content (R* = 0.98). Values were low in the Main Seam Fm. ranging between
0.01 % and 0.04 % and increase at the top. In the Cypris Fm. TN values were
significantly higher ranging between 0.08 % and 0.32 %. The TOC/TN ratio ranged in
the Main Seam Fm. between 45 and 75 and in the Cypris Fm. between 26 and 41
(Figure 8f).

3.4.3 Microbial biomarker signals

Hopanoids, representing membrane regidifiers and ordering components in bacterial
cell membranes (Sdenz et al., 2015), could be detected as unsaturated hopenes
(22,23,30-trisnor-17(21)-ene, 30-norhop-17(21)-ene, hop-17(21)-ene, neohop-13(18)-
ene) and saturated hopanes with the steric 17B(H), 21p(H)-, 17B(H), 21a(H)- and
170(H)B(H)-configuration (BB—Ca7, BP—Cz, Po—Cao, BP—Cso, af—Cso, PP—Csi,
Ba—Csi1, af—Cs1R, af—C31S) (Figure 9b). In the Paleozoic basement, hopanoids were
essentially absent. In the Main Seam Fm. the hopanoid signal was usually low and
dominated by the af3-C31R-hopane. However, at the top to the Main Seam Fm. the
hopanoid concentrations especially the af-CsiR signal distinctly increased to the
highest values in the entire investigated core interval (Figure 9b). In the Cypris Fm.,
hopanoids were generally more abundant than in the Main Seam Fm. (with exception
of the top part) and hop-17(21)-ene supplemented by PPB-hopanes were the
predominating hopanoid compounds (Figure 9b). The §'3Chopanoia values in the Main
Seam Fm. plotted in a range between -22 %o and -37 %o and shifted to significantly
lower values between -42 %o and -60 %o in the Cypris Fm. (Figure 9c¢).
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Figure 9 a) Stratigraphical and lithological description of the HartouSov mofette core HIB-1 (2016)
and depth profiles of b) the hopanoid distribution and its relative abundance (%), ¢) '*Chopanoids Of
different hopanoids and d) archaeol, crenarchaeol, the sum of isoGDGTs-0 and isoGDGTs-1 and
the sum of all branched GDGTs.

GDGTs are known to derive from membrane lipids of soil bacteria (branched
(br)GDGTs) and aquatic archaea (isoprenoid (iso)GDGTs) (Schouten et al., 2013).
Both GDGT types were absent in the basement and occurred at low concentrations with
similar proportions (1 to 20 ng gSed™!) in most parts of the Main Seam Fm. (Figure
9d). At the top of the Main Seam Fm. branched GDGTs significantly increased to
382 ng gSed™!. Subsequently, the highest relative concentrations of branched GDGTs
and isoprenoid GDGT-0 and -1 occurred in the Cypris Fm. ranging between 100 and
950 ng gSed!.  Archaeol and Crenarchaeol showed low concentrations
(0.5t0 11 ng gSed™! and 1.5 to 67 ng gSed™") and only appeared at the top of the Main
Seam Fm. and in the Cypris Fm. (Figure 9d).
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In contrast to the hopanoids and GDGTs both representing past microbial biomass,
intact polar lipids (IPLs) provide information on present microorganisms, since these
biomarkers are only stable in living microbes over longer periods (White et al., 1979;
Zink et al., 2003). The chromatogram of IPLs revealed no common phospholipids, but
a double peak which represented to the best of our knowledge two yet unknown lipid
compound groups. These groups were tentatively referred to as compound group A and
B (Figure 10a). The mass spectra of these two compound groups showed a cluster of
six individual mass peaks with a maximum at m/z 631 or 617, respectively (Figure 10b
and 10c). The masses differed by 14 mass units indicating an increase of the lipid side
chain length by a CHz-group. The individual masses of the two compound groups were
essentially the same indicating the same elemental composition. This and the close
vicinity of the chromatographic signals suggested that these compounds bear the same
head group but show different configurations in their side chains (e.g. OH-group vs.
ether-group), causing slightly different elution behaviors. Microbial membrane lipids
usually consist of a polar head group and two long-chain ether or ester side chains
linked to a glycerol backbone (Mangelsdorf et al., 2019). To elucidate whether ester
bond fatty acids formed the lipid side chains, MS-MS and saponification experiments
(polar lipid fatty acid (PLFA) analysis) were conducted indicating that the side chains
are not ester bound fatty acids and that alkyl and ether bound side chains are more
likely. The Orbitrap MS allowed high-resolution analysis of the unknown compounds
resulting in a proposed elemental formula. This together with the isotope patterns of the
individual molecular masses indicated the presence of sulfur (**S-isotope) presumably
a sulfonic acid (R-SO»-OH) as the head group part. An example for the suggested lipid
structure for the mass peak at 617 m/z within compound group A is shown in Figure
10d and further experiments have to be conducted to determine the full structure of

compound groups A and B.
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Figure 10 a) HPLC chromatogram of two yet unknown groups of intact polar lipids (IPLs) referred

to as compound group A and B. The associated mass spectra b) and c¢) show both a cluster of six

individual mass peaks differing by 14 mass units with a maximum at m/z 631 or 617, respectively.

d) Suggested lipid structure for the mass peak at m/z 617 of compound A.

Both lipid groups were almost absent in the basement and Main Seam Fm.

(0—7.6 ng/gSed; Figure 11g). However, they showed their highest abundance

(475.2 pg/gSed) at the top of the Main Seam Fm. with its high CO, pressure. In the

Cypris Fm. the signal decreased significantly again but was still a bit higher in CO>

influenced core intervals (up to 116 pg/gSed; Figure 11g).

79



3 Microbial signatures from a deep saline CO2-saturated aquifer of the HartouSov mofette system (Eger Rift, NW

Czech Republic)

“(s1d1) spidi Jejod 3oe3u1 (3 pue WSIjoqeIdW JIAY} 03 303dsaT YPIm BIOUIS o1y10ads

(G “spa9] (9% S<) snuad (o pue wnjAyd uo ainjonys Ayrunuwwod Ay} (p ‘s9dIpul HH uouueys pue H uouueys ay} (9 ‘stoqunu Adod ouo3d YN !

S91 [eud)orq (q Jo sopyoxd yidop pue (9107) 1-9rH 9100 a139jow AosnojeH oy} Jo uonduosap [esrdojoyyn] pue [eoydeidnens (e 1 3an3diyg

(anyns) eooeqoynseq [l
(anyns) sevownnyns [l
(anyns) wnanounyng [l
(sueyjew) eurniesoueyialy .

pamynoun ‘eesoeqydoiiyep [l

sajopiossioeg [l

umousjun ‘eesoepeuowewo) [l (%S> eikud) seuo [l eusjoeqouncy [l

paimynoun ‘eesoepeuowewod [l

paubisseun il  e1oseyosewney [l

wnusjoegenby o |

(uox) e [ [ |

BIBUSD PaIE|a) 99AD-SUBYIS| @ -UOJ| “~InNg

I 0 [
(% G<) snueg

ud [ ejoeeyoiefing [l

a1njonns UOREIBIN PINIA bouey _NW weos oy [ wwos 7

amssaig ‘oo usr [ wnsdfo mcoww:mm_m =

uopeuLod |I0S-03jed § ajeuoqie) I auojspniy I

sonojwy [l ejoseyosedyieg [
|aAa7 winjAyd 1e aimonuis Ajunwwo)

g punodwo) -@- I — | B d 83 pinid o ® ey uwquEJn_ wouy
v punodwod - @ - | | B P nd sk pingg Y o ® WQ_QENW J8)eMpunols)
® e ® _ g2
N
[ N ] ® o
® 23
® e o ‘
] =
' e o > g5
” » m S
S . o 2 : §
[ ] 0} | 2 8 3
i > 3
i 3 7
| (N} Jeynby eujjes O > % 2 3
[ [} [ ] pejeinjes- 09 © o 2
. Hy.& ® ajqeawad-mo| ® S
- C AR ) o % e )
o¢ @ &  nomoa0d el | 3
L4 [ X ] =
o L] . <
/,,, m
Y 3L
s 73
- ® &7
o — & o0 o 23
/ | T | o0 “
o oo @ §
o oo ®
» e P e, o
U O N N At A . A A P 0 A L s
00S 0oy oog 00z 00k 0 8 9 14 4 004 08 09 or 0z 0 004 08 09 oy 0z 0 L 2 5 K
(PoSB/Br) s (%) @ouepunqy o4 (%) SouEpUNaY oY (%) ouepunqy “joy s owcme_wmw Hm\,” 6 i P mmt mm_nm._.s_._v
BJIBUSL) palelal 8]9hD (% G<) shuso) jona wnjhud je Xepul H3 uouueys : £d *
-aueyja\ % -uol| ‘-unyng ainonus Ajlunwwo) Xdpul H uouueys SlsquinN Adog susH
VNYJ S9| |eusioeg
(R (1 (a (n (n (a (e

80



3 Microbial signatures from a deep saline CO2-saturated aquifer of the Hartousov mofette system (Eger Rift, NW
Czech Republic)

3.4.4 Abundance of microorganisms

The bacterial 16S rRNA gene copy numbers could not be quantified for all investigated
samples, but revealed results between 10* and 10° 16S rRNA gene copies g wet
sediment for a substantial portion of the samples in the Paleozoic basement, the low-
permeable CO;-saturated saline aquifer in the upper Main Seam Fm. and in the upper
part of the investigated Cypris Fm. showing fluid migration structures (Figure 11b).
The fluid filter samples from the pump test contained gene copy numbers ranging

between 107 and 10® 16S rRNA gene copies L' (Figure 11b).

3.4.5 Microbial community composition

The alpha diversity of the microbial community for the whole lithological profile was
expressed by the Shannon H index (diversity) ranging between 1.9 and 3.3 and the
Shannon EH index (evenness) ranging between 0.2 and 0.5 (Figure 11c). Relatively
higher Shannon H and Shannon EH indices were detected in the Paleozoic basement,
the Main Seam Fm. and at the bottom of the Cypris Fm. In the upper investigated Cypris

Fm. the Shannon H and EH indices were lower, but similar to the fluid filter samples.

The relative abundance of each phylum in the community structure was demonstrated
by the percentage of total sequence reads (Figure 11¢). The composition of the bacterial
community in the lithological units was strongly dominated by Proteobacteria (78.2 %)
and in addition contained Bacteroidetes (5.8 %), Actinobacteria (3.8 %) and Firmicutes
(3.0 %) in the Paleozoic basement and Main Seam Fm. Archaea were represented by
the phyla Bathyarchaeota (0.6 %), Euryarchaeota (0.3 %) and Thaumarchaeota
(0.3 %) mainly in minor amounts at the transition from the Main Seam Fm. to the Cypris

Fm. characterized by a higher CO; influence (Figure 11d).

The community of the groundwater filter samples from the pump test was also

dominated by Proteobacteria (92.2 %) accompanied by low amounts of Bacteroidetes
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(4.3 %) and showed similarities to the community structure of the upper lacustrine

sediments (Figure 11d).

The genera with a relative abundance of more than 5 % within the mofette system
revealed a predominance of the families Comamonadaceae and Methylophilaceae,
which both belong to the phylum Proteobacteria (Figure 11e). The identified genera
of Comamonadaceae were Acidovorax (8.1 %), Aquabacterium (6.1 %) and uncultured
(4.7 %) and unknown Comamonadaceae (16.0 %) and occurred in the sediment and
groundwater filter samples. All investigated Methylophilaceae were uncultured genera

(18.8 %) and only appeared in the sediment samples (Figure 11e).

In general, nearly the whole lithological profile was dominated by unknown
Comamonadaceae and uncultured Methylophilaceae genera. In addition, minor
amounts of Acidovorax, Aquabacterium and uncultured Comamonadaceae genera were
detected in the upper Main Seam Fm. with the low-permeable CO,-saturated saline
aquifer. Subsequently, the above described general community structure was in the
Cypris Fm. intercalated with sections characterized by a predominance of Acidovorax,
Aquabacterium, uncultured and unknown Comamonadaceae genera as well and only
minor amounts of uncultured Methylophilaceae genera. The community structure of
these intercalations was comparable to the community of the groundwater filter samples
which certainly contained only low amounts of Aquabacterium and no uncultured

Methylophilaceae genera (Figure 11e).

Regarding the findings of the deep environmental setup of the investigated lithological
profile (Bussert et al., 2017) and results from previous microbiological surface
investigations from the HartouSov and Bublak mofette systems (Beulig et al., 2015;
Krauze et al., 2017; Liu et al., 2018) microorganisms involved in the sulfur-, iron- and
methane-cycle could be expected (Figure 11f). Generally, the Illumina 16S rRNA gene
analysis revealed low abundances of these genera. Sulfur-cycle related genera were
represented by the abundance of sulfur-oxidizing Sulfuricurvum and Sulfurimonas

showing a predominance of Sulfuricurvum in the sediments and a predominance of

82



3 Microbial signatures from a deep saline CO2-saturated aquifer of the Hartousov mofette system (Eger Rift, NW
Czech Republic)

Sulfurimonas in the groundwater filter samples (Figure 11f). Sulfate reducing bacteria
were rare and the only detected genus was Desulfobacca restricted to the groundwater.
A mentionable iron-cycling related genus was the iron oxidizer Gallionella also
restricted to the groundwater filter samples. Methanogens were represented by
Methanosarcina and Methanosaeta and had been found at the base of the Cypris Fm.

(Figure 11f).

The analysis of the Beta diversity compares the microorganism distribution within the
lithological profile and was obtained by non-metric multidimensional scaling (NMDS)
with calculating the Bray-Curtis dissimilarity (Figure 12). The microbial communities
of the different lithological units formed two clusters. The first cluster was
characterized by major core segments with predominating unknown Comamonadaceae
genera and uncultured Methylophilaceae genera within nearly the whole lithological
profile. The second cluster comprised the intercalated core sections within the Cypris
Fm. and the groundwater filter samples with a predominance of Acidovorax,
Aquabacterium and uncultured Comamonadaceae genera. Additionally, from each
lithological unit one sample was not included in these clusters (samples at 77.2 mbs,

84.2 mbs and 92.5 mbs). These samples had a high Shannon H index in common.

3.5 Discussion

3.5.1 Depositional environment and past microbial signatures

Based on the lithological description by Bussert et al. (2017) the Early Miocene Main
Seam Fm. is characterized by terrestrial sediments deposited in a swamp environment.
This is confirmed by the low TN values, the high TOC/TN ratio and the bulk 8'*Corg
values at -26 %o indicating that vascular C3 plants are the major source of organic
matter (OM) (Meyers, 1997, 2003) (Figure 8). Two intervals of paleo-soil and peat
formation at the bottom and the top of the Main Seam Fm. are suggested from the
abundance of roots, peat and charcoal in the sample material (Figure 8a) as well as

increases in the TOC contents (Figure 8c).
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Figure 12 Beta diversity obtained by non-metric multidimensional scaling (NMDS) based on the
Bray-Curtis dissimilarity to compare the relative abundance of microorganisms within the samples
concerning their distribution within the lithological profile, i.e. Paleozoic basement, Main Seam Fm.

and lacustrine Cypris Fm. as well as the groundwater of the deep CO,-saturated aquifer.

The Early Miocene Cypris Fm. is described as a lacustrine deposit which is
lithologically more heterogeneous and revealed phases during which carbonate
precipitation interrupted the prevailing siliciclastic sedimentation (Bussert et al., 2017).
The high and fluctuating TOC contents point to changes in OM production related to
changing environmental conditions (Figure 8c¢). Fossil ostracod shells and higher TN
values indicate planktonic biomass (Figure 8a and 8d) (Meyers, 1997, 2003).
Compared to the Main Seam Fm. the TOC/TN ratio is significantly lower, but with
values between 25 and 40 still in the range of land plant material (Figure 8f). This
indicates that the lacustrine OM is a mixture of autochthonous aquatic and

allochthonous terrestrial biomass.
The hopanoids, representing dead microbial biomass, show indeed increased

abundances during the intervals influenced by higher CO, concentrations making on a

first view the impression that the hopanoid distribution is linked to the CO> occurrence.

84



3 Microbial signatures from a deep saline CO2-saturated aquifer of the Hartousov mofette system (Eger Rift, NW
Czech Republic)

However, the compositional change of the hopanoid types from the Main Seam Fm.
(ap—C31R-hopane dominated) to the Cypris Fm. (Hop-17(21)-ene dominated) suggests
that the hopanoid distribution is rather the result of hopanoid preservation during the
time of deposition. This is confirmed by the shift in the §'*Chopanoia values (Figure 9¢)
showing a clear decrease related to the transition from the Main Seam to the Cypris Fm.
and not to the occurrence of increased CO; concentrations. Compared to the bulk
8"3Corg, the relatively similar 8'3Chopanoia signal in the Mean Seam Fm. points to a
heterotrophic degradation of terrestrial OM and the dominance of af3-C31R-hopane is
associated with bacteria known from terrestrial and more specific peat environments
(Quirk et al., 1984; Huang et al., 2015; Inglis et al., 2018). In contrast, the decrease of
the 8'°Chopanoid signal in the Cypris Fm. indicates that aerobic methanotrophs might
have formed a significant part of the source bacteria for the deposited hopanoids

dwelling on microbially derived methane at the water-sediment interface (Nealson,

1997; Whiticar, 1999; Hoefs, 2018).

A similar picture, resulting from the depositional environment can be seen from the
depth distribution of the GDGTs. The upper Main Seam Fm. is dominated by branched
GDGTs (brGDGTs) characteristic for soil and swamp environments (Figure 9d)
(Weijers et al., 2007; Weijers et al., 2010; Schouten et al., 2013). The lacustrine Cypris
deposits show high but fluctuating amounts of isoprenoid GDGTs (isoGDGTs) and
brGDGTs representing a mixture of aquatic microbial biomass produced in the lake and
terrestrial biomass from the catchment area (Weijers et al., 2007; Weijers et al., 2010;
Schouten et al., 2013), respectively. The relatively high brGDGT content might reflect
good preservation conditions within the lake. Abundant isoGDGTs point to the
presence of aquatic methanogenic and methanotrophic archaea (Schouten et al., 2013;
Naceher et al., 2014; Bale et al., 2019). Both, the results from the GDGT and hopanoid
analysis indicate that methane cycling processes particularly of methanogenic and
methanotrophic archaea and methane oxidizing bacteria (hopanoid signal) play a

significant role within the lake (Figure 9c).
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Overall, this shows that the biomarkers representing dead microbial biomass rather
represent ancient microbial communities during the time of deposition and that they
cannot be used to elucidate the signal of the present deep biosphere. This might already
indicate that the currently living microbial community is rather small leaving only small

traces in the sediments.

3.5.2 Deep biosphere structure and lipid markers in the CO:-saturated

mofette system

The investigation of the microbial DNA in the deep subsurface of the HartouSov
mofette system (65 to 95 mbs) revealed a limited abundance but unique distribution of
the microbial community. In comparison with findings from shallow mofette sediments
of the same location (Liu et al., 2018), relatively low bacterial 16S rRNA gene copy
numbers are determined for the deep biosphere communities (deep subsurface: 10* to
10° copies g! wet sediment; surface: 107 to 10° copies g! wet sediment; Figure 11b).
Regarding the relatively equal distributed microbial abundance in both profiles, the
lower microbial abundance in the subsurface can mainly be attributed to a low pore
space of the lithology, the saline CO-saturated groundwater and a missing influence of
meteoric waters (Bussert et al., 2017). Compared to the surface (Liu et al., 2018), the
lower microbial diversity expressed by a low Shannon H index and its correlating
Shannon EH index (evenness) (Figure 10c) points to a smaller but well adapted
community in the deeper part of the mofette system. The dominance of Proteobacteria
(Figure 10d) and therein high amounts of uncultured or even unknown genera of the
families Comamonadaceae and Methylophilacea hint to a very specialized community
that occurs independently from the background lithology over the whole depth profile
(Figure 10e). This similarity might indicate, that the ascending CO;—saturated and
saline groundwater acts both as transport mechanisms and main ecosystem shaping
factor for the deep biosphere. However, the relatively high abundance of uncultured
Methylophilaceae genera is restricted to most of the lithological samples (Figure 10e)

pointing to a more lithoautotrophic lifestyle of these genera and since the groundwater
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is COz saturated (Bussert et al., 2017) these uncultured Methylophilaceae genera may

have a sedentary lifestyle.

Within this major deep ecosystem, we find two additional distinct minor niches. The
first one is a transition zone at the bottom of the Cypris Fm. characterized by a strong
rising TOC content and a high CO2 concentration related to CO> accumulation and
migration from the below located CO»-saturated aquifer (Figure 8a and 8c). Therein
both potentially produced acetate from organic matter degradation and the ascending
CO: might act as substrates for abundant methanogenic archaea, namely Methanosaeta
and Methanosarcina (Zinder et al., 1985; Patel and Sprott, 1990) (Figure 11f). At this
interval part of the isoGDGT past microbial signal representing methanogenic archaeal
biomass (Schouten et al., 2013; Nacher et al., 2014) might also derive from the current

deep biosphere (Figure 9d).

The second type of identified distinct minor microbial ecosystem is a couple of small
habitats in the form of intercalations within the Cypris Fm. (e.g. 66.7 mbs, 68.4 mbs,
70.6 mbs and 77.1 mbs) being characterized by a higher relative abundance of the
genera Acidovorax and Aquabacterium which correlate with fluid migration structures
mentioned in the lithological description from the subsampling (Figure 11a and 11e,
Supplementary Figure S1c). The microbial community of these intercalations is
relatively similar to that of the groundwater filter samples (Figure 11e) and both sample
types correspond to the same cluster obtained from the beta diversity analysis (Figure
12). This leads to the interpretation that these zones represent a higher influence of fluid
migration which might be caused by a locally increased pore space of the commonly

argillaceous sediments.

Mu et al. (2014) reported a general shift from Firmicutes to Proteobacteria and therein
a mainly high increase of members in the family Comamonadaceae after pumping a
mixture of supercritical CO, and groundwater into the Paaratte sandstone aquifer
(Southern Australia). Furthermore, Ham et al. (2017) also reported a predomination of

Comamonadaceae in a CO2-dominated aquifer from South Korea and Krauze et al.
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(2017) detected members of Comamonadaceae in wet mofettes of the Cheb Basin close
to the HartouSov site as well. Thus, the dominance of members from the family
Comamonadaceae in the deep successions of the Hartousov mofette seems to reflect a
typical microbial community for CO; influenced sediments and good adaptation
potential of the identified community to the prevailing conditions. Hence, our study
assumes that some members of Comamonadaceae, especially the determined sequences
of uncultured and unknown genera as well as Acidovorax and Aquabacterium are very
adoptive to CO2-dominated ecosystems and can be suggested as an indicator for such

environments.

From a chemolithoautotrophic perspective, a highly adopted community is indicated by
the abundant occurrence of the genus Sulfuricurvum which was detected in higher
amounts by Gulliver et al. (2018) after a CO» injection into a freshwater aquifer at Plant
Daniel in Escatawpa (Massachusetts, USA). Moreover, the genus Sulfurimonas was
also found in surficial pools of several mofette systems within the Cheb Basin (Krauze
et al., 2017) and a CO»-driven geyser on the Colorado Plateau (Utah, USA) (Probst et
al., 2018). Thus, Sulfuricurvum and Sulfurimonas occurring together with high SO4*
contents in groundwater might represent indicator organisms for CO: influenced

ecosystems.

Common intact phospholipids (PLs) and their corresponding fatty acids (PLFAs) have
not been detected in significant amounts in the investigated sediments, which is in
contrast to the finding of bacteria using the DNA approach. The reason for the lack of
these major bacterial membrane lipids might be the generally low abundance (< 10°
gene copy numbers per g' wet sediment) of the microbial community in the

investigated interval (Figure 11b).

However, two uncommon and previously unknown intact polar lipid groups (A and B)
are detected (Figure 10a and 11g) in the sediments of the Main Seam and Cypris Fm.
The first structural assessment suggests that they bear a sulfur-containing head group

(presumably a sulfonic acid group) and ether- or alkyl-linked long hydrophobic side
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chains. This would also explain why they were not detected during the PLFA analysis
targeting ester-linked side chains. The fact that two clusters of up to six compounds
representing individual lipids with the same head group but different side chain lengths
(-CH;- differences) were detected, which point to the origin of these lipids from bacteria
or a single bacterium. Archaea also contain ether-linked side chains, but they do not
show this side chain length variability (Mangelsdorf et al., 2019). Due to the ether-
linked side chains with its higher stability against initial degradation, it might be argued
that the potential of these IPLs to act as a life marker is restricted (Logemann et al.,
2011). However, these IPLs show their highest concentration in the sediments with
increased CO> abundance especially below the interface between the Main Seam and
the Cypris Fm. This suggests that the source bacteria are related to the high CO>
concentrations in the deep subsurface of the HartouSov mofette and that the new IPLs
act here as a life marker for some specifically adapted bacteria. A direct link to the DNA
results could not be drawn based on the lipid and microorganism profiles (Figure 11)
and further analysis has to be conducted to elucidate the exact structure and origin of

these uncommon membrane lipids.

3.6 Conclusion

The lithological setup of the deep Hartousov mofette system (65 — 95 mbs) represents
a paleoenvironmental change from a terrestrial swamp-like to a lacustrine ecosystem.
This system became overprinted by migration and accumulation of geogenic CO2 which

forms a potential habitat stimulating deep microbial life.

Past microbial lipid biomarkers essentially reflect the environmental conditions during
the time of deposition and they cannot be used to trace the deep biosphere at the
HartouSov Site. This already indicates that the current biosphere signal in the deep

mofette system is rather small compared to the paleo microbial biomass.

The overall low abundance of microbial signatures from the deep biosphere in the

HartouSov mofette system suggests that mainly related to the low pore space of the
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lithology, the low-permeable CO--saturated aquifer interval does not reflect a hotspot
for deep microbial life as might be expected from a substrate point of view. However,
the data indicates that related to the ascending CO; a specialized microbial community
developed with a depth distribution independent from the lithology over the whole
explored core interval. In addition, our results imply that the high relative abundance
of Acidovorax and Aquabacterium, members of uncultured and unknown genera of the
family Comamonadaceae as well as the occurrence of Sulfuricurvum and Sulfurimonas
together with high sulfate contents in the CO;-saturated groundwater can be indicative
for CO2-dominated deep subsurface ecosystems. A cluster of yet unknown intact polar
membrane lipids indicates the presence of microbial life associated with higher
accumulations of COz in the deep subsurface of the HartouSov mofette. These lipids

show the potential to act as biomarkers for such environmental settings.
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4 Direct link between earthquake and subsurface

microbial methane production

4.1 Abstract

The HartouSov mofette field is situated in a seismically active area in the Cheb
Basin/Czech Republic, which is located in the western part of the Eger Rift, central
Europe. During seismic events, released H> may serve as the electron donor for
microbial hydrogenotrophic processes, such as methanogenesis. In the present study,
we aimed to strengthen the hypothesis that seismic events can trigger methanogenesis
by conducting laboratory simulation experiments with sediments down to 94.7 m at the
Hartousov mofette field. The laboratory simulation experiments show that after the
addition of hydrogen, substantial amounts of methane were produced in incubations
with mofette sediment. The methanogenic hydrogenotrophic genera Methanobacterium
was highly enriched during the incubation. The modeling of the in-situ observation of
the earthquake swarm period in 2000 at the Novy Kostel focal area/Czech Republic and
our laboratory simulation experiments reveals a close relation between seismic
activities and biological methane production via earthquake-induced H> release. We
thus conclude that H> — which is released during seismic activity — can potentially
trigger methanogenic activity and thus microbial life in the deep subsurface. Based on
the conclusion, we further hypothesize that the hydrogenotrophic early life originated
in hydrothermal vents was boosted by the Late Heavy Bombardment induced seismic

activity in approximately 4.2 to 3.8 Ga.

4.2 Introduction

In general, microbial growth in the deep terrestrial biosphere is restricted by anaerobic
conditions, the lower availability of water, and the exchange and support of substrates,

such as organic carbon (Kallmeyer and Wagner, 2014). The deep subsurface biosphere
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is considered supported by geological energy sources that migrate upward from the
Earth’s mantle (Gold, 1992). The availability of the electron donors and acceptors
necessary for microbial processes usually decreases with sediment depth (Froelich et
al., 1979; Middelburg, 1989). At greater depth, electron acceptors such as Oz, NOs3,
Mn*, Fe*", and SO4>" become depleted, and Ha becomes the major controlling and
limiting factor for microbial activity in the terrestrial deep biosphere (Stevens and
McKinley, 1995; Nealson, 2005; Spear et al., 2005). Molecular H> can be produced not
only during fermentative processes and the radiolysis of water (Vovk, 1987; Savary and
Pagel, 1997; Lin et al., 2005) but also by water-rock interactions and tectonic activity
(Stevens and McKinley, 1995; Chapelle et al., 2002). Furthermore, molecular H» has
been observed to be released in connection with tectonic stress (Sugisaki and Sugiura,
1985) and may, therefore, act as an indicator of fault activity (Wakita et al., 1980; Sato
et al., 1986). During earthquakes, H> has been experimentally demonstrated to be
capable of being generated by a mechano-chemical reaction between groundwater and
fresh surfaces of crushed rock material (Kita et al., 1982). Following the idea that
seismicity influences the availability of H» in the subsurface, Brauer et al. (2005)
hypothesized that seismic events may mobilize H> and trigger methanogenesis. The
hypothesis was based on the observation that the H> concentration — and subsequently
the concentration of biogenically produced methane — had increased in the emanating
gas at a wellhead at Wettinquelle, Bad Brambach/Germany after the 2000 earthquake
swarm period (Figure 1A). The shift of the §'*CHj values indicated a microbiological
origin of the emanating methane, which had presumably been produced by
hydrogenotrophic methanogens, in the deep fissured granite where the Wettinquelle
was captured using stress-released H> as an energy source (Brduer et al., 2005).
Previous studies revealed hydrogenotrophic methanogens were detected in shallow
sediments in the Cheb Basin (Beulig et al., 2016; Liu et al., 2018), but it remained

unclear whether they were related to hydrogen released by seismic activity.
In this study, we now provide evidence that methanogenic archaea in the diffuse

degassing structure (DDS) of Hartousov mofette field (HMF) responds to a temporally

increased availability of hydrogen, as expected after an earthquake activity. The
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methanogenic activity was estimated in experiments with sediments retrieved from
coring that reached a depth of up to 108.5 m below surface level (Figure 1B) where the
sediments were anaerobically incubated under varying gas compositions (mixtures of
CO2, N2, and H») in the headspace to simulate the influence of seismicity on the
microbial methane production activity. Based on these experimental results, we show
that the observed methane increase after the 2000 swarm activity can be very well fitted

through a simple quantitative model.

4.3 Geological, geophysical, and geomicrobiological settings

The Cheb Basin (Czech Republic) is a shallow Neogene intracontinental basin filled
with fluvial and lacustrine sediments (< 350 m thick; Figure 1A), which is well-known
for the recurrence of intense seismic swarms related to fluid pressure buildup (Hainzl
and Ogata, 2005; Fischer et al., 2014). Those highly active seismic episodes lasting for
weeks with thousands of recorded small earthquakes lastly occurred in 1985/86, 2000,
2008, 2011, 2014 and 2018, all activated a distinct part of the Novy Kostel fault zone.
Particularly, the year 2000 swarm, with its more than 7000 events in the magnitude
range between 0 and 3.3 (Fischer, 2003) is of interest, because of the close-by,
continuous fluid monitoring (free gas + water) at the same time (Briuer et al., 2005;

Bréuer et al., 2007).

The Cheb Basin is known for its large-scale degassing of mantle-derived CO2 (> 99%)
— which is combined with traces of gases (e.g., He, No, Ar, and CH4) — due to
magmatic activity beneath the crust (Kdmpf et al., 2013; Hrubcova et al., 2017). 56,6
tons of CO» is estimated to be released every day at the diffuse degassing HartouSov
mofette field over an area of 0.78 km? (Nickschick et al., 2015). The emanating mantle-
derived gas has created specific diffuse degassing structures on the surface soil, which
are called “wet” mofettes if gas is bubbling through the water at the surface and “dry”
mofettes if gas escape at the soil of grassland or forest areas (Kdmpf et al., 2013). DDS
is controlled by fluid migration in fault zones (Nickschick et al., 2015) and can be

analogs to the deep subsurface in terms of restricted availability of oxygen and
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hydrogen (Liu et al., 2018). Moreover, the upstreaming fluids have been suggested to
provide substrates for microbial life not only in the near-surface mofette soil but also in
the CO> conduits of deep subsurface sediments (Krauze et al., 2017). Therefore, the
microbial communities of both shallow and deep DDS sediments may depend on

substrates originating from the deep subsurface.

4.4 Cultivation based earthquake simulation experiment

To prove whether methanogenic archaea can use both the CO; supplied by the
upstreaming mantle-derived fluids and the H» provided during seismic events as a
source of carbon and energy respectively, we performed cultivation-based simulation
experiments under controlled environmental conditions with shallow and deep
originating DDS sediment (Figure 13). No methanogenic activity was observed in
simulation experiments without hydrogen as an additional substrate. Combined with
the long-term observations of the gas composition by (Bréuer et al., 2005), during times
with no measurable seismic activity, the in-situ methane production can be deemed
negligible due to the lack of hydrogen as a substrate. After the addition of hydrogen to
the incubations (which simulates the side-effects of seismic activity), methane
production in the shallow sediments (< 2.95 m) began after a lag phase of 28-42 days.
The lag phase observed during the incubations of the mofette soils is shorter than the
observation in the field (Brduer et al., 2005), because this lag phase only represents the
time that the methanogenic population needs to grow and adapt to the changing
conditions and the production of key enzymes but does not include the time for H» and
in-situ methane transport. The 16S rRNA Illumina sequencing revealed that the
microbial community structures were significantly influenced by the addition of
hydrogen to the headspace (Figure 14). After the addition of hydrogen, Euryarchaeota
showed a strong increase in relative abundance and became the dominant Archaeal
phylum in all three active samples and sequences affiliated with the hydrogenotrophic
genera Methanobacterium (Smith et al., 1997) was the most abundant genera within the

Euryarchaeota.
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Figure 13 During the simulation experiments of earthquake swarms, methane was not produced in

the “pre-earthquake” phase before hydrogen was supplied. Vast methane production (maximum

16.92 nmol-d!-g! wet soil) in the incubations from the shallow mofette sediments occurred between

28 and 35 days after changing the headspace gas phase from N»/CO; to Ho/CO» (A). The incubations

from deep subsurface material indicate only five samples have observable methane production,

therefore the rest twenty-nine samples were not illustrated. The active methane production layers

have a much longer lag phase (around 70 days), a much lower methane production rates (2.93

nmol-d! g'! wet sediment) and a much larger standard deviation compare with that of the shallow
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mofette sediments due to the extremely low number of microorganisms in the deep biosphere of the
HMF (B). The highest measured methane production rates at the reference site (0.67 nmol-d-'-g!
wet soil) were around 20 times lower than those of the mofette and the in vitro methane production
at the reference site was restricted to the uppermost soil layer (< 27 cm) (C). The control groups of
both mofette and reference samples with No/CO- gas in the headspace showed no increase or only

a negligible increase of methane (results are not shown).

The methanogenic activity was also observed in incubations provided with hydrogen
gas for deep subsurface sediments (from 15 to 94.5 mbs). Only five sampling depth
show detectable methane production compare with 34 total sampling depth and the
period of the lag phase between changing the headspace gas composition and the
starting point of methane production in the incubation experiment with the deep mofette
sediment was up to 42 days longer (lag phases between 35 and 70 days) in comparison
with that of the shallow HMF mofette soil (Figure 13B). Additionally, the highest
methane concentration and the highest measured potential methane production rate of
the deep sediments (0.2-2.9 nmol d"! g'! sediment) were significantly lower compared
with that of the shallow mofette samples (1.7—16.9 nmol d! g! soil). This phenomenon
can be explained by the initially extremely low abundance of methanogens at greater
depths as well as by a reduced transport of all substances due to low water- and gas
permeability and entrapment in the heavily compressed, claylike deep sediment (Wang
et al., 1993), which cause a very limited geological H» availability to the methanogens
via subsurface DDS. However, a direct comparison of the lag phases observed in the
simulation experiments under laboratory conditions and the complex in-situ conditions
during earthquakes remains difficult. Although the potential methane production rate is
relatively low, the large extension of the degassing area in the Eger Rift fault system
has to be considered for its large surface area and depth, which extends down to several
kilometers. According to the positive response of the methanogens to the elevated H»
concentration, we conclude that seismic activity can potentially trigger methanogenic
activity by releasing H> and thereby change the gas composition of emanating fluids in

the western Eger Rift region.
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Figure 14 Relative abundances (A: phyla with a relative abundance of at least 5% and B: the most

abundant 5 genera) of the mofette samples with active methanogenesis (0.72 m, 1.05 m and 1.45

m), their relevant control groups after incubations and the original samples without incubations.

Triplicates are merged. Incubations with hydrogen significantly influence the microbial

communities. The common difference caused by sufficient hydrogen supply is the increase of

Methanobacterium, which belongs to the Archaea phylum Euryarchaeota. The relative abundance

of Methanobacterium increases from almost 0 to 26.0 ~ 44.0%.
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4.5 Linking of earthquake activity and microbial response

In accordance with the finding of Hainzl & Ogata (2005), we assume that the
earthquake activity was triggered by earthquake-fluid interactions, where earthquake
ruptures facilitate fluid flow and vice versa. Furthermore, we assume that the
earthquake-related pressure changes at depth are proportional to the energy released by
the earthquakes and that those pressure changes migrate upwards by pore-pressure
diffusion. Direct evidence of such a fluid pressure pulse was found for the 2014 activity
at the same place, where a postseismic pressure change has been observed at the
Hartousov mofette which fits the fluid-driven seismicity migration patterns (Hainzl et
al., 2016). Fischer et al. (2017) showed that the surface observation can be very well
fitted assuming fluid diffusion within a connecting fault zone with high hydraulic
diffusivity of 12 m?/s. Here we use the same values (8 km distance and D = 12 m?/s) to
model the pressure changes at a depth of 50 meters, as a representative value for the
depth of the microbes. The pressure pulse is expected to open existing fractures and
mobilize Hz of the surrounding rock. Thus Ha(t) is simply assumed to be proportional
to the pressure pulse induced by the observed seismicity (Figure 15C). The additional
Ha(t) leads to a blooming of the microbe population and CH4 production, according to
our simple microbial growth model described in the methods part. The transport of the
CHy4 to the surface is again assumed to follow a diffusion process with the same
hydraulic diffusivity. Figure 15E shows the fit of the full model based on seismic
activity. Here we use T = 20 and Tiag= 35 days according to the calibration test for the
depth range between 40 to 80 m, thus the factor X is the only free parameter which
affects the shape of the expected CHa-response function. The good fit of our simplified
model to the field observations is a strong indication that the seismic activity caused H»

releases which finally triggered the growth of hydrogenotrophic methanogens.
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assumed depth level of the microbes (50m) is shown in blue; (D-E) observed values at the surface.
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In (E), the red line refers to the normalized response which adds to the background CHjs-level

according to our simplified model.

4.6 The impact of early life

It is believed that life arose on Earth before 3.5 Ga (Schopf, 1993; Schopf, 2006) after
the formation of the oceans; approximately in the same period when a critical event - the
Late Heavy Bombardment (LHB) - is suspected to have happened between 4.1 and 3.8
Ga (Tera et al., 1974). During this interval, a disproportionately large number of
asteroids have collided the earth (Claeys and Morbidelli, 2011). Despite the debate of
the existence, the LHB was considered catastrophic to the environment (Maher and
Stevenson, 1988; Oberbeck and Fogleman, 1989; Sleep et al., 1989; Chyba, 1993).
However, recent studies estimated that the energy input from impact asteroids is not
enough to evaporate the ocean and sterilize the planet (Valley et al., 2002), indicating
that the existence of life is possible in non-surficial environments during the LHB.
Many studies speculate that life originated in submarine hydrothermal vents (Martin
and Russell, 2007; Martin et al., 2008; Dodd et al., 2017). Interestingly, the functions
and properties of the last universal common ancestor (LUCA) are characterized as
anaerobic, COz- and N»-fixing, thermophilic, and Hz-dependent with a Wood-
Ljungdahl pathway (Weiss et al. 2016). This means that geological H> (fermentational
H> production in H>-dependent microorganisms with a Wood-Ljungdahl pathway is
impossible) may play an important role at the early stage of life. As an example of the
energy input from asteroids impacts, the study of Chicxulub meteorite crater - which
was produced about 65 million years ago by an asteroid impact and has an approximate
180 km outer diameter of the crater depression - estimated the impact energy varied
from 2.2 x 10?? to 7.4 x 10*2 J (Ivanov, 2005). The seismic energy released by this
impact is roughly comparable to a magnitude 10-11 earthquake, which means, the
impact radiated approximately 100 times the energy of the largest ever recorded
earthquake (Ivanov, 2005). The total estimated energy of asteroid impacts on both earth
and moon during the LHB are estimated in the range between 10?* and 10%° J (Sleep

and Zoback, 2007). The static and dynamic stress changes related to these impacts
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likely induced extensive co- and postseismic fracturing in the early crust; in particular,
the impact and its subsequently induced seismic activities created new cracks, cavities,
or through-going new faults (Sleep and Zoback, 2007; Lowe, 2013). As indicated by
our present-day example, this fracturing of the crust probably released a large amount
of H> via degassing vent systems which - as an extra substrate - would subsequently
stimulate the growth and replication of the existing hydrogenotrophic early life. The
fracturing indicated by energy input from impact asteroids might have created magma
chambers and numerous new hydrothermal vents with geological H> and other mantle
gas releases, leading to an expansion of possible habitats for the Ho-dependent early
life. Therefore, the spreading of Hz-dependent and newly evolved early life may be
promoted. In conclusion, our study of a present-day terrestrial hydrothermal-vent-like
degassing site supports the hypothesis that the LHB may influence and boosted the

development and thrive of Hz-dependent early life in hydrothermal vents.

4.7 Methods

4.7.1 Study site and sampling

The drilling sites were located perpendicular to one of the main CO; degassing areas of

the Hartou$ ov mofette field (50° 07’ 58" N, 12 27’ 46" E) and the Wettinquelle
mineral spring, Bad Brambach/Germany (50° 22’ 07" N, 12° 30’ 38" E) in the

Eger Rift. A map and detailed description of the drilling and sampling procedure had
been provided previously (Liu et al., 2018). The drilling campaign of two 3-m-shallow
cores was conducted at the HMF in September 2015. The cores were retrieved by
hammered drilling using a motor-driven hammer (Wacker Neuson, Germany). One
shallow mofette core was taken from a dry mofette, and one reference core was taken
from an undisturbed reference site in the direct vicinity (Liu et al., 2018). The mean
CO:; soil gas flux at the mofette amounted to about 28 kg m d, while the CO> soil gas
flux at the reference site amounted only to about 8 g m? d? (Liu et al., 2018). As part
of the characterization of the ecosystems, the cores were sedimentologically and

geochemically characterized and Illumina MiSeq sequencing of 16S rRNA amplicons
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highlighted the differences between the microbial community structure in the shallow
mofette core and a reference core within the same study (Liu et al., 2018). Additionally,
sediments from a 108.5-m-deep drilling into the major degassing system of the
Hartousov mofette field were analyzed and the deep drilling, coring and the

contamination control were described by Bussert et al. (2017).

The samples were taken along the depth profile. Core material from both drilling
campaigns that had been intended for use in the activity tests was immediately removed
suspicious contaminated out-layer. Then the sample material was flushed and stored
with sterile COz (via a 0.02pm filter) in gas-tight bags at 4°C. In total, 20 samples from
the two 3-m cores (10 samples for each core) and 34 samples from the 108.5-m-deep
drilling core were analyzed. A triplicate was subsampled and analyzed for each sample

depth.

4.7.2 Cultivation-based activity test

To simulate the elevation of the H> concentration during and after seismic activity in
the Cheb basin. the potential of methane production from both 3-m-shallow cores and
the 108.5-m-deep drilling samples was tested through anaerobic cultivations and
measurements of the headspace methane concentrations. The experimental methods
were modified from the study by Barbier et al. (2012). The sample materials of the
earthquake simulation experiments were prepared in an anaerobic workstation (Don
Whitley Scientific Limited, West Yorkshire, England). 0.5 g of homogenized sediment
was placed in 20-ml serum bottles with 0.5 ml of filter-sterilized (0.02 um) tap water.
Each sample was prepared and separated into the test group and the control group with
triplicates in each group. The serum bottles with samples were flushed and filled with
N2/CO2 (v/v 80:20) and cultivated at 18 °C to simulate “pre-earthquake” in-situ
conditions. After 35 days (for the 3-m-shallow cores) and 42 days (for the 108.5-m-
deep drilling samples), the headspace in the serum bottles of the test group was flushed
and changed to Hy/CO> (v/v 80:20) to simulate “post-earthquake” conditions. The
experiment lasted for 136 days (for the 3-m-shallow cores) and 215 days (for the 108.5-
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m-deep drilling samples). The methane concentration in each serum bottle was
measured every seven days by gas chromatography (Agilent 7890A, Agilent
Technologies, Santa Clara, CA).

4.7.3 DNA extraction and sequencing the activity test samples

The total genomic DNA from the activity test group and the corresponding control
group after the cultivation processes were isolated by the FastDNA™ SPIN Kit for soil
and the FastPrep® Instrument (MP Biomedicals, Santa Ana, CA) with small
modifications. The homogenizing time of the FastPrep® Instrument was changed to 30

seconds, and the speed was set to 5.5 m s’

The microbial diversity within the incubations that showed the highest methane
production was revealed by Illumina MiSeq 16S rRNA gene sequencing. The PCR
reaction solution consisted of 12.5 puL of MangoMix™ (Bioline, Taunton, USA), 9.2
uL of PCR water, 0.3 uL of bovine serum albumin, 0.25 pL of forward primer (20 uM),
0.25 pL of reverse primer (20 uM), and 2.5 pL of the template. Unique combinations
of barcode-tagged 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5°-
GGACTACHVGGGTWTCTAAT-3") primers were assigned to each sample
(Caporaso et al., 2011). The amplifications were performed on a T100™ thermal cycler
(Bio-Rad Laboratories Inc., USA). The following protocol was used for the
amplification: 3 minutes at 95 °C, 30 cycles of 30 seconds at 94 °C, 45 seconds at 56

°C, 60 seconds at 72 °C, and a final extension step of 10 minutes at 72 °C.

The PCR products were cleaned with AMPure XP magnetic beads (Beckman Coulter
GmbH, Krefeld, Germany). After measuring the DNA concentration (CLARIO star®
plate reader, BMG LABTECH GmbH, Ortenberg, Germany), PCR products were
pooled in equimolar amounts. The DNA pool was concentrated (Eppendorf

Concentrator plus, Eppendorf AG, Hamburg, Germany) to meet the requirement of the

Illumina MiSeq high-throughput sequencing (DNA concentration > 50 ng pL™).
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Sequencing was performed by Eurofins Scientific SE, Luxembourg, on an Illumina
MiSeq (2 x 250 bp). Detailed data processes followed the same procedure described
previously'. After sorting, merging, trimming, and chimera removal, 5,849,228
sequences were obtained in total. Sequences range from 56,803 to 561,567 for each
sample. Sequencing data were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk/ena) under access number ERS2911355 to ERS2911364
(Bioproject PRIEB22478).

4.7.4 Model of microbial methane production

In order to quantify the link between the observed seismicity and methane concentration
in the year 2000, we consider a simplified model of CH4 production by microbes. In
particular, we assume an existing population of No microbes which starts to bloom after
a lag-phase (Ti.g) when an excess of Hy is available. As long as enough Hb is available,
the population doubles after time T, which leads to an exponential increase according
to N(t) = No * 2VT. Considering that the CHs production is just proportional to the
number of microbes, CHa4(t) = ¢ * N(t), the CH4 production also increases exponentially,
CHa(t) = co * 2YT with co = ¢ * No. Calibration of this model to the experimental data is
presented in Figure 15A and 15B, showing that the onset of the laboratory data can be
fitted of T = 20 days and Tiag = 28 days of the first 3 m, respectively T = 20 days and
Tiag = 35 days of the depth range between 40 to 80 m.

However, the growth is limited by the finite availability of H>. Assuming that each
microbe consumes a certain amount Y of H> per time unit, the maximum number of
active microbes is limited by the value of Ho-influx rate at time t, namely Nmax(t) = Ho(t)
/'Y, which is equivalent to a maximum CHy production of CH4max(t) = ¢ * Nmax(t).

For the application to the observed seismicity data, the Hz-influx rate is assumed to be
proportional to the earthquake-induced pressure, Ha(t) = k * p(t). Here we assume that
the lag-phase starts at time to when the H>-influx rate exceeds 1% of its maximum value,
and the exponential growth then starts at t0+Tiag until N(t) reaches Nmax(t) = p(t)/X with
X=Y/k.
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5.1 Introduction

The microbial processes closely relate to the surrounding environments. The
environmental factors — e.g. oxygen availability, water contents, pH and ion
concentrations — shape the microbial communities. Therefore, the variation of these
environmental factors usually leads to the shift of microbial composition, distribution,
and activity. The geological processes in active fault systems — such as seismic activity,
volcanic activity, gas emission, and fluid flow — can substantially change the
environmental factors (Wakita et al., 1980; Sato et al., 1986; Rennert and Pfanz, 2016)
and therefore shift the microbial communities. However, the microbial responses to the

geological processes — namely the geo-bio interactions — are not well understood.

The Eger Rift region — which is characterized by active seismicity in form of so-called
“earthquake swarms” and massive mantle-derived CO»-rich gas flux (Bréuer et al.,
2005; Dahm et al., 2013) — provides an ideal natural lab to study the interaction between
microbial processes and geological processes. The primary goal of this thesis is to
reveal the bio-geo interactions between microbial communities and the CO»
ascending/seismic active environment in the Cheb Basin, western Eger Rift region by
investigating geological properties and microbial communities in a mofette as well as
deep subsurface sediments. Furthermore, this thesis provides a simple model to clarify
whether microbial methane production can be triggered by seismic activity. Based on
the modeling, the Late Heavy Bombardment favored the early life on Earth is
hypothesized.

5.2 Microbial communities in ascending CO; affected surface

and subsurface environments in the HartouSov mofette field

In the Cheb Basin, the mantle-derived CO> migrates preferentially dissolved in water
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or as a free gas phase along deep-seated faults to the surface (Weise et al., 2001; Brauer
et al., 2008). The migration and accumulation of geogenic CO; forms potential habitats
for specialized microbial communities in both surface and subsurface sediments. The
elevated COz concentration (>99%) on the surface causes soil hypoxia and acidification
(Rennert and Pfanz, 2016). The hypoxic to anaerobic and acidic environment
substantially alters and differentiates the mofette communities compared with the
undisturbed reference site. Additionally, the ascending high saline mineral water from
the deep saline aquifer is also an essential influencing parameter due to the dissolved
substrates (such as CO and sulfate) feed the ecosystem in mofettes and subsurface fluid
migration structures. The microbial community in the HartouSov mofette system is
characterized by their unusual abundance and distribution which is independent of the

lithology setup under the significant influence of ascending CO».

An interesting characteristic of microbial life in the Hartousov mofette system is the
abundance of microorganisms is not decreasing with depth (Figure 2 and 11b). This
can be explained by the acid adaptive, acid-tolerant or acidophilic bacteria, and
anaerobic chemolithoautotrophs in the mofette (Liu et al., 2018). Within the deep
subsurface sediments, the samples with high 16S rRNA gene copies are considered as
CO»-saturated fluid migration structures with a relatively higher pore space and more

access to the CO»-saturated groundwater compared with the other lithology setup.

The hypoxic to anaerobic and acidic conditions in the mofette significantly influences
the distribution of microorganisms. The beta diversity shows that the mofette and the
reference communities formed distinct clusters (Figure 4). Interestingly, there is also a
gap that distinguishes the upper mofette (<95 cm) to the deeper mofette (>105 cm)
(Figure 4). The variation of pH — as a result of the elevated CO> concentration as well
as the buffing of meteoric water and groundwater — explains the distribution of the
microbial communities (Figure 7). The 16S rRNA sequencing results pointed out the
acidophilic, aerobic or facultative anaerobic genus Acidithiobacillus (Kelly and Wood,
2000) and the family Acidobacteriaceae (Subgroup 1) (Pankratov et al., 2012)

dominated the upper mofette but strictly anaerobic and less acid-tolerant genus
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Thermoanaerobaculum, Bacteroidetes Vadin HA17, Desulfobacca, Caldisericum, and
Sulfurovum thrived in the deeper mofette. However, the acidification is no longer the
influencing factor of the microbial distribution in the deep subsurface sediment. In a
terrestrial deep biosphere, with the development of the sedimentary processes, the
availability of nutrients necessary for microbial processes usually decrease with
increasing depth (Froelich et al., 1979; Middelburg, 1989) and nutrient flux is usually
extremely low due to the limitations of sediment chemistry and hydrology (Stevens and
McKinley, 1995). However, mantle-derived CO- is ascending to surface at large scale
through cracks and conduits within the Eger Rift mofette system (Kédmpf et al., 2013;
Nickschick et al., 2015; Nickschick et al., 2017). The ascending CO» carries high saline
groundwater and provides substrates to the surface (Krauze et al., 2017; Liu et al.,
2018). The saline and CO»-saturated groundwater could only migrate through small
cracks which were considered as fluid migration structures and therefore significantly
influence the microbial communities. The 16S rRNA sequencing data indicated a
higher relative abundance of the genera Acidovorax and Aquabacterium which correlate
with fluid migration structures (e.g. 66.7 mbs, 68.4 mbs, 70.6 mbs, and 77.1 mbs)
(Figure 11E). The microbial community of these intercalations is relatively similar to
that of the groundwater (Figure 11E) and correspond to the same cluster obtained from
the beta diversity analysis (Figure 12). The similarity leads to the interpretation that
these intercalations represent a higher influence of fluid migration which “bleached out”

the pristine sediment microorganisms.

Although both mofette and subsurface sediments are influenced by ascending CO., the
deep subsurface community is dominated by the family Comamonadaceae, which is
distinct from the mofette community. The family Comamonadaceae was described as
having a remarkable phenotypic diversity including aerobic and anaerobic, autotrophic
and heterotrophic species isolated from both water and soil habitats (Willems, 2014).
The Comamonadaceae was reported widely spreads in the subsurface related
hydrological systems such as wells, springs, and wet mofettes in Cheb Basin (Krauze
et al., 2017). Sequences close to Comamonadaceae were abundant in springs and wells

with elevated CO» concentration in South Korea (Ham et al., 2017). Interestingly, after
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150 tons of supercritical COz and groundwater were pumped into the sandstone Paaratte
aquifer, the relative abundance of Comamonadaceae increased and caused a general
shift from Firmicutes to Proteobacteria (Mu et al., 2014). Hence, it is assumed that
within the family Comamonadaceae, not only known genera Acidovorax and
Aquabacterium, but also a large relative abundance of uncultured and unknown genera
are highly adaptive to COz-dominated habitat and can be suggested as indicators for

COz-rich environments (Figure 11).

This thesis also highlights the importance of an autotrophic- rather than a heterotrophic
lifestyle in mofette and deep subsurface environments with elevated CO2 concentration.
The high sulfate concentration in the ascending fluid (Bussert et al., 2017) results in a
substantial proportion of sulfur-cycle related microorganisms. Desulfobacca,
Desulfosporosinus, and Acidithiobacillus were found in high relative abundance in the
mofette (Figure 6) while Desulfobacca, Desulfomonile, Sulfuricurvum, and
Sulfurimonas were found in the subsurface fluid (Figure 11). The abundance of SRBs
was much higher in the mofette compared with that in the deep subsurface sediments.
The inhibited degradation of organic compounds in CO; affected mineral water (Krauze
et al., 2017) and limited access of low molecular carbon organic compounds due to the
impermeable strata — which resulting in immobilization of organic matter — might be
the reason of the exclusion of SRBs in the subsurface sediments. On the other hand, the
sulfate-rich mofette leads to a high abundance of SRBs and the reduced sulfur
compounds feed the sulfur oxidizers. In a highly acidic environment (pH<4.0), the
sulfur compounds offer ideal growth conditions for obligate acidophilic
Acidithiobacillus (Kelly and Wood, 2000), which accounted for 7.1% of the mofette
communities. However, in the deep subsurface environment, Acidithiobacillus was
replaced by Sulfuricurvum and Sulfurimonas. Both genera were reported in subsurface
related hydrological systems in Cheb Basin (Krauze et al., 2017) and other CO>
influenced aquifers (Gulliver et al., 2018; Probst et al., 2018).
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5.3 Methanogenic response to the seismic activity

Bréuer et al. (2005) observed an increasing concentration of biogenic produced methane,
which indicated by low 8'*CHa values in the emanating gas at the Wettinquelle mineral
spring after the swarm earthquake 2000. This finding hints that the hydrogenotrophic
methanogenesis in the deep subsurface environment might be triggered by H» released
in seismic activity. To determine the methanogenic response to the seismic activity,
laboratory incubation experiments were conducted to prove whether methanogenic
archaea in the retrieved sediments can use both the degassing CO» and the H» provided
during seismic events as the source of carbon and energy (Figure 13). No methanogenic
activity was detected before the addition of hydrogen indicates the in-situ methane
production can be deemed negligible not only because of the lack of hydrogen as a
substrate for the hydrogenotrophic methanogens before the seismic event, but also the
lacking of acetate due to the inhibited organic matter degradation (Beulig et al., 2016)
for the heterotrophic and facultative methanogens (e.g. Methanosarcina and
Methanosaeta in the mofette). Besides, the competition with SRBs for acetate and
hydrogen (Kristjansson et al., 1982; Schonheit et al., 1982) should be taken into
consideration because of the high abundance of SRBs, which indicated by a large
amount of dsrB gene copies and the high relative abundance of Desulfobacca and
Desulfosporosinus in the mofette (Liu et al., 2018). Substantial amounts of methane
were produced after the addition of hydrogen with a lag phase of 28-42 days in the
shallow mofette samples (Figure 13A). This finding indicates the availability of
hydrogen is crucial for the hydrogen-depending methanogenic community in the
mofette. The dominant hydrogenotrophic methanogenic genus in the mofette was
Methanobacterium (Zeikus and Wolfe, 1972; Smith et al., 1997) and consequently
became the dominant taxon in the samples showing the highest potential methanogenic

activities (Figure 14).

The methanogenic activity was also observed in incubations with deep subsurface
sediments (samples from the depth of 40.05 mbs, 65.75 mbs, 75.25 mbs, 78.25 mbs,
and 79.25 mbs). However, the period of the lag phase was up to 42 days longer (lag

phases between 35 and 70 days) compared with that of the shallow mofette samples in
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the cultivation-based simulation experiments (Figure 13). Additionally, the highest
methane concentration and the highest measured potential methane production rate of
the deep sediments (0.2—-2.9 nmol d! g"!' sediment) was also much lower compared with
that of the shallow mofette samples (1.7—-16.9 nmol d"! g'! soil), which can be explained
by the initial extremely low abundance of methanogens at greater depth as well as the

in-situ limited geological H> availability.

A simple model was introduced to reveal the potential link between the laboratory
simulation experiments and the field observation made by Bréuer et al. (2005) in the
emanating gas at a wellhead at Wettinquelle in the Eger Rift region after an earthquake
swarm at 2000. The energy input from earthquake-induced pressure (Hainzl and Ogata,
2005) was introduced to model the curve of H; releases and further model the microbial
methane production with the length of lag-phase and the doubling time of methanogens
from the laboratory simulation experiments of the deep drilling samples. The good fit
of our simplified model to the field observations (Figure 15) is a strong indication that
the seismic activity caused H»> releases which subsequently triggered the growth of
hydrogenotrophic methanogens. Following this result, the large-scale seismic activities
in the Archaean Eon caused by the Late Heavy Bombardment is hypothesized had
favored the hydrogenotrophic early life on Earth. The energy of the asteroid collisions
was estimated between 10** and 10?° J (Sleep and Zoback, 2007) and such an energy
input would induce extensive co- and postseismic fracturing in the early crust; in
particular, the impact and its subsequently induced seismic activities created new
cracks, cavities, or through-going new faults (Sleep and Zoback, 2007; Lowe, 2013)
which would benefit the growth and replication of the hydrogenotrophic early life by

creating habitats with largely H> releases.

5.4 Conclusion

This thesis provides insights into the microbial community in a CO» degassing mofette
and in its correlated deep subsurface sediment from the HartouSov mofette field of the

western Eger Rift region. This thesis additionally expands our knowledge on geo—bio
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interactions in extreme environments with elevated CO; concentrations and seismic

activity.

The investigation of the microbial communities in the mofette and the deep subsurface
CO»-saturated degassing environment indicates that the microbial community varies
independently from the lithology setup over the entire explored core interval. The
hypoxic to anaerobic conditions, low pH, high TOC content, and relatively high sulfate
concentration in the mofette favor the occurrence of anaerobic, acidophilic taxa as well
as SRBs and methanogens. The lithological setup of the deep subsurface sediment
represents a paleo-environmental change from a terrestrial, swamp-like ecosystem to a
lacustrine ecosystem. This subsurface system became overprinted by migration and the
accumulation of geogenic CO,, which forms a potential habitat for a specialized
microbial community but lack evidence to support the “hotspot” hypothesis. In addition,
our results imply that the high relative abundance of Acidovorax and Aquabacterium,
as well as of members of uncultured and unknown genera of the family
Comamonadaceae can be indicative of CO2-dominated deep subsurface ecosystems
and novel high CO,-adapted species remain to be discovered. In summary, The
degassing of mantle-derived CO> and mobilized high-saline mineral water strongly
influence the microbial communities in both surface and subsurface environments

(Figure 16).

This thesis further investigated the potential of methane production in the mofette and
deep subsurface sediments. The simulation of a seismic event and the link between the
simulation results and the field observation — which was revealed via a subsequent
modeling procedure — led to the conclusion that seismic activity can potentially trigger
methanogenic activity due to the release of geogenic H> (Figure 16). The biological
methane production is hypothesized to have benefited from the seismic activity, which
leads to the release of H» during the Late Heavy Bombardment in the Archaean Eon

and could support early life on Earth.
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Geogenic CO, migration caused soil hypoxia and
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Figure 16 Graphic summary of the thesis, indicating the influence of geogenic CO; and earthquake

swarm on the microbial communities in both surface and subsurface environments.

5.5 Outlook

This thesis provides insights into the geo—bio interactions between the microbial
communities and the geological activities with geochemical, molecular ecological, and
cultivation-based activity test methods. This thesis points out a highly CO»-adapted
microbial community in a sulfate-rich saline aquifer. However, a large fraction of yet
undescribed microorganisms were revealed via 16S rRNA sequencing and lipid
biomarker analyses. The metabolic capacities of these undescribed microorganisms are
unclear. Furthermore, the accurate description of the metabolic capacity based on
individual microbial taxa is vague due to the demonstrated mixotrophic growth of
autotrophs (Wu et al., 2016; Probst et al., 2017). In order to investigate the metabolic
potential of the entire community, metagenome-based analyses should be carried out in
the future. Probst et al. (2017) analyzed the carbon cycle in a subsurface high-CO>
aquifer in Crystal Geyser (Utah, USA) and indicated H> as an important inter-species

energy currency even under gaseous CO»-saturation. As a study prospect, the

113



5 Synthesis and Outlook

metagenomic analysis can provide deep insights into the geo-bio interaction by

unraveling the functional repertoire of the communities.

Moreover, this thesis also reveals a close relationship between seismic activity and
biological methane production via earthquake-induced H: release. Based on the lab
simulation and modeling, the hypothesis that early life on Earth might be benefited from
the earthquake released H> could hint the early life study. The life may originate not
only from hydrothermal vents but also from environments with the temporary support
of earthquake released Ha, such as deep-reaching tectonic faults (Schreiber et al., 2012).
The wider range of potential habitats of early life can also be of interest to
astrobiological studies that search for life on other planets. A long-term in situ
monitoring of seismicity, groundwater flow, CO> ascending, and microbial variation
should be set in the Eger Rift region. The data collected in subsequent seismic activities
would develop the understanding of the earthquake favored biological methane

production and may further support the above-mentioned hypothesis.
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Figure S1. a) Stratigraphical and lithological description of the HartouSov mofette core
HIB-1 (2016) between 65 and 95 mbs (meter below surface) based on the sample
material and Bussert et al. (2017). b) Determined fluorescein contents for the outer rim
material, the outside of the inner rim and the sample material. ¢) Exemplarily pictures
of core sections from the different lithological units partly showing CO2-fluid

migration structures.
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Table S5 Number of OTUs (relative abundances) occurring either only at the mofette

or the reference site, or are present at both sites.

cm)

OTUs specific for OTUs shared OTUs specific for
the mofette between both sites | the reference site
OTU count (0-275 | 138 (0.015 %) 1626 (99.97 %) 128 (0.014 %)

OTU count (100- 184 (0.09 %) 1336 (99.81 %) 198 (0.10 %)
275 cm)
OTU count (200- 124 (0.22 %) 1045 (99.34 %) 330 (0.44 %)
275 cm)

Table S6 Comparison of bacterial communities at 10-20 cm between HMF and La Sima

(Saenz de Miera et al., 2014)

Phylum/class/order Mofettes (10-20 Reference sites
cm) (10-20 cm)
HMF La HMF La
Sima' Sima'
Chloroflexi 8.7 76.7 11.7 14.6
Ktedonobacteria 0.6 51.6 5.5 13.7
Anaerolineae 0.5] - 1.8 | -
JG37-AG-4 44 | - 1.5]-
JG30-KF-CM66 0.71- 03]-
KD4-96 2.1 - 1.7 | -
TK10 0.1]- 04]-
Acidobacteria 27.9 1.6 34.5 18.4
Acidobacteria Gp4 - - - 9.9
Acidobacteria Gp3 - 0.9 | - 1.8
Acidobacteria Gpl 24.7 0.7 13.7 0.6
Acidobacteria Gp6 0.1]- 1.8 4.7
Acidobacteria Gp2 0.6 | - 7.7 | -
Holophagae 1.6 | - 44 | -
Solibacteres 0.6 | - 6 |-
Proteobacteria 25.6 6.9 23.2 14.1
Alphaproteobacteria 3.9 6.6 10.1 11.7
Rhizobiales 0.7 4.6 8.2 7.8
Rhodospirillales 3.1 - 1.8 | -
Betaproteobacteria 3.2 0.1 6.1 1.1
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Burkholderiales 0.3 0.1 0.3 0.7
Ferrovales 1.4 0.1
Hydrogenophilales 0.9 0.3
Nitrosomonadales 0.5 3
SC-1-84 0.1 2.1
Gammaproteobacteria 8.6 0.1 2.8 0.4
Acidithiobacillales 8 0.6
Xanthomonadales 0.7 1.9
Deltaproteobacteria 8.6 4.2
Bdellovibrionales 0.5 0.1
Desulfurellales 1.2 1.8
Myxococcales 5 1.1
Syntrophobacterales 1.7 0.6
Desulfuromonadales <0.1 0.5
Verrucomicrobia 0.8 0.3 5.2 13.3
OPB35 soil group 0.7 2.4
Spartobacteria 0.2 0.2 2.7 10.3
Gemmatimonadetes 0.2 0.1 2.4 10
Actinobacteria 8.4 0.6 10.1 4
Acidimicrobiales 4.8 1.5
Frankiales 1.1 2.9
Actinomycetales - 0.2 1.6
Gaiellales 0.7 33
Solirubrobacterales 1.6 0.4 1.3 1.4
Planctomycetes 34 0.3 2.5 3.6
Planctomycetacia 2.3 0.2 2.3 2.7
Phycisphaerae 1.1 0.2
Firmicutes 15.3 1.3 4.6 1.9
Bacillales 4.3 0.1 2.4 1
Clostridiales 10.6 1.9
Halanaerobiales 0.1 0.3
Armatimonadetes - 0.6 0.7
Chthonomonadales - 0.3 0.4
Bacteroidetes 0.6 0.1 0.9 0.6
vadinHA17 0.4 0.3
Chitinophagales - 0.1 0.5
Sphingobacteriales 0.1 0.6
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