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V. Abstract

The membrane core lipid and the intact polar lipid inventory of Methanocaldococcus villosus
(DSM 22612") and Methanothermococcus okinawensis (DSM 142087T), two strains of
(hyper)thermophilic, methanogenic archaea isolated from deep-sea hydrothermal vents, is
described here for the first time. Both strains reveal abundant mono- and diglycosidic head
groups, with M. okinawensis also having minor phosphoglycosidic head groups. They exhibit
an identical core lipid inventory, but can be distinguished by the different relative proportions
of core lipids produced. The by far most abundant lipids are the diether lipids archaeol and
macrocyclic archaeol. The latter is most likely the most specific membrane lipid for these
archaea. A novelty was the detection of two isomers of GMGT-0a, which have never been
detected in any organism before. GMGTs and GTGTSs have not been found previously in any
species of these two genera.

M. villosus and M. okinawensis were not only cultured under their optimal conditions. The two
strains and the thermophilic Methanothermobacter marburgensis (DSM 21337), a methanogen
isolated from anaerobic sewage sludge, were grown under varying temperature and nutrient
supply. M. okinawensis was also cultured under varying concentrations of substances, which
are usually regarded as inhibitors for life: ammonium chloride, formaldehyde, and methanol.
These three potential inhibitors have been found in the plume of Saturn’s icy moon Enceladus.
After cultivation with these inhibitors, core lipids and amino acids of M. okinawensis were
analyzed to find biomarker patterns, which could be useful not only to study life on Earth, but
also for the search for extraterrestrial life in the Solar System. Depending on the amount of
ammonium chloride, formaldehyde, and methanol in the growth medium M. okinawensis
reveals different patterns of growth, lipid production, and amino acid excretion. Ammonium
chloride and formaldehyde had a strong impact on these parameters, while methanol did not
markedly affect them.

When exposed to varying temperatures, volumes (25 mL, 50 mL, or 75 mL in ~120 mL serum
bottles), and composition of liquid medium, or gas exchange frequency, M. marburgensis,
M. villosus, and M. okinawensis also adapted their core lipid compositions. M. marburgensis
has a different core lipid inventory than the more closely related M. villosus and
M. okinawensis, revealing no macrocyclic archaeol, but instead GDGTs and GMGTs with
additional methylations in their isoprenoid chains. Nevertheless, the lipid response to varying
growth conditions is similar in all three organisms. Temperature had the strongest effect on
lipid composition in all three strains. M. villosus showed the overall weakest response of lipid
patterns to changing culture parameters. In contrast, M. okinawensis revealed the strongest and
clearest response, with archaeol and GTGT-0a being most abundant at 50°C and 25 mL of
liquid medium, and macrocyclic archaeol and the GMGTSs being most abundant at 60°C and
75 mL. Except for macrocyclic archaeol, M. marburgensis showed a similar response, and in
M. villosus macrocylic archaeol and the GMGTs are more abundant at 80°C than at 65°C. In
all three strains, those lipids, which are considered more specific to these methanogens and
considered to build up more rigid membranes, namely macrocyclic archaeol, certain GDGTs
and GMGTs are more abundant at or slightly below temperature optimum. On the other hand,
the comparably unspecific and supposedly less rigidifying lipids archaeol and GTGT-0a have
their highest abundance about 15°C below the optimum temperature and at 25 mL of liquid
medium.

The outcomes of this thesis might improve our understanding of the adaptations of the cell
membrane of presumably primordial life forms to environmental changes and might
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complement the biomarker concept for the terrestrial, and perhaps, the extraterrestrial
application.

VI. Kurzfassung

Das Inventar an Membran-Core-Lipiden und intakten polaren Lipiden von
Methanocaldococcus villosus (DSM 226127) und Methanothermococcus okinawensis (DSM
142087), zwei Stammen (hyper)thermophiler, methanogener Archaeen, die von
Hydrothermalquellen in der Tiefsee isoliert wurden, wird hier zum ersten Mal beschrieben.
Beide Stdmme weisen hauptsachlich mono- und diglycosidische Kopfgruppen auf, wobei
M. okinawensis zudem geringfiigig phosphoglycosidische Kopfgruppen beinhaltet. Sie haben
dasselbe Inventar an Core-Lipiden, kénnen aber voneinander unterschieden werden durch die
unterschiedlichen relativen Anteile der Core-Lipide. Die mit Abstand haufigsten Lipide sind
die Dietherlipide Archaeol und makrozyklisches Archaeol. Letzteres ist hochstwahrscheinlich
das spezifischte Membranlipid dieser Archaeen. Vollig neu war der Nachweis von zwei
Isomeren von GMGT-0a, die bisher noch in keinem anderen Organismus gefunden wurden.
GMGTs und GTGTs wurden vor dieser Arbeit noch in keiner anderen Spezies dieser beiden
Gattungen nachgewiesen.

M. villosus und M. okinawensis wurden nicht nur unter ihren Optimalbedingungen kultiviert.
Die beiden Stamme und der thermophile Methanothermobacter marburgensis (DSM 21337),
ein Methanogener, der aus anaerobem KIl&rschlamm isoliert wurde, wurden variierender
Temperatur und Néhrstoffzufuhr ausgesetzt. M. okinawensis wurde auBerdem unter
variierenden Konzentrationen von Substanzen kultiviert, die fir gewohnlich als Inhibitoren fiir
Lebewesen angesehen werden: Ammoniumchlorid, Formaldehyd und Methanol. Diese drei
potentiellen Inhibitoren wurden im Plume von Saturns Eismond Enceladus nachgewiesen. Nach
der Kultivierung mit diesen drei Inhibitoren wurden die Core-Lipide und Aminosauren von
M. okinawensis untersucht um Muster der Biomarker zu finden, die nutzlich sein konnten, nicht
nur um das Leben auf der Erde zu studieren, sondern auch fur die Suche nach
extraterrestrischem Leben im Sonnensystem. In Abhéngigkeit von der Menge an
Ammoniumchlorid, Formaldehyd und Methanol im Wachstumsmedium zeigte M. okinawensis
unterschiedliche Muster in Wachstumsrate, Lipidproduktion und Aminosdurenexkretion.
Ammoniumchlorid und Formaldehyd hatten einen starken Effekt auf die genannten Parameter,
wahrend Methanol sie nicht merklich beeinflusste.

Wenn sie variierenden Temperaturen, Volumina (25 mL, 50 mL, oder 75 mL in ~120 mL
Serumflaschen) und Zusammensetzungen des Flissigmediums, oder unterschiedlichen
Frequenzen des Gasaustauschs ausgesetzt waren, passten M. marburgensis, M. villosus, und
M. okinawensis ihre Core-Lipid-Zusammensetzungen an. M. marburgensis hat ein anderes
Core-Lipid-Inventar als die beiden n&her miteinander verwandten M. villosus und
M. okinawensis. M. marburgensis weist kein makrozyklisches Archaeol auf, stattdessen
produziert es GDGTs und GMGTs mit zusétzlichen Methylgruppen in deren Isoprenoidketten.
Nichtsdestotrotz ist die Reaktion auf die variierenden Wachstumsbedingungen &hnlich in allen
drei Organismen. Temperatur hatte den starksten Effekt auf die Lipidzusammensetzung in allen
drei Stdammen. M. villosus zeigte insgesamt die schwachste Reaktion der Lipidmuster auf die
sich &ndernden Kultivierungsparameter. Im Gegensatz dazu zeigte M. okinawensis die stérksten
und eindeutigsten Reaktionen. Archaeol und GTGT-0a sind am haufigsten bei 50°C und 25 mL
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Flussigmedium, und makrozyklisches Archaeol und die GMGTSs sind am haufigsten bei 60°C
und 75 mL. AuBer beim makrozyklischen Archaeol zeigte M. marburgensis sehr &hnliche
Reaktionen, und in M. villosus waren makrozyklisches Archaeol und die GMGTSs héufiger bei
80°C verglichen zu 65°C. In allen drei Stdmmen waren jene Lipide, die als spezifischer fir
diese Methanogenen betrachtet werden, und jene, die als solche gelten, die stabilere
Membranen aufbauen, namlich makrozyklisches Archaeol, bestimmte GDGTs und GMGTs,
héufiger beim oder etwas unter dem Temperaturoptimum. Andererseits waren die
vergleichsweise unspezifischen und wahrscheinlich weniger membranstabilisierenden Lipide
Archaeol und GTGT-0a am haufigsten bei ca. 15°C unter dem Temperaturoptimum und bei
25 mL Flussigmedium.

Die Ergebnisse dieser Doktorarbeit kdnnten das Verstandnis verbessern von den Anpassungen
der Zellmembran vermutlich urspriinglicher Lebensformen an Umweltveranderungen und
kénnten das Biomarkerkonzept erganzen, fur die terrestrische, und moglicherweise die
extraterrestrische, Anwendung.
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1. Introduction

Methanogenic archaea are the only known group of organisms producing methane. By doing
this, they fulfill important ecological roles and degrade the most recalcitrant organic molecules,
such as methanol, methylated sulfides, methylamines, acetate, and formate in zones devoid of
sufficient potent electron acceptors such as oxygen or sulfate (Liu and Whitman, 2008). These
zones can be anoxic sediments, soils, swamps, peat bogs, or rice paddies, biogas plants, and the
gastrointestinal tracts of various kinds of animals, such as termites, ruminants, and also humans
(e.g. Liu and Whitman, 2008; Thauer et al., 2008; Offre et al., 2013). Not all, but many
methanogens are thermophilic to different degrees and thrive at hydrothermal vent sites on land
and in the deep sea, where they use molecular hydrogen and carbon dioxide as substrates
(Corliss et al., 1979; Baross et al., 1982; Jones et al., 1983; Liu and Whitman, 2008). Some
authors state that this is a very, if not the most, primordial way of living for Archaea (e.g. Ueno
et al., 2006; Martin et al., 2008; Russell et al., 2010; Brochier-Armanet et al., 2011; Taubner et
al., 2015, 2018; Borrel et al., 2016). Understanding the physiology of these intriguing organisms
can thus be crucial for research including geobiology (e.g. Bradley et al., 2009), astrobiology
(e.g. Taubner et al., 2015, 2018; Taubner and Baumann et al., 2019), and biotechnology (e.g.
Patel and Sprott, 1999; Rittmann et al., 2015). Hence, this thesis aims to contribute to study
further the lipid and amino acid inventory and the physiology of methanogenic archaea.

An important tool to identify many organisms and also methanogens on a wider taxonomic
level is the analysis of their membrane lipids, which constitute their cell membranes. Archaea
have generally rather special lipids, where isoprenoid alcohols are bound to the glycerol moiety
via ether bonds at the sn-2 and sn-3 positions. However, recently it has been shown that some
Lokiarchaea from a salt lagoon in Mexico might have the genes to synthesize not only typical
archaeal-like, but also bacterial and eukaryotic-type membrane lipids or even chimeric
membrane lipids (Manoharan et al., 2019). Further, beside diether lipids Archaea possess
bipolar tetraether lipids, so-called GDGTSs, which span the membrane to form a membrane
monolayer (e.g. De Rosa and Gambacorta, 1988; Koga and Morii, 2007, Schouten et al., 2013).
Many of these lipids, and especially their hydrophobic cores, are sufficiently durable to serve
not only as tracers of living and recent biomass, but also as molecular fossils. As such, these
lipid biomarkers make it possible to trace back the existence of various groups of Archaea in
time (e.g. De Rosa and Gambacorta, 1988; Koga et al., 1993; Birgel et al., 2008; Schouten et
al., 2013; Schinteie and Brocks, 2017). The hydrophobic cores of lipids are hydrocarbon “tails”
bound to glycerol. These make up the central part of a cell membrane. IPLs include core lipids
and hydrophilic, polar head groups. The latter consist for example of sugars and/or phosphate
groups. The polar head groups form the outer part of the cell membrane facing either into the
cell interior or exterior. Head groups can be specific for certain groups and even strains of
organisms and may thus provide additional taxonomic information. However, they make IPLs
chemically less stable than membrane core lipids, which reduces their preservation potential in
more ancient sediments or rocks (e.g. Sturt et al., 2004; Koga and Morii, 2005; Gibson et al.,
2013; Lengger et al., 2014).

Lipids typical for methanogens are isoprenoid hydrocarbons such as squalene, archaeol and
macrocyclic archaeol, and GDGTs mostly devoid of ring structures (cyclopentane or
cyclohexane moieties; Koga et al., 1998; Schouten et al., 2013). GDGT-O0 is often reported as
the most common tetraether lipid in methanogenic archaesa. GMGTs have previously been
found in cultures of (hyper)thermophilic archaea, including methanogens, but also in temperate
environments such as soils (e.g. Tornabene et al, 1979; De Rosa and Gambacorta, 1988; Koga
etal., 1993; Koga et al., 1998; Morii et al., 1998; Koga and Morii, 2005; Schouten et al., 20083,
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2013; Naafs et al., 2018). Methanogens with exceptional lipid inventories are Methanosphaera
stadtmanae, which produces minor amounts of ring-containing GDGTs (Bauersachs et al.,
2015) and the recently discovered Methanomassiliicoccus luminyensis, the only cultured
representative of the Methanomassiliicoccales (e.g. Dridi et al., 2012; Paul et al., 2012; Becker
et al., 2016). M. luminyensis is just distantly related to other methanogens and comprises very
unusual membrane lipids. Some of these lipids, such as extended and di-extended archaeol, are
typical for halophiles rather than methanogens (e.g. Teixidor et al., 1993; Dawson et al., 2012),
while others such as the BDGTs and PDGTs have not been identified until recently by Becker
et al. (2016) in marine sediments. Unfortunately, still little is known about lipid biomarker
inventory changes of thermophilic methanogens at different environmental sites, especially
hydrothermal vent sites (Blumenberg et al., 2007, 2012; Jaeschke et al., 2014; Reeves et al.,
2014).

Proteins consist of amino acids, which are defined as having at least one NH> and at least one
COOH group as functional groups and further a side chain (R group), which is specific to each
amino acid. There are D- (“right-handed”) and L-stereoisomers (“left-handed”). L-amino acids,
which have both, the amine as well as the carboxyl group attached to the first (alpha-) carbon
of the side chain are called L-a-amino acids. The L-a-amino acids make up most of the natural
amino acids and include the 22 proteinogenic amino acids, which are incorporated
biosynthetically into proteins during translation (Weber and Miller, 1981; Lu and Freeland,
2006). Twenty of these are encoded by the universal genetic code and called “standard” or
“canonical” amino acids. The additional two do not have a dedicated codon, but are added in
place of a stop codon, when a specific sequence is present. Non-proteinogenic amino acids are
all other amino acids, of which hundreds are known so far. As more than 140 amino acids are
found in natural proteins, some of them are also part of proteins (Ambrogelly et al., 2007). In
this case, they are formed by modification of standard amino acids in already synthesized
proteins (Park, 2006). Beside that, non-proteinogenic amino acids can also be intermediates and
products of biosynthesis (Lu and Freeland, 2006), components of neurotransmitters (Li and Xu,
2008), osmolytes (Robertson et al., 1990; 1992) or toxins (Dasuri et al., 2011). Amino acids
can further be classified by pH level, polarity and side chain group type. Miller and Urey
demonstrated in 1953 with the aid of electric discharge, to simulate atmospheric lightning that
proteinogenic amino acids like glycine (Gly), alanine (Ala), and aspartic acid (Asp) could have
been produced from simpler organic and inorganic precursors like water (H20), methane (CHa),
ammonia (NHz), and molecular hydrogen (H2), which were considered to dominate the
atmosphere of the early Earth (Miller, 1953). Abiotic amino acids could have been also
synthesized at submarine hydrothermal systems or brought to Earth by extraterrestrial input
(Kitadai and Maruyama, 2018). There are just two articles known by the author so far about
amino acid excretion by methanogens. First, it was shown that the methanogenic strains
Methanogenium cariaci and Methanothermococcus thermolithotrophicus accumulate four
different and partly rare amino acids (L-a-glutamate, p-glutamate, N®-acetyl-B-lysine, and
betaine) as a response to osmotic stress (Robertson et al., 1992). Second, B-glutamate was also
found in the marine strains Methanocaldococcus jannaschii JAL-1, Methanococcus igneus, and
Methanogenium anulus AN9 (Robertson et al., 1990).

Genomic data indicate that the last common ancestor of all archaea was a methanogen
(Brochier-Armanet et al., 2011; Borrel et al., 2016); and the ancestors of all modern
methanogens most likely inhabited hydrothermal vent environments (Martin et al., 2008;
Russell et al., 2010). Methanogens thriving in such environments are thermophiles or
hyperthermophiles to different degrees, and typically gain their energy by converting carbon
dioxide and molecular hydrogen (thereafter just called “hydrogen’), emanating from vents, to
biomass, methane, and water (Corliss et al., 1979; Baross et al., 1982; Jones et al., 1983; Liu
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and Whitman, 2008). Ultramafic rock-hosted hydrothermal fields, such as the Lost City (Kelley
et al., 2001; Bradley et al., 2009; Méhay et al., 2013), the Rainbow (e.g. Charlou et al., 2002;
Gibson et al., 2013), and the Logatchev hydrothermal fields (Perner et al., 2007), generate fluids
with less hydrogen sulfide, more hydrogen and methane and at the Lost City and Logatchev
fields, also a higher pH compared to basalt-hosted hydrothermal fields. Ultramafic rock-hosted
hydrothermal fields, driven by serpentinization of ultramafic rocks, are particularly interesting
for early-life-studies, because they could represent an analogue to early Earth hydrothermal
fields (e.g. Kelley et al., 2001; Bradley et al., 2009; Russell et al., 2010; Zwicker et al., 2018).
The fact that methanogenic archaea occur at such sites is consequently another indicator for the
antiquity of this metabolism. Hence, methanogenesis could constitute the root of “life as-we-
know-it”, as life on Earth is also called (Ueno et al., 2006; Martin et al, 2008).

Beside their relevance for Early Life research, methanogens also have great potential for
astrobiology. Some species of methanogens could in principle survive under Mars- or
Enceladus-like conditions as recent simulation studies showed (Kral et al., 2016; Moissl-
Eichinger et al., 2016; Taubner et al., 2018). Studies using terrestrial Mars analogues like
natural acid streams (Tan et al., 2018) have demonstrated that organic matter can be preserved
over long periods of time in environments as hostile to life as Martian soils and rocks. The
preservation potential of molecular fossils on Mars thus seems promising, but icy moons like
Europa or Enceladus seem to be far better suited for potentially hosting extraterrestrial life.
Hydrothermal vents were indirectly found at Enceladus’ ocean floor (Hsu et al., 2015); and
many different organic and inorganic molecules, also complex macromolecular organic
material with molecular masses >200 Da, were detected in its plume (Waite et al., 2009;
Postberg et al., 2018). These molecules could act both as potential substrates for life (H2O, Ho,
CO2, etc.) or as its inhibitors (CO, CzHs4, etc.). Three methanogenic strains
(Methanothermobacter marburgensis DSM 2133, Methanocaldococcus villosus DSM 22612,
and Methanothermococcus okinawensis DSM 14208) were tested on their tolerance regarding
the potential inhibitors CO and C2H4 (Taubner et al., 2018). Among these, M. okinawensis was
the only one which tolerated the above-mentioned components and even grew and released a
substantial amount of CHa4, when high amounts of the additional inhibitiors Ho.CO, NH4ClI, and
CH3OH were added to the culture medium (Taubner et al., 2018).

H2CO, NH4Cl, and CH3OH also belong to the potential inhibitors and precursor molecules of
life. These three components are known as constituents of the organic matter of meteorites,
comets, and molecular clouds (e.g. Cheung et al., 1968; Snyder et al., 1969; Kvenvolden et al.,
1970; Lees and Haque, 1974; Ehrenfreund and Charnley, 2000; Cooper et al., 2001; Gibb et al.,
2001; 2004) and were among the first molecules found in the interstellar medium (Cheung et
al., 1968; Snyder et al., 1969; Lees and Haque, 1974; Woodman et al., 1977; Ho and Townes,
1983). The Late Heavy Bombardment period about 4-3.85 billion years ago could have brought
H>CO, NH4Cl, and CHsOH to the young Earth (Bottke and Norman, 2017; Deienno et al.,
2017), when the atmosphere was dense enough to slow down the impactors. Alternatively, they
could have been formed directly on Earth or in its early atmosphere (Schlesinger and Miller,
1983). It is possible that H2CO has been produced photochemically by UV irradiation in a CO»-
and/or CO- and water vapour-containing atmosphere (Schlesinger and Miller, 1983;
Sutherland, 2016). Regardless of whether these components were produced on early Earth or
they came from extraterrestrial sources, Ho.CO, NH4Cl, and CH3OH could have been crucial for
prebiotic chemistry.

In the present thesis, the IPL and the core lipid inventory of two members of the
Methanococcales, the deep-sea hydrothermal vent methanogens M. villosus and
M. okinawensis is described (Baumann and Taubner et al., 2018; Takai et al., 2002; Bellack et
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al., 2011). So far, very few members of the order Methanococcales have been investigated for
their lipid biomarker inventory, and in particular for their intact polar lipid compositions
(Tornabene and Langworthy, 1979; Comita and Gagosian, 1983; Comita et al., 1984; Ferrante
et al., 1986; Sprott et al., 1991; Trincone et al., 1992; Liu et al., 2012a). Here, also the lipids of
M. marburgensis were analyzed, but its lipid inventory was already known previously (Gréther,
1994)

Further, this work demonstrates the effect of the afore-mentioned potential inhibitors NH4Cl,
H>CO, and CH30H found in the Enceladian cryovolcanic plume on the growth, membrane lipid
composition and amino acid excretion patterns of M. okinawensis. The three potential inhibitors
were chosen to perform an experiment based on a multivariate design space setting (DoE) as
described in Taubner et al. (2018). Varying amounts of H.CO, CH3OH, and NHz (replaced by
NH.CI) in the range of the upper limit of the amount expected to be present on Enceladus were
added to the culture medium for the DoE. Although life on Enceladus has most likely not
emerged yet, and would probably use different biomolecules, lipids and amino acids could in
principal act as biomarkers for methanogenic life on the icy moons of our Solar system and
beyond. The possibilities of biomolecules for life are vast and need not match those of life as-
we-know-it. Life as-we-know-it is very selective and uses just a few out of the thousands of
biomolecules possible (Schulze-Makuch and Irwin, 2018). However, it is considered likely that
other life forms are very selective too and could generate recognizable patterns with similar or
completely different biomolecules (Dorn et al., 2011; Georgiou and Deamer, 2014; Georgiou,
2018; Schulze-Makuch and Irwin, 2018). Therefore, the focus here does not lie on the existence
of single amino acids or lipids, but on a pattern that could be characteristic for life. This may
yield implications for biomarker search as part of future space missions.

In the environment, organisms are unavoidably exposed to changing conditions, such as
changing temperature, pressure, pH, salinity, humidity, irradiation, and micro- as well as
macronutrient availability. Organisms had to develop mechanisms to cope with these
everlasting changes, otherwise they could not survive. Microorganisms do that, for instance, by
adapting their lipid inventories (e.g. Sprott et al., 1991; Yoshinaga et al., 2015). Therefore, the
same three strains of (hyper)thermophilic, hydrogenotrophic methanogens were grown in pure
cultures under varying temperatures and nutrient supply. These are again M. villosus and
M. okinawensis, but also M. marburgensis from the order Methanobacteriales, which was
isolated from sewage sludge (Wasserfallen et al., 2000). Thereafter, changes in amounts and
proportions of core lipids were evaluated. By doing this, the author wants to gain more insight
into the effect of varying temperature and nutrient supply on the expression of lipids. There are
already several studies about lipid biomarkers under changing temperature, pressure, and pH
(e.g. Sprottetal., 1991; Kaneshiro and Clark, 1995; Koga, 2012; Siliakus et al., 2017), but very
few under changing nutrient supply (e.g. Yoshinaga et al., 2015). The present thesis aims to
contribute to fill this gap.
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2. Materials and methods

2.1 Archaeal strains and culture conditions

Methanothermobacter marburgensis strain DSM 21337 (Wasserfallen et al., 2000),
Methanocaldococcus  villosus strain  DSM 226127 (Bellack et al., 2011) and
Methanothermococcus okinawensis strain DSM 142087 (Takai et al., 2002) are anaerobic,
hydrogenotrophic methanogens. M. marburgensis belongs to the order Methanobacteriales and
has originally been isolated from anaerobic, mesophilic sewage sludge (Wasserfallen et al.,
2000). It is thermophilic with an optimum temperature of 65°C. M. villosus and M. okinawensis
belong to the order Methanococcales and have initially been isolated from hydrothermal vent
systems. M. villosus was isolated from a submarine hydrothermal vent system at the Kolbeinsey
Ridge, north of Iceland (Bellack et al., 2011). Kolbeinsey Ridge forms a part of the Mid-
Atlantic Ridge, and no ultramafic rocks are present at this site. Sampling was conducted at a
water depth of 105 m on a rocky seafloor next to effusing fluids, with a water temperature of
up to 89°C, and containing hydrogen sulfide, helium, manganese and silicon dioxide (Fricke et
al., 1989; Bellack et al., 2011). M. villosus is a hyperthermophilic methanogen with an optimum
growth temperature of 80°C. M. okinawensis was isolated from the tip of a black smoker
chimney in 972 m water depth at the Iheya Ridge in the Okinawa Trough, Japan (Takai et al.,
2002). The Iheya Ridge is an arc-backarc hydrothermal vent system with hot (more than 300°C)
fluids rich in carbon dioxide, methane and hydrogen sulfide (Takai and Horikoshi, 2000; Takai
etal., 2002). M. okinawensis is thermophilic, with an optimum growth temperature of 60—65°C.
All three strains were obtained from the Deutsche Stammsammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ), Braunschweig, Germany, and grown as described below. The
experimental setting was designed by Simon K.-M. R. Rittmann and Ruth-Sophie Taubner.
Culturing was done by Simon K.-M. R. Rittmann, Ruth-Sophie Taubner and Michael Steiner
at the University of Vienna.

Cultivation was performed in 120 mL serum bottles (La-Pha-Pack, Langerwehe, Germany)
with either 25 mL, 50 mL, or 75 mL of chemically defined liquid medium (25 mL and 75 mL
just for the experiments described in chapter 3.3). M. marburgensis grew in a different medium
than M. villosus and M. okinawensis (Taubner and Rittmann, 2016; Taubner et al., 2018). The
medium of M. marburgensis is described in detail in Taubner and Rittmann (2016) with the
modification that in some experiments the carbonate was omitted. DSMZ medium 282 was
modified for M. villosus and M. okinawensis (Taubner and Rittmann, 2016; Baumann and
Taubner et al., 2018). For the DoE and extreme value experiments with M. okinawensis the
inhibitors, NH4Cl, H.CO, and CH3OH, were added to the bottles before autoclaving (Taubner
and Baumann et al., 2019; for exact preparation and composition see Supplementary Table 8 in
Taubner et al.; 2018). After sealing the serum bottles, they were degassed and autoclaved.
Vitamin solution (only in some cultures), NazS-9H20, -Cystein-HCI solution, and NaHCO3
solution, were added to the bottles in an anaerobic chamber (Coy Laboratory Products, Grass
Lake, USA) for M. villosus and M. okinawensis. Only Na,S-9H.O was added to the bottles for
M. marburgensis (Taubner and Rittmann, 2016). The vitamin solution was originally used for
M. villosus and M. okinawensis, because it is part of the DSMZ instructions for cultivation of
them. However, after it was observed that these organisms exhibited the same growth with and
without the vitamin solution, vitamin addition was suspended. Afterwards, the serum bottles
were inoculated with 1 mL (2 vol%) of the respective pre-culture in exponential growth phase.
All cultures were performed in triplicates (or quadruplicates, described below) plus two
negative controls. The negative controls were inoculated with 1 mL of fresh medium.
M. villosus was incubated in an air bath with a serum bottle head space pressure of 2.5-3.0 bar
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(or 1.5-2.0 barg); M. marburgensis and M. okinawensis in a water bath with a serum bottle head
space pressure of 2.4-3.0 bar (or 1.4-2.0 barg; M. marburgensis) and 2.4-2.7 bar (or 1.4-1.7
barg; M. okinawensis). The water bath is gently shaking the serum bottles, while the air bath is
not shaking them. All three strains were incubated in the dark at their respective optimal growth
temperatures (65°C for M. marburgensis, 80°C for M. villosus, and 65°C for M. okinawensis)
or the alternative culture temperatures (see chapter 3.3) with a variation of no more than 2°C.
The generated methane was replaced in regular intervals with a mixture of carbon dioxide and
hydrogen (20 vol % carbon dioxide in hydrogen) of approximately 2 bar relative pressure.
M. marburgensis received carbon dioxide/hydrogen gas once per day, whereas M. villosus and
M. okinawensis either once or twice per day, depending on culture condition, approximately
every twelve or 24 hours. Growth was recorded via optical density (OD) measurements (A =
578 nm, blanked with Milli-Q water, spectrometer: DU800, Beckman Coulter, USA) and
H2/CO2 to CH4 conversion and turnover ratel via head space pressure measurements of the
serum bottles (digital manometer LEO1-Ei, —1...3 bar, Keller, Germany), approximately every
twelve hours. For OD measurements ca. 0.75 mL per bottle were removed each time. On
average, an experiment with M. marburgensis lasted approximately 7—10 days, an experiment
with M. villosus 2-5 days, and one with M. okinawensis 5-8 days. The duration of an
experiment tended to be longer at a higher volume of liquid medium. After finishing each
experiment, biomass and supernatant were harvested. For this, each culture was centrifuged for
20 minutes at 4500 rpm (3328 rcf) and 4°C in 50 mL Greiner tubes (Hettich Universal 320R).
The cell pellets and 3 mL of supernatant of each experiment were then separately stored in
sterile Eppendorf tubes at -20°C. The cell pellets were subsequently freeze-dried in a Martin
Christ Alpha 1-4 or a Martin Christ Gamma 1-16 LSC Plus freeze-dryer at 0.370 mbar and 0°C
footprint temperature for 1-3 days.

2.1.1 Design of Experiment (DoE)

A central composite design with a spherical design space with a normalized radius equal to one
was selected for the inhibition studies with M. okinawensis (Taubner et al., 2018; Taubner and
Baumann et al., 2019). The theoretical setting of the DoE experiment is depicted in Fig. 1a,
while Fig. 1b shows the maximum optical density (ODmax) Of the respective cultures. Except
for the central point “O”, which represents the center of the sphere, all points displayed in
Fig. 1a are positioned on the surface of the sphere. Experiments with triplicates were performed
for each of these points, and for point “O” even quintuplicates. The concentration of NH4Cl,
H2CO, and CH3OH added to the standard medium of M. okinawensis for the DoE experiments
is given in Taubner et al., 2018 (see Supplementary Table 1). Two datapoints of setting “O”
and one of setting “F” had to be excluded due to low growth (statistically excluded). Due to
fluctuations of the performance of HPLC-APCI-MS (High Performance Liquid
Chromatography — Atmospheric Pressure Chemical lonization — Mass Spectrometry) during
lipid analysis, one datapoint of each setting “E”, “J”, and “N” had to be excluded. Further
information about the experimental setting is provided in Taubner et al. (2018).

1 The turnover rate is equal to the conversion rate per hour of incubation. It was determined via the decrease
in headspace pressure in each bottle after each incubation period.
22



2.1.2 Extreme value experiments

Here, and as described in Taubner and Baumann et al. (2019) the growth, amino acid and lipid
production of M. okinawensis was tested when exposed to a maximum amount of one certain
inhibitor (i.e., 210.91 pL/L 37% H>CO (ROTIPURAN, Roth, Karlsruhe, Germany)) (7.656
mmol/L), 210.91 pL/L CH3OH (98%, Sigma-Aldrich, Taufkirchen, Germany) (5.207 mmol/L),
or 14.06 g/L NHiCl (99.5%, Sigma-Aldrich, Taufkirchen, Germany) (0.263 mol/L),
respectively) while the other two inhibitors were added at a minimal amount (i.e., 9.09 pL/L
(0.330 mmol/L) H2CO, 9.09 pL/L (0.224 mmol/L) CH3OH, and 1.44 g/L NH4CI (0.027 mol/L),
respectively). In the following, the four different settings will be called “Min” (all amounts at
minimum), “Me” (high in CH3OH), “Am” (high in NH4Cl), and “Fo” (high in H2CO). The
H2CO (37 Vol.-%) solution also contained minor amounts of CH3OH. However, these amounts
are as small as the statistical error and are negligible for the current application. All experiments
were performed in quadruplicates together with an additional zero control.
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Figure 1 (a): Illustration of the central composite design for the DoE. For the exact concentration of the three
inhibitors at the different points tested, see Supplementary Table 1 in Taubner et al., 2018. The colors are in
relation to the grouping observed in the ODmax bar chart; (b): ODmax bar chart of the different datapoints (n
= 2 for “F”, n = 3 for all other points , mean values are shown, error = standard deviation). Figure from
Taubner et al. (2018), and Taubner and Baumann et al. (2019).

2.2 Extraction and derivatization of core lipids

All glassware for lipid extraction was combusted at 450°C for 4 h before use (Baumann and
Taubner etal., 2018). As internal standards 5-a-cholestane (CAS 481-21-0), DAGE Ci6:16 (CAS
13071-60-8), and DAGE C1s:18 (CAS 6076-38-6) were added prior extraction. An aliquot of 0.1
to 15 mg of the freeze-dried cells was subjected to acid hydrolysis with HCI (10%) at 110°C
for 2 h. Thereafter, lipids were extracted four times with n-hexane/DCM (4:1 v:v) to gain the
total lipid extract (TLE). For GC-MS and GC-FID analyses, an aliquot of the extract was
derivatized with acetic anhydride and pyridine (1:1 v:v) at 60°C for 1 h and at room temperature
(ca. 20°C) overnight.
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2.3. Gas Chromatography — Mass Spectrometry (GC—MS) and Gas
Chromatography — Flame lonization Detection (GC-FID)

GC-MS was used for identification and GC-FID was used for quantification of diether lipids
as a control for HPLC-APCI-MS measurements (compare Baumann and Taubner et al., 2018;
Taubner and Baumann et al., 2019). The GC-MS was a Thermo Scientific Trace GC Ultra
coupled to a Thermo Scientific DSQ Il mass spectrometer and the GC—FIDs used were a Fisons
Instruments GC 8000 series and a Fisons Instruments HRGC MEGA 2 series. For both, GC—
MS and GC-FID measurements, acetylated aliquots of the acid hydrolysis derived TLES were
used. Injection mode was PTV and carrier gas was helium for the GC-MS analysis. For GC—
FID the injection mode was on-column, the carrier gas was hydrogen, the fuel gases were
hydrogen and compressed air and the make-up gas was nitrogen (N2). For these three devices,
an Agilent DB-5MS Ul and an Agilent HP-5MS Ul fused silica column with a length of 30 m,
a diameter of 0.25 mm and a film thickness of 0.25 um, were used. The GC temperature
program at the GC—-MS and the Fisons Instruments GC 8000 was: 50°C for 3 min to 230°C at
25°C/min, held at 230°C for 2 min and heated to 325°C at 6°C/min and held for 20 min. The
temperature program used at the Fisons Instruments HRGC MEGA 2 series was as follows:
50°C for 3 min to 230°C at 15°C/min, then held at 230°C for 2 min and to 325°C at 6°C/min
and held for 20 min. This modification was due to the limited heating speed of this GC. The
retention time of the components was therefore different on the two GC—FIDs, but this did not
affect the quantification. The response factor between 5-a-cholestane and DAGE Cis:13 Was
1.6:1 on both GC—FIDs.

2.4. High Performance Liquid Chromatography — Atmospheric Pressure
Chemical lonization — Mass Spectrometry (HPLC-APCI-MS)

Archaeal di- and tetraether lipids were identified and quantified based on the method of
Hopmans et al. (2000) using a Varian MS Workstation 6.91 HPLC system coupled to a Varian
1200L triple quadrupole mass spectrometer (Baumann and Taubner et al., 2018). Prior to
injection, underivatized and unfiltered dry aliquots of the TLEs (5%-20% of TLE) were
dissolved in n-hexane with 12 mg/L Cs GDGT as internal standard (Huguet et al., 2006). To
avoid overload of the MS, the injection volume was adapted to the initial weight of the biomass
and varied between 5 pL and 25 pL to not exceed 25 pg/mL injection concentration per
component. Separation was achieved on a Grace Prevail Cyano column (150 mm x 2.1 mm;
3 W particle size) and a guard column of the same material. Both columns were held at a
temperature of 30°C. Archaeal lipids were eluted with the following gradient program modified
after Liu et al. (2012c): linear change from 97.5% A (100% n-hexane) and 2.5% B (90% n-
hexane: 10% 2-propanol; v:v) to 75% A and 25% B from 0 to 35 min; then linearly to 100% B
in 5 min and held for 8 min. Thereafter, the column was re-equilibrated with 97.5% A and
2.5% B for 12 min. Total run time was 60 min. The solvent flow was constant at 0.3 mL/min
during the entire run time. The mass spectrometer was equipped with an APCI interface
operated in positive ion mode. The nebulizing gas was N2 with a pressure of 60 psi. The
manifold temperature was fluctuating between 35°C and 40°C, the manifold pressure was 0.66
Pa; the APCI housing temperature was 50°C, the APCI main gas had a pressure of 80 psi; the
APCI drying gas temperature was 200°C, the pressure was 12 psi; the APCI auxiliary gas
temperature was 400°C, and the pressure was 18 psi. The mass spectral scan range was set at
m/z 500 to 750 and 950 to 1500. The response factors between archaeal di- and tetraether lipids
were constantly evaluated using a standard mixture, injected after every 4-5 samples. The
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standard mixture from synthetic archaeol (1,2-Di-O-phytanyl-sn-glycerol; CAS 99341-19-2),
DAGE Cig18 (CAS 6076-38-6), DAGEs Cig:18-4ene (1,3-Dilinoleoyl-rac-glycerol; CAS
15818-46-9), and the aforementioned C4s GDGT (CAS 138456-87-8) was prepared by Sabine
Beckmann at the University of Hamburg. The response factor between synthetic archaeol and
Css GDGT was usually around 1.5:1 and the response factor between DAGE Cis:1s and Cus
GDGT was usually between 1.5:1 and 2:1. The response factor between the diester
DAGEs Cis:18-4ene and Css GDGT was not used for this thesis, but it is part of the standard
mixture as this mixture is also used for samples, which potentially include diester lipids. The
response factor between Cs¢ GDGT and the glycerol dialkyl diethers GDD-0 and GMD-O0 (see
below) could not be determined since there was no standard available. A similar response factor
as for the tetraether lipids was assumed. Therefore, the quantities of GDD-0 and GMD-0 include
possible errors and must be taken cautiously. Relative lipid abundances were determined by
selecting individual base peaks with the target mass m/z, including ions symmetrically with
+1.0 of target m/z.

2.5. High Performance Liquid Chromatography — Atmospheric Pressure
Chemical lonization — tandem Mass Spectrometry (HPLC-APCI-MS/MS)

Structural identification of archaeal ether lipids was conducted by Thorsten Bauersachs at the
University of Kiel using HPLC-APCI-MS/MS (Baumann and Taubner et al.; 2018). Briefly,
aliquots of the TLEs derived from the acid hydrolysis of archaeal cell material were dissolved
in n-hexane/2-propanol (99:1, v:v) to a concentration of 1 mg/mL and filtered through a 0.45
pum polytetrafluoroethylene (PTFE) filter prior to analysis. Normal-phase HPLC was performed
using a Waters Alliance 2690 HPLC system fitted with a Grace Prevail Cyano column (150 x
2.1 mm i.d., 3 um particle size) and a security guard column cartridge of the same material.
Separation of target compounds was achieved at a constant 30°C with a flow rate of 0.2 mL/min
and the following binary gradient profile: 90% A and 10% B for 5 min; linear gradient to 19%
B in 20 min; linear gradient to 100% B in 35 min; held at 100% B for 5 min; returning to initial
conditions within 1 min and holding for 15 min to re-equilibrate the column (where A = 100%
n-hexane and B = 90% n-hexane/10% 2-propanol). MS/MS experiments were performed using
a Micromass Quattro LC triple quadrupole mass spectrometer equipped with an APCI interface
operated in positive ion mode. Source settings were as follows: source 150°C, vaporizer 500°C,
corona 30 YA, cone voltage 35 V, desolvation gas (N2) 490 L/h, cone gas (N2) 70 L/h. Product
ion spectra of archaeal ether lipids were recorded using a collision energy of 43 eV and scanning
from m/z 450 to 1350 (in 1.9 s). Structural assignments of archaeal lipids were based on
comparison with published mass spectra (Knappy et al., 2009, 2015; Liu et al., 2012c;
Bauersachs and Schwark, 2016).
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2.6. Extraction of IPLs and High Performance Liquid Chromatography —
ElectroSpray lonization — tandem Mass Spectrometry (HPLC—ESI-MS/MS)

Before extraction, 1.9-8.8 mg of the freeze-dried cells were homogenized and 5-a-cholestane
and DAGE Cais:18 were added as internal standards. A modified Bligh and Dyer protocol
(Rutters et al., 2002) was applied as follows: 7 mL of CH3;OH:DCM:phosphate buffer (2:1:0.8
v:v:v:v) were added and lipids were extracted thrice with an ultrasonic bath (Baumann and
Taubner et al., 2018). Subsequently, DCM and phosphate buffer were added to the combined
extracts to achieve a solvent ratio of 1:1:0.9 (v:v:v), which induced a phase separation. The
organic-rich bottom layer was collected and the aqueous phase re-extracted twice with DCM.
The bulk of solvent was removed by rotatory evaporation and dried under a gentle stream of
nitrogen. The IPLs were analyzed by Thorsten Bauersachs at the University of Kiel using high
performance liquid chromatography coupled to electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS) according to the protocol by Sturt et al. (2004) with some
modifications. An aliquot of each Bligh and Dyer extract was re-dissolved in a solvent mixture
of hexane:2-propanol (79:21, v:v) and injected in a Waters 2960 high performance liquid
chromatograph equipped with a Phenomenex Luna NH> column (150 x 2 mm i.d., 3 pm particle
size) and a guard column of the same material, which were both maintained at a temperature of
30°C. Separation of target compounds was accomplished using the following gradient with a
flow rate of 0.2 mL/min: 90% A:10% B to 70% A:30% B in 10 min, hold for 20 min, then to
35% A:65% B in 15 min, hold for 35 min and returning to starting conditions to re-equilibrate
the column for 15 min. Solvent A was n-hexane/2-propanol/HCO2H/14.8 M NH3 aqg.
(79:20:0.12:0.04; v:v:v:v) and solvent B was 2-propanol/water/HCO2H/14.8 M NHs ag.
(88:10:0.12:0.04; v:v:v.v). Detection of IPLs was achieved using a Micromass Quattro LC
triple quadrupole mass spectrometer equipped with an electrospray ionization (ESI) interface
operated in positive ion mode. Instrument parameters were tuned by directly infusing archaeal
lipid extracts in a stream of 100% solvent A into the ESI source, which resulted in the following
optimized settings: capillary voltage 3.8 kV, cone voltage 25V, desolvation temperature
230°C, source temperature 100°C, desolvation gas flow 400 L/h, cone gas flow 70 L/h. Mass
detection was performed in a data-dependent mode with two scan events, where a positive ion
scan (m/z 400-2000) was followed by a product ion scan of the base peak of the mass spectrum
of the first scan event. Identification and data evaluation of archaeal IPLs was accomplished by
Thorsten Bauersachs by comparison of published mass spectra and characteristic fragment ions
reported in the literature (Sturt et al., 2004; Schouten et al., 2008b; Sinninghe Damsté et al.,
2012).

2.7 Amino acid analysis

Amino acids were measured by Ruth-Sophie Taubner and Barbara Mahnert at the University
of Vienna (Taubner and Baumann et al., 2019). Samples were first diluted in Milli-Q water at
a ratio of 1:4. Analyses were performed in technical triplicates on an Agilent 1260 Infinity
Bioinert HPLC system, consisting of an autosampler, a quaternary pump, a column oven and a
fluorescence detector (Taubner and Baumann et al., 2019). Derivatization was conducted in a
robotic autosampler. 75 pL of borate buffer (0.4 N in water, pH = 10.2; Agilent Technologies)
were added to 1 mL sample, and subsequently mixed. Thereafter, 5 uL OPA reagent
(10 mg/mL OPA and 3-mercaptopropionic acid in 0.4 mol/L borate buffer; Agilent
Technologies) were added and subsequently mixed as well. After 2 min of reaction time at
27°C, 100 pL of the reaction mixture were injected into the HPLC system. The separation of
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the fluorescent derivatives (primary dissolved free amino acids) was achieved on a Zorbax
ECLIPSE AAA column (4.6 x 150 mm, 3.5 pm particle size, Agilent Technologies) with a
Zorbax ECLIPSE AAA guard cartridge (4.6 x 150 mm, 5 um particle size, Agilent
Technologies), with the column temperature set at 25°C and a flow rate of 0.8 mL/min.
Excitation and emission wavelengths were 340 nm and 450 nm, respectively. Gain factors of 8
to 12 were used depending on the expected concentrations.

This method was developed by Elisabeth L. Clifford at the University of Vienna and is
particularly established for samples with a much higher concentration of ammonia than of
Dissolved Free Amino Acids (DFAA). Such conditions can make the quantification of DFAAS
challenging due to the excess of sodium and interaction with the stationary phase, resulting in
peak broadening. Hence, some of the DFAA cannot be quantified, since they are masked by the
ammonia peak. For this reason, the gradient, the injection volume, and eluents had to be
modified (Kromer et al., 2005) to reduce peak tailing and suppress matrix effects as described
elsewhere (Clifford et al., 2017). To generally achieve a better separation of individual
components, especially between Met and Val, tetrahydrofuran was used. Trifluoroacetic acid
was added as an ion-pairing agent to reduce the broadening and thus improving peak shape.
Instead of sodium acetate buffer, NaH2PO4 buffer was used, which also resulted in a better
ammonia peak shape. The elution gradient is shown in Table S1 and examples of the separation
of the dissolved free amino acids are shown in Figs. S1 and S2. For peak identification and
quantification, a primary amino acid standard mix (AAS18, Sigma Aldrich) was prepared for
each run in different concentrations according to the concentration range of the samples
(100 nmol/L to 15 pumol/L). The five missing amino acids (Asn, Glu, GABA, Tau, Trp; all
Sigma Aldrich) were added to the AAS18 standard mix in known concentrations. Data
evaluation of amino acids was done by Ruth-Sophie Taubner and Barbara Reischl. Elisabeth L.
Clifford helped with the interpretation of the data (Taubner and Baumann et al., 2019).
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3. Results

3.1 Lipid inventories of Methanothermobacter marburgensis,
Methanocaldococcus villosus and Methanothermococcus okinawensis

3.1.1 Archaeal core lipids

As described previously (Gréther, 1994), M. marburgensis reveals a range of diether and
tetraether membrane lipids (mostly measured as core lipids). In this thesis, the nomenclature
introduced by Knappy et al. (2015) for Methanothermobacter thermautotrophicus, a close
relative of M. marburgensis, is used. The core lipids of M. marburgensis can be subdivided into
three groups: isoprenoid hydrocarbons, isoprenoid diethers, and isoprenoid tetraethers. All
compounds are displayed in Fig. 2. M. marburgensis produces predominantly archaeol as
diether lipid, and very minor amounts of additional diethers, composed of two Cag alkyl chains,
GDD-0a and -0b, both containing zero rings, GDD-0a without and GDD-0b with one additional
methylation, as well as GMD-0a’ (the second structural isomer; see below in the second
paragraph of chapter 3.1.1) and GMD-0b’ (the second structural isomer; see below in the second
paragraph of chapter 3.1.1). The major tetraether lipids produced are GDGT-0a, -Ob, and -Oc
(with a = zero, b = one, and ¢ = two additional methylations), and GMGT-0a, -0a’, -0b, -0b’, -
Oc’ (two isomers with zero and one, and one isomer with two additional methylations), plus the
tetraether lipid GTGT-0. Chromatograms of these lipids can be found in Figs. 3 and 4 (actually
only chromatograms of M. villosus and M. okinawensis, but the order of elution on HPLC-
APCI-MS is the same for all three strains) and in Knappy et al. (2015).

The intact polar lipid and core lipid inventory of M. villosus and M. okinawensis has been
revealed in the course of this work for the first time (Baumann and Taubner et al., 2018). For
this reason, the lipid inventory of M. villosus and M. okinawensis is described here in much
more detail, than the lipid inventory of M. marburgensis. M. villosus and M. okinawensis
exhibit the same general membrane core lipid composition. The two strains have the diether
lipids archaeol and macrocyclic archaeol, and minor amounts of GDD-0a, GMD-0a, and GMD-
0a’ (Figs. 2, 3, and 4). Their tetraether lipid inventory comprises GTGT-0a, GDGT-0a, GMGT-
Oa, and GMGT-0a’ (Fig. 2). As two isomers of GMGT-0 occur, one might also suggest the
presence of two isomers of GMD-0, but in the present work just one isomer of GMD-0 was
found in M. villosus and none in M. okinawensis (Table 1). The occurrence of two isomers of
GMGT-0 is confirmed by the MS/MS measurements (see Fig. S3). No diether or tetraether
lipids with additional methylations, as found in M. marburgensis, were found in M. villosus or
in M. okinawensis.

The only isoprenoid hydrocarbon found in in all three specimens is squalane, which occurs in
only low abundance in these experiments. As squalane is the degradation product of squalene,
squalene rather than squalane would be expected in fresh cultures of archaea (Tornabene et al.,
1979). However, the applied acid hydrolysis possibly modified the original squalene
composition. This could have been avoided by the application of a milder hydrolysis procedure
(Cario et al., 2015), but as this work did not focus on isoprenoidal hydrocarbons, this was not
conducted.
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Figure 2: Structures of polar head groups and core lipids found in Methanothermobacter marburgensis, Methanocaldococcus villosus, and Methanothermococcus
okinawensis. Abbreviations of polar head groups are: 1G (monoglycosidic), 2G (diglycosidic), and PG (phosphoglycosidic). Abbreviations of core lipids are: GDGT
(glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GTGT (glycerol trialkyl glycerol tetraether), GDD (glycerol dialkyl diether), and
GMD (glycerol monoalkyl diether). “0”: zero rings in the alkyl chains; “a”, “b” and “c”: no, one and two additional methyl groups as indicated in the structures (cf., Knappy
et al. 2015). Note that the exact positions of the covalent carbon-carbon bonds between the isoprenoid chains of GMGT-0 and GMD-0 are unknown. Figure modified from
Baumann and Taubner et al. (2018).



Figs. 3 and 4 provide representative chromatograms, which show the diether and tetraether lipid
distributions of M. villosus and M. okinawensis. Both chromatograms reveal two peaks for
archaeol, which cannot be explained at this point. Two isomers or any compounds with the
same molecular mass could also not be identified by GC-MS analyses. For this reason and
because two peaks were also observed when measuring the synthetic archaeol standard, both
peaks are assumed to correspond to archaeol. Table 1 shows the abundance of core ether lipids
in each of the three samples of M. villosus and M. okinawensis. M. villosus contains about 3200
ng/mg dw (dry weight) on average, whereas the average lipid content of M. okinawensis is
about 1600 ng/mg dw. Hence, M. villosus has roughly double the amount of lipids as
M. okinawensis does. The diether lipids (i.e. archaeol and macrocyclic archaeol) are much more
abundant than the tetraether lipids, constituting about 95% (weight %) of all lipids in both
strains (Fig. 5).

There are several substantial differences in the core lipid patterns between the two strains.
M. villosus synthesizes more macrocyclic archaeol (55%) than archaeol (39%) and more
GMGT-0a’ (1%) than GMGT-0a (0.1%). In contrast, M. okinawensis has 59% archaeol, 35%
macrocyclic archaeol, 1% GMGT-0a, and 0.4% GMGT-0a’ (Table 1; Fig. 5). GDGT-0a is the
most abundant tetraether lipid in both organisms and comprises on average 4.3% in M. villosus
and 3.7% in M. okinawensis. The second most abundant tetraether lipid is GMGT-0 with the
two isomers constituting 1.1% in M. villosus and 1.4% in M. okinawensis. Both organisms
exhibit 0.2% of GTGT-0a. GDD-0a and GMD-0a are the least abundant components and
generally do not comprise more than 0.1% of all lipids. To verify the quantification performed
with HPLC-APCI-MS, archaeol and macrocyclic archaeol of each sample were also quantified
with GC-FID. Archaeol and macrocyclic archaeol were the only lipids, which could have been
detected with GC-FID. The ratio of GC-FID/HPLC-APCI-MS was in the range of 1.09 to 1.33
for archaeol and 1.01 to 1.42 for macrocyclic archaeol (Table S2).
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Figure 3: Representative base peak chromatograms showing the core lipid distribution of M. villosus.
Abbreviations of lipids are: AR (archaeol), MAR (macrocyclic archaeol), GTGT (glycerol trialkyl glycerol
tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether),
GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether). Figure modified from Baumann and
Taubner et al. (2018).
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Figure 4: Representative base peak chromatograms showing the core lipid distribution of M. okinawensis.
Abbreviations of lipids are: AR (archaeol), MAR (macrocyclic archaeol), GTGT (glycerol trialkyl glycerol
tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether),
GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether). Figure modified from Baumann and
Taubner et al. (2018).
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Table 1: Contents of core ether lipids in M. villosus and M. okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw). “Mean v.” = mean value; SD =
standard deviation; Vil-1-3 = samples of M. villosus 1-3; Oki-1-3 = samples of M. okinawensis 1-3. Abbreviations of lipids are: Macr. archaeol = macrocyclic archaeol;
GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether),
and GMD (glycerol monoalkyl diether). Table modified from Baumann and Taubner et al. (2018).

Methanocaldococcus villosus

Methanothermococcus okinawensis

Vil-1 Vil-2 Vil-3 Mean v. SD Oki-1 OKki-2 Oki-3 Mean v. SD

[ng/mg dw] [ng/mgdw] [ng/mgdw] | [ng/mgdw] [ng/mgdw] | [ng/mg dw] [nhg/mgdw] [ng/mgdw] | [ng/mgdw] [ng/mg dw]
Archaeol 1045.7 1674.9 1120.6 1280.4 280.6 7115 1589.2 588.5 963.1 445.6
Macr. archaeol 1772.7 1958.4 1597.4 1776.2 147.4 333.8 917.1 460.6 570.5 250.5
GTGT-0a 7.5 8.1 7.9 7.8 0.2 3.6 4.1 2.4 3.4 0.7
GDGT-0a 158.3 143.1 112.9 138.1 18.8 49.4 73.0 44.7 55.7 12.4
GMGT-0a 35 3.1 1.9 2.9 0.7 13.5 19.8 13.0 15.4 3.1
GMGT-0a’ 30.3 325 29.1 30.6 1.4 5.2 8.9 4.8 6.3 1.9
GDD-0a 1.2 0.0 1.0 0.7 0.5 1.3 2.3 1.6 1.7 0.4
GMD-0a' 0.3 0.0 0.3 0.2 0.2 0.0 0.0 0.0 0.0 0.0
Sum 3019.4 3820.1 2871.1 3236.9 449.9 1118.2 2614.4 1115.5 1616.0 714.5
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Figure 5: Relative abundance (%) of total core lipids of M. villosus and M. okinawensis. The bars represent average values (n = 3). Abbreviations of lipids are: GMD
(glycerol monoalkyl diether), GDD (glycerol dialkyl diether), GTGT (glycerol trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), and GDGT
(glycerol dialkyl glycerol tetraether). Figure modified from Baumann and Taubner et al. (2018).



3.1.2 Archaeal intact polar lipids

The relative abundances (%) of the total intact polar lipids based on peak areas are given in
Table 2 and in Fig. 6. As the separation of IPLs mainly depends on the polarity of the head
group, the two isomers of intact polar GMGT-0a cannot be distinguished. M. villosus exhibits
mono- (1G) and diglycosidic (2G), whereas M. okinawensis additionally contains
phosphoglycosidic (PG) head groups (Fig. 2; Table 2). M. villosus contains about 6% 1G-
archaeol and 5% 1G-macrocyclic archaeol, ca. 40% 2G-archaeol and 45% 2G-macrocyclic
archaeol; 2% 2G-GDGT-0a and 1% 2G-GMGT-0a’. IPLs of other core lipids detected
beforehand were below detection limit (Table 2). In summary, M. villosus is characterized by a
clear dominance of diglycosidic over monoglycosidic head groups. In contrast, M. okinawensis
has about 30% 1G-archaeol and 30% 1G-macrocyclic archaeol, and not more than 11% 2G-
archaeol and 8% 2G-macrocyclic archaeol. M. okinawensis also contains 2-3% 1G-GTGT-0a,
1G-GDGT-0a, and 1G-GMGT-0a; about 10% 2G-GDGT-0a, 6% 2G-GMGT-0, and PG-
GDGT-0a and PG-GMGT-0a on an order of ~1% (Table 2).

As M. okinawensis, M. marburgensis also reveals mono- and diglycosidic head groups and
minor amounts of PG-GDGT-0. However, the PG-GDGT-0 makes up less than 0.01% of total
intact polar lipids. M. marburgensis has 15% 1G-archaeol, 67% 2G-archaeol, 1% 1G-GDGT-
Ob with one methylation, 1% 1G-GMGT-0a, 2% 1G-GMGT-0b, 1% 1G-GMGT-0c, 2% 2G-
GDGT-0a, 2% 2G-GDGT-0b, 1% 2G-GDGT-0c, 1% 2G-GMGT-0a, 3% 2G-GMGT-0b, and
2% 2G-GMGT-0c. Relative amounts of 1G-GDGT-0a, 1G-GDGT-0c, and PG-GDGT-0a were
below 0.01% and the remaining intact polar lipids were all below detection limit.
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Figure 6: Relative abundance (%) of total intact polar lipids of M. villosus and M. okinawensis.
Abbreviations of polar head groups are: 1G (monoglycosidic), 2G (diglycosidic) and PG
(phosphoglycosidic). Abbreviations of core lipids are: AR (archaeol), MAR (macrocyclic archaeol), GTGT
(glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), and GMGT (glycerol
monoalkyl glycerol tetraether). Figure modified from Baumann and Taubner et al. (2018).
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Table 2: Relative abundance (%) of total intact polar lipids in M. villosus and M. okinawensis. SD = standard
deviation; n.d. = not detected. Abbreviations of polar head groups are: 1G (monoglycosidic), 2G
(diglycosidic) and PG (phosphoglycosidic). Abbreviations of core lipids are: AR (archaeol), MAR
(macrocyclic archaeol), GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol
tetraether), and GMGT (glycerol monoalky! glycerol tetraether). Table modified from Baumann and Taubner
et al. (2018).

Methanocaldococcus villosus Methanothermococcus okinawensis
Mean value (rel) SD (rel) Mean value (rel) SD (rel)

1G-AR 6% 2% 30% 15%
1G-MAR 5% 3% 27% 6%
2G-AR 40% 17% 11% 4%
2G-MAR 46% 13% 8% 5%
1G-GTGT-0a n.d. n.d. 2% 1%
1G-GDGT-0a n.d. n.d. 2% 1%
1G-GMGT-0a n.d. n.d. 3% 2%
2G-GDGT-0a 2% 2% 10% 5%
2G-GMGT-0a 1% 1% 6% 3%
PG-GDGT-0a n.d. n.d. 1% 0%

PG-GMGT-0a n.d. n.d. traces traces

Sum 100% 100%
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3.2 Results of the DoE and the extreme value settings mimicking the assumed
Enceladian ocean

3.2.1 Lipid and amino acid production under the DoE setting

As demonstrated in Taubner et al. (2018), M. okinawensis is capable to grow in the presence of
multivariate concentrations of the potential inhibitors NH4Cl, H.CO, and CH3OH. Fig. 1a
provides an overview of the DoE design space and Fig. 1b shows the mean values of ODmax, an
indicator for growth. The core lipid inventory of M. okinawensis exposed to the multivariate
concentrations of the potential inhibitors is unchanged compared to the optimal standard
conditions (see chapter 3.1). The lipid inventory comprises archaeol, macrocyclic archaeol,
GDGT-0a, GTGT-0a, and two isomers of GMGT-0a as well as traces of GDD-0a and GMD-
Oa in some samples. Table 3 shows the respective minimum, mean, and maximum values for
different parameters (including lipid and amino acid concentrations, ratio of archaeal di- and
tetraethers). The ratio of diethers/tetraethers is defined as (archaeol + macrocylic archaeol) /
(GTGT-0a + GDGT-0a + GMGTs-0a). The mean values of each lipid species of all samples of
one experiment in percent [%] of total lipids can be found in Table S3.

All cultures reached a maximum turnover rate of at least 0.086 h™, except for “D”, “H”, and
“L” (all high H2CO), which stayed below 0.031 h™ for the entire experiment. Overall, the ODmax
values and the concentration of total lipids in ng/mg dw show similar patterns as described in
the following. The cultures “K”, “E”, “B”, “F”” and “A” (all low H2CO) reveal the highest ODmax
and “K”, “A”, and “E” show the highest contents of lipids. The cultures “D”, “H” and “L” not
only reveal the lowest ODmax, but also the lowest lipid content. Only the cultures “J” appear to
show diverging ODmax and lipid patterns as they have a low ODmax compared to other cultures,
but with the same or slightly higher amounts of lipids (compare cultures “C”, “G”, or “I”).
When comparing single lipid species, the lipids archaeol and GTGT-0a are relative to the other
lipids more abundant in cultures “C”, “G”, “J”, “L”, and partly also in “O” (Fig. 7). On the
contrary, macrocyclic archaeol, GDGT-0a and the GMGTs-0a are relatively more abundant in
cultures “A”, “B”, “E”, “I”, and “K” (Fig. 7).

Excreted amino acids show a different behavior than core lipids. Cultures “I” exhibit by far the
most excreted amino acids, whereas cultures “H” showed just one tenth of that amount. Cultures
with high NH4Cl and medium to high H.CO (“H”, “D”, “J”, and “L”’) show the lowest amounts
of excreted amino acids. Cultures “I” not only revealed the highest amounts of 15 of the 18
measured amino acids, but at the same time showed the lowest amount of GIn (0.40 + 0.06
pmol/L). In total, 18 different excreted amino acids were detected, whereas the most prominent
of them found in all cultures were Glu and Gly.

In summary, the different inhibitors were shown to affect M. okinawensis differently regarding
lipid and amino acid production and excretion. While the lowest amounts of H2CO (cultures K)
favored growth (ODmax) and total lipid production, the lowest amounts of NH4CI (cultures 1)
favored total amino acid production (see Fig. 7 and Fig. 8).
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Figure 7: Selected lipid ratios A, B, C, and D plotted against ODmax under the DoE setting. Color code is the
same as established in Fig. 1. For comparison, the green line shows the lipid ratio at optimum conditions
(data from chapter 3.1 and from Baumann and Taubner et al., 2018). “Arch.” = archaeol; “Macr.” =
Macrocyclic archaeol; ODmax = ODeng in almost all cases except for two samples of “D” (ODeng = 0.1848;
0.1957), all three samples of “H”” (ODeng = 0.1873; 0.1738; 0.1796), all three samples of “L” (ODeng = 0.1777,;
0.1842; 0.1925) and one sample of “O” (ODeng = 0.2868).

Table 3: Minimum, mean, and maximum values (incl. standard deviation) of the DoE study for the
parameters ODmax, turnover rate max, diethers [ng/mg dw], tetraethers [ng/mg dw], ratio diethers / tetraethers,
total lipids [ng/mg dw], and total amino acids [umol/L]. The capital letters in brackets next to the minimum
and maximum values indicate the culture (see Fig. 1a). Table modified from Taubner and Baumann et al.
(2019).

Minimum value Mean value Maximum value

ODmax 0.20 £0.01 (H) 1.07£0.05 1.71 £ 0.14 (K)
Turnover rate max [h!] 0.028 + 0.003 (L) 0.082 £ 0.002 0.098 £ 0.000 (G)
Diethers [ng/mgdw] 198.41+58.42 (L) 583.96 +68.73  883.79 + 197.54 (K)
Tetraethers [ng/mgdw] 16.89 £ 15.16 (L) 42.50 + 15.63 68.36 £ 7.04 (A)
Diethers/tetraethers 11.53 +2.14 (H) 15.31+£5.10 19.43 £ 7.00 (G)
Total lipids [ng/mgdw] 215.31+73.42 (L) 626.46+78.95 938.11 + 228.19 (K)

Total amino acids [umol/L] 62.08 + 9.82 (H) 228.00 + 34.27 663.58 = 129.24 (1)
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3.2.2 Lipid and amino acid production under the extreme value setting

Extreme value experiments were conducted to better understand and distinguish the effects of
the three inhibitors. For this reason, one inhibitor was set at maximum, while the other two were
set at minimum, or all three inhibitors were set at minimum concentrations. This makes in total
four different conditions, whereas the tested data points do not lie within the design space of
the DoE. Table S3 shows the mean values of each lipid species of all samples of one experiment
in % of total lipids. It was not possible to determine the lipid concentrations of the individual
samples due to contamination issues of the used standards for the extreme value experiments.

The patterns for growth parameters and lipids are most apparent when the conditions are put
into the order “Min”, “Me”, “Am”, and “Fo” (for abbreviations, see chapter 2.1.2). The results
of the extreme value experiments reflect those of the DoE setting. ODmax (for overall growth
curves, see Fig. S4) and the turnover rate maximum decrease, while the ratio diethers/tetraethers
is increasing from left to right or from “Min” to “Fo” (Table 4; Fig. 9). The same trend can be
seen for GTGT-0a/GDGT-0a and a similar trend for archaeol/macrocyclic archaeol, GDGT-
0a/GMGTs-0a, GTGT-0a/GMGTs-0a, and GMGT-0a/0a’ (Fig. 10). However, for the last four
ratios the condition “Me”, not “Min”, is expressing the lowest values (see Table 4). With other
words, the diether archaeol and the tetraether GTGT-0a exhibit a slightly lower relative
abundance at condition “Me” than at condition “Min”, but an overall low relative abundance at
both conditions (Table 4; Fig. 10).The ratio archaeol/macrocyclic archaeol is clearly highest at
condition “Fo” (factor above 6 compared to approx. 1:1 ratio for the other settings, see Table 4
and Fig. 10). This high ratio of archaeol/macrocyclic archaeol goes along with the highest
standard deviation. The standard deviations of the ratios GTGT-0a/GDGT-0a and GTGT-
0a/GMGTs-0a are also highest at condition “Fo” (see Table 4).

Table 4: Minimum, mean, and maximum values (incl. standard deviation) of the four experimental settings
“Min” (all amounts at minimum), “Me” (high CH30H), “Am” (high in NH4Cl), and “Fo” (high in H>CO) for
the parameters ODmax, turnover rate max, archaeol/macrocyclic archaeol, diethers/tetraethers, GTGT-
0a/GDGT-0a, GDGT-0a/GMGT-0a, GTGT-0a/GMGT-0a, GMGT-0a/0a’, and total amino acids [umol/L].
Table modified from Taubner and Baumann et al. (2019).

Minimum value Mean value Maximum value

ODmax  0.22 +0.10 (Fo) 0.73 +0.43 1.10 + 0.05 (Min)
Turnover rate max [h*¥] 0.051 + 0.021 (Fo) 0.079£0.019  0.094 + 0.005 (Min)
Archaeol/macrocyclic archaeol 0.76 £ 0.20 (Me) 2.23+2.76 6.38 £ 3.96 (Fo)
Diethers/tetraethers 3.68 = 1.51 (Min) 548 +241 8.83 £ 2.34 (Fo)

GTGT-0a/GDGT-0a 0.03 +0.01 (Min) 0.07 £ 0.06 0.16 = 0.05 (Fo)

GDGT-0a/GMGT-0a 0.83 +0.12 (Me) 1.42+£0.83  2.67+0.60 (Fo)
GTGT-0/GMGT-0a 0.02 + 0.01 (Me) 014+020 0.4 +0.17 (Fo)
GMGT-0a/0a' 1.96 % 0.09 (Me) 2184040  2.78+0.58 (Fo)

Total amino acids [pmol/L] 47.22 + 7.93 (Am) 180.70 £ 94.02 268.08 + 101.83 (Me)
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Figure 10: Selected lipid ratios A, B, C, and D plotted against ODmax under the extreme value setting. Color
code is similar to the one established in Fig. 1: blue = “Min” (all amounts at minimum); yellow = “Me” (high
CH30H); orange = “Am” (high in NH4Cl); and red = “Fo” (high in H,CO). For comparison, the green line
shows the lipid ratio at optimum conditions (data from chapter 3.1 and from Baumann and Taubner et al.,
2018). “Arch.” = archaeol; “Macr.” = Macrocyclic archaeol; ODmax = ODeng in all cases.

As in the DoE setting and in contrast to the growth rate and lipid synthesis, a high amount of
NH4ClI seems to reduce amino acid excretion most substantially (Table 4; Fig. 11). The most
prominent excreted amino acids are again Glu and Gly (Fig. S5). The condition “Me¢” leads to
an increase of the total abundance of amino acids. This is especially true for the amino acid
Met. The condition “Fo” seems to enhance the excretion of GIn (although with a high standard
variation). Interestingly, in some of the samples in the DoE experiments His was detected,
whereas no His was found in any of the samples of the extreme value experiments.

Min Me Am Fo

3001

2001

100:

total amino acids [umol L]

Figure 11: Bar chart of the mean value of the total amino acid concentrations in pumol/L for the four different
experimental settings “Min” (all amounts at minimum), “Me” (high CH3OH), “Am” (high in NH4CI), and
“Fo” (high in H2CO) (n = 4 each, error bars present respective standard deviations). As also seen in the
statistical analysis, a high concentration of NH4Cl seems to inhibit the amino acid production most strongly.
Figure from Taubner and Baumann et al. (2019).
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3.3 Membrane core lipids under varying temperature and nutrient supply
3.3.1 Methanothermobacter marburgensis

M. marburgensis has been cultured at three different temperatures, three different volumes of
liquid medium, either with or without carbonate in the liquid medium (Table 5). When
comparing the mean values of all samples in all experiments, archaeol is the most abundant
compound (52.6%), followed by GDGT-0a (22.5%), GDGT-0b (15.0%), and GMGT-0b’
(5.1%).The least abundant compounds are GDD-0b (0.02%), GMGT-0b (0.02%), GMD-0b’
(<0.01%), and GMD-0a’ (<0.01%; Table S4). The mean average content of all lipids is
3949 ng/mg dw, of which diether lipids make up 53% and the tetraether lipids 47% (Table S4).
These values are varying with different culture conditions. However, the mean average values
of one experiment (composed of quadruplicates) should always be treated with caution, as the
standard deviations are often comparably high (Table 6; Table 7; Figs. 12 to 14). The average
ratio between standard deviation and mean value for all samples of M. marburgensis is 1.75. In
the following, relative amounts in % always represent % referred to all lipids measured, unless
indicated (e.g. in chapter 3.3.1.3).

3.3.1.1 Cultures at different temperatures

M. marburgensis was cultured at 50°C, 60°C, and its optimum temperature at 65°C (Table 5;
Wasserfallen et al., 2000). Additionally, at 65°C, M. marburgensis was cultured with different
amounts of liquid medium, as well as with and without carbonate in the medium. However, at
50°C and 60°C, M. marburgensis was solely cultured at a volume of 50 mL liquid medium
including carbonate (Table 5). In the following, only the 50 mL samples with carbonate in the
liquid medium for non-OD and OD are compared with each other.

The most apparent pattern is that archaeol is decreasing at 60°C (Fig. 12). The mean proportion
of archaeol in % of total lipids is 56.1% at 50°C, 61.9% at 65°C, but just 38.9% at 60°C, with
concentrations ranging from ca. 970 ng/mg dw (60°C, non-OD; Table 6) to ca. 2590 ng/mg dw
(50°C, non-OD; Table 6, Table S5; Fig. 12). The tetraether lipids GTGT-0a, GDGT-0a, and
GDGT-0b behave similarly as archaeol. They show their highest mean concentrations and
relative abundances at 50°C and they have their lowest concentrations and in places also relative
abundances at 60°C. In contrast, the tetraether lipids GDGT-0c, GMGT-0a, GMGT-0a’,
GMGT-0b, GMGT-0b’, and GMGT-0c’ have substantially higher concentrations and relative
abundances at 60°C, than at 50°C and 65°C (Table 6, Table S5, Fig. 12). The diethers GDD-0a
and GDD-0b have their highest concentrations and relative abundances at 50°C, like GDGT-0a
and GDGT-0b. GMD-0b’, on the other hand, just occurs at 60°C, similar to the isomers of
GMGT-0b (Fig. 12).

To sum it up, archaeol, GTGT-0a, GDGT-0a, GDGT-0b, GDD-0a, and GDD-0b are most
abundant at 50°C and least abundant at 60°C. The other lipids; GDGT-0c, GMGT-0a, GMGT-
0a’, GMGT-0b, GMGT-0b’, and GMGT-0c’, and GMD-0b’ are most abundant at 60°C and
with lowest contents at 50°C. There was no clear and consistent variation between non-OD and
OD samples. The most apparent difference between non-OD and OD samples occurs at 60°C.
At 60°C the concentration of tetraether lipids is much higher in the OD (2200 ng/mg dw)
compared to non-OD samples (1070 ng/mg dw; Table 6).
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Table 5: Culture conditions of Methanothermobacter marburgensis, Methanocaldococcus villosus, and
Methanothermococcus okinawensis. “Carbonate” means, whether or not carbonate was added to the liquid
medium (only for culture experiments of M. marburgensis). For M. villosus and M. okinawensis, all cultures
had carbonate in the liquid medium. All experiments have been run four times without (non-OD) and four
times with measurements of optical density (OD). For OD medium had to be removed. For each of the
quadruplicates, “non-OD” as well as “OD”, one zero control was conducted.

. Liquid medium Carbonate/Gas exchange
Strain Temperature ;

(volume) times per day
50°C 50 mL with carbonate
60°C 50 mL with carbonate

25 mL without carbonate

Methanothermobacter with carbonate
marburgensis 65°C 50 mL W!thout carbonate
with carbonate

75 mL w!thout carbonate

with carbonate
1x

25 mL o™
65°C 50 mL 1x

2X

1x

Methanocaldococcus 7SmL 2X
villosus 25 mL 1x
2X

80°C 50 mL 1x

2X

1x

75 mL o™
50°C 50 mL 1x
60°C 50 mL 1x

25 mL ;i

Methanothermococcus 1x
okinawensis 65°C 50 mL %
1x

75mL %
70°C 50 mL 1x
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Tetraethers [%] and Archaeol [ng/mg dw]
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Figure 12: Relative abundance (%) of all tetraether lipids (left) and concentrations of archaeol in nanogram
per milligram dry weight (ng/mg dw) (right) of Methanothermobacter marburgensis at three different growth
temperatures (50 mL, with carbonate). The bars and the blue line represent average values (50°C: n = 7;
60°C: n=8; 65°C: n = 8). Total concentrations of tetraether lipids in ng/mg dw are above the respective bar.
Concentrations of archaeol in ng/mg dw are depicted as blue line with blue error bars. Error = standard
deviation. GTGT (glycerol trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), and
GDGT (glycerol dialkyl glycerol tetraether).
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Table 6: Contents of core ether lipids in Methanothermobacter marburgensis in hanogram per milligram dry weight of biomass (ng/mg dw) at three different temperatures
(50°C/Non-0OD: n = 4; 50°C/OD: n = 3; 60°C/Non-OD: n = 4; 60°C/OD: n = 4; 65°C/Non-OD: n = 4; 65°C/OD: n = 4). “Non-OD” = no optical density measurements;
“OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether),

Ly

GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

Temperature; 50 mL with carbonate
50°C 60°C 65°C
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD

Archaeol 2587.4 602.6 2059,2 67.2 970.6 99.8 1112.8 78.3 1891.0 188.7 2190.4 143.9
GTGT-0a 30.1 18.3 21.0 121 3.4 0.6 5.8 2.3 13.7 5.6 147 4.9
GDGT-0a 1055.2 515.4 787.0 600.3 251.1 147 578.1 435.3 554.2 254.4 647.0 328.6
GDGT-0b 865.3 490.0 575.9 3729 244.8 36.9 476.7 3449 3324 158.8 5425 455.6
GDGT-0c 24.6 151 14.0 9.6 21.7 5.3 47.1 29.7 8.7 2.6 13.8 13.6
GMGT-0a 0.4 0.4 0.3 0.3 3.9 0.6 5.1 1.5 1.1 04 0.9 0.6
GMGT-0a¢ 36.3 20.4 24.5 17.8 75.6 2.8 152.7 107.1 40.9 14.4 46.7 17.3
GMGT-0b 0.0 0.0 0.0 0.0 2.2 1.0 3.3 4.3 0.3 0.5 0.9 0.8
GMGT-0b¢ 93.0 47.9 61.4 43.1 317.6 25.2 635.7 413.7 100.2 56.6 108.1 50.4
GMGT-0c 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMGT-0c¢ 26.1 12.7 17.6 125 152.3 28.9 298.7 138.6 33.7 17.1 48.6 35.2
GDD-0a 14 1.0 0.8 0.7 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0
GDD-0b 1.0 0.8 0.6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.4 0.0 0.0 0.0 0.0
Diethers 2589.8 2060.6 970.6 1113.4 1891.0 2190.4
Tetraethers 2131.0 1501.7 1072.6 2203.2 1085.2 1423.2
Sum 4720.8 3562.3 2043.2 3316.6 2976.2 3613.6




3.3.1.2 Changing liquid medium at one temperature

Here, all cultures at 65°C are compared with each other, which were grown with and without
carbonate. The cultures at 50°C and 60°C are excluded, because they were solely cultured at
50 mL with carbonate in the liquid medium. Archaeol, GTGT-0a, GDGT-0a, GDGT-0Oc,
GMGT-0b’, and GMGT-0c’, are on average most abundant at 25 mL (Table 7; Table S6).
GMD-0b’ has the same concentration at 25 mL and at 75 mL (Table S6). GDGT-0b, GMGT-
O0a, GMGT-0a’, GMGT-0b, GDD-0a, and GDD-0b are on average most abundant at 75 mL.
GMD-0a’ just occurs at 50 mL and grown without carbonate. However, in many cases, the
difference of the mean values between the different volumes of liquid medium is not as high as
the difference between non-OD and OD samples of the same experiment or samples without
and with carbonate, but the same volume of liquid medium (Table 7). The comparison of the
overall mean values should therefore be treated with caution. Nevertheless, it is rather valid that
archaeol is most abundant at 25 mL. Because archaeol is extremely dominant compared to all
other membrane lipids produced, it shifts the total lipid concentration in a way that the total
lipid concentration is highest at 25 mL (4880 ng/mg dw), medium at 75 mL (4010 ng/mg dw),
and lowest at 50 mL (3490 ng/mg dw) (Table S6).
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Figure 13: Comparison of the different groups of tetraethers in nanogram per milligram dry weight (ng/mg
dw) of Methanothermobacter marburgensis at three different volumes of liquid medium with (with carbonate
= “w.c.”) or without carbonate (no carbonate = “n.c.”) in the liquid medium (65°C). The bars and the line
represent average values (25 mL n.c. n=7; 25 mLw.c..n=5;50mL n.c..:n=8; 50 mL w.c.: n=8; 75 mL
n.c.:n=8; 75 mL w.c.: n=8). Concentrations of GDGTs and GMGTs are represented by the pink and yellow
bars with black error bars. Concentrations of GTGT-0a are depicted as blue line with blue error bars. Error
= standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol
tetraether), and GDGT (glycerol dialkyl glycerol tetraether).
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3.3.1.3 Changing carbonate content

For the same reason as for the liquid medium experiments, the cultures at 50°C and 60°C are
excluded. All of the lipids, except for GMD-0a’ have their maximum concentrations at either
25 mL or 75 mL of liquid medium, almost independent of the carbonate content (Table 7;
Table S4). The condition 25 mL with carbonate is exceptional, because there most GTGT-0a,
GDGT-0b, GDGT-0c, GMGT-0b’, GMGT-0¢’, GDD-0b, and GMD-0b’ was found. Also, the
sum of all GDGTs, GMGTs, and tetraether lipids is highest at the condition 25 mL with
carbonate. Archaeol is also very abundant at 25 mL with carbonate, but its concentration and
relative abundance is slightly higher at 25 mL without carbonate. Therefore, the sum of diether
lipids is highest at 25 mL without carbonate. Similar as archaeol, GDGT-0a has its maximum
mean concentration at 25 mL without carbonate, followed by 25 mL with carbonate, and 75 mL
without carbonate. At 75 mL without carbonate the highest concentrations can be found of
GMGT-0a, GMGT-0a’, GDD-0a, and the sum of GDDs (Table 7; Table S4). It seems that at
75 mL without carbonate several lipids with no additional methylation are most abundant, and,
in the case of GDGT-0a, very abundant.

The sum of all GDGTs follows the same trend as the sum of all GMGTs (Fig. 13). GTGT-0a
shows almost the same trend, it is just slightly different at 75 mL. For all three groups of
tetraether lipids, GTGT-0a, GDGTs and GMGTs, the lowest concentrations occur at 50 mL
with carbonate and the highest concentrations at 25 mL with carbonate (Fig. 13). The
concentration of the sum of diether lipids as well as the sum of tetraether lipids is lower in
samples with carbonate at all volumes of liquid medium, except for the tetraethers at 25 mL
(43.1% without carbonate; 49.5% with carbonate; Table 7a). GDD-0a and GDD-0b are both
less abundant in samples without carbonate compared to samples with carbonate at 25 mL. At
75 mL, both lipids are more abundant in samples without carbonate than in those with carbonate
(Table 7c). At 50 mL, they just occur in the samples without carbonate (Table 7b).

When building the mean values of all samples at 65°C without carbonate and all samples at
65°C with carbonate, it turns out that there is no consistent pattern. There are equal amounts of
the different lipids more abundant in the cultures without and with carbonate. This does not
follow a certain group of lipids, e.g. all GDGTs or all GMGTs are more abundant with
carbonate. The sum of all lipids is almost the same in the cultures without (4190 ng/mg dw) and
with carbonate (4070 ng/mg dw; Table S4).

However, there seems to be a consistent pattern when comparing the relative amounts of the
different degrees of methylation among GDGTs and GMGTs at different carbonate content and
volume of liquid medium. Among the GDGTs, GDGT-0a shows an opposing trend to GDGT-
Ob and the much less abundant GDGT-0c. GDGT-0a is more abundant in samples without
carbonate (60%-70% of the GDGTSs), compared to those with carbonate (55%-57% of the
GDGTs; Fig. 14). The GMGTSs show a similar, but slightly different pattern. GMGT-0a and
GMGT-0b are negligible as they just occur in minor amounts, and GMGT-0c does not occur at
all. So, the focus lies on GMGT-0a’, GMGT-0b’, and GMGT-0c’. Here, it seems that GMGT-
0a’ and GMGT-0c’ show opposing trends. GMGT-0b’ stays more or less the same in relation
to the other two. GMGT-0a’ is more abundant in samples without carbonate (24%-29% of the
GMGTSs), than with carbonate (15%-25% of the GMGTS) as it is GDGT-0a. And GMGT-0¢’
is more abundant in samples with carbonate, than without carbonate, as it is GDGT-0c. So, the
GDGTs and the GMGTSs behave similarly, with the exception of those compounds with one
additional methylation, GDGT-0b and GMGT-0b’ (Fig. 14).
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3.3.1.4 Non-OD vs. OD

Differences between non-OD and OD samples can be observed and are sometimes substantial,
but they do not follow a specific pattern. It appears very random. All of the GDGTs (and hence
all of the tetraethers) and all of the GMGTs have in general the same non-OD to OD trends.
GTGT-0a has a similar OD-pattern as GDGT-0a, just at 25 mL the trends are opposite.
Archaeol and the GDDs have a very different pattern from the tetraethers, and archaeol also has
a very different pattern from the GDDs.
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Figure 14: Relative abundance (%) of GDGTSs (upper bars) and GMGTSs (lower bars) with zero, one, or two
additional methylations of Methanothermobacter marburgensis at three different volumes of liquid medium
with (with carbonate = “w.c.””) or without carbonate (no carbonate = “n.c.”) in the liquid medium (65°C).
The bars represent average values (25 mL n.c..n=7;25mL w.c..n=5;50mL n.c..n=8;50 mLw.c..n=
8; 75mL n.c.: n = 8; 75mL w.c.: n = 8). GMGT (glycerol monoalkyl glycerol tetraether), and GDGT
(glycerol dialkyl glycerol tetraether).
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Table 7a: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) at 25 mL of liquid medium
with and without carbonate in the liquid medium (25 mL without carbonate/Non-OD: n = 4; 25 mL without carbonate/OD: n = 3; 25 mL without carbonate/Non-OD: n =
3; 25 mL without carbonate/OD: n = 2). “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” =
mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetracther), GMGT (glycerol monoalky!l glycerol
tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

25 mL
Without carbonate With carbonate Mean values
Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD | Without carb. With carb.
Archaeol 2473.5 342.9 2845.5 290.8 30245 986.8 2106.4  946.8 2659.5 2565.5
GTGT-0a 18.6 5.4 26.3 5.8 40.3 14.1 18.9 13.2 22.5 29.6
GDGT-0a 906.7 315.8 1469.1 293.9 1304.0 244.2 8949 758.6 1187.9 1099.5
GDGT-0b 448.4 147.4 572.1 72.3 8915 101.8 827.0 765.6 510.2 859.3
GDGT-0c 7.7 2.6 10.3 1.9 30.6 13.0 32.7 24.3 9.0 31.7
GMGT-0a 1.7 0.6 2.0 0.1 2.0 0.8 15 0.4 1.8 1.7
GMGT-0a¢ 65.7 22.1 89.2 10.4 83.9 14.2 66.3 44.6 775 75.1
GMGT-0b 0.2 0.5 0.0 0.0 15 25 0.0 0.0 0.1 0.7
GMGT-0b¢ 148.1 58.4 218.7 42.9 279.7 51.1 2546 192.3 183.4 267.1
GMGT-0c 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMGT-0c¢ 22.2 8.1 31.4 8.2 137.8 84.2 160.8  149.1 26.8 149.3
GDD-0a 0.0 0.0 25 4.3 2.9 5.0 0.0 0.0 1.2 1.5
GDD-0b 0.0 0.0 0.9 1.5 1.6 2.8 1.0 15 0.4 1.3
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b¢ 0.0 0.0 0.0 0.0 0.3 0.6 0.0 0.0 0.0 0.2
Diethers 2473.5 2848.9 3029.3 2107.4 2661.1 2568.5
Tetraethers 1619.3 2419.1 2771.3 2256.7 2019.2 2514.0
Sum 4092.8 5268.0 5800.6 4364.1 4680.3 5082.5
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Table 7b: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) at 50 mL of liquid medium
with and without carbonate in the liquid medium (50 mL without carbonate/Non-OD: n = 4; 50 mL without carbonate/OD: n = 4; 50 mL without carbonate/Non-OD: n =
4; 50 mL without carbonate/OD: n = 4). “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” =
mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetracther), GMGT (glycerol monoalky!l glycerol
tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

50 mL
Without carbonate With carbonate Mean values
Non-OD oD Non-OD OD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD | Without carb. With carb.
Archaeol 2089.6 548.9 2192.8 2125 1891.0 188.7 21904  143.9 2141.2 2040.7
GTGT-0a 21.7 45 13.7 4.1 13.7 5.6 14.7 4.9 17.7 14.2
GDGT-0a 1169.8 149.1 584.3 289.1 5542 2544 647.0 328.6 877.1 600.6
GDGT-0b 559.6 148.5 313.7 166.3 332.4 158.8 5425  455.6 436.6 437.4
GDGT-0c 8.7 0.7 4.9 2.2 8.7 2.6 13.8 13.6 6.8 11.3
GMGT-0a 1.7 0.2 1.3 0.6 11 0.4 0.9 0.6 15 1.0
GMGT-0a¢ 75.9 8.0 46.3 19.0 40.9 14.4 46.7 17.3 61.1 43.8
GMGT-0b 0.0 0.0 0.0 0.0 0.3 0.5 0.9 0.8 0.0 0.6
GMGT-0b¢ 162.8 29.2 87.9 38.8 100.2 56.6 108.1 50.4 125.4 104.2
GMGT-0c 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMGT-0c¢ 325 7.8 15.5 7.8 33.7 17.1 48.6 35.2 24.0 41.1
GDD-0a 0.4 0.8 2.1 25 0.0 0.0 0.0 0.0 1.3 0.0
GDD-0b 0.0 0.0 1.2 1.4 0.0 0.0 0.0 0.0 0.6 0.0
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a¢ 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.1 0.0
GMD-0b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b¢ 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.1 0.0
Diethers 2090.0 2196.3 1891.0 2190.4 2143.3 2040.7
Tetraethers 2032.7 1067.6 1085.2 1423.2 1550.2 1254.2
Sum 4122.7 3263.9 2976.2 3613.6 3693.5 3294.9
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Table 7c: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) at 75 mL of liquid medium
with and without carbonate in the liquid medium (75 mL without carbonate/Non-OD: n = 4; 75 mL without carbonate/OD: n = 4; 75 mL without carbonate/Non-OD: n =
4; 75 mL without carbonate/OD: n = 4). “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” =
mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetracther), GMGT (glycerol monoalky!l glycerol
tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

75 mL
Without carbonate With carbonate Mean values
Non-OD oD Non-OD OD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD | Without carb. With carb.
Archaeol 1701.0 94.6 2385.9 700.0 1512.3  241.0 2078.2  380.2 2043.5 1795.2
GTGT-0a 18.1 3.4 22.1 14.1 24.6 10.5 16.0 7.7 20.1 20.3
GDGT-0a 872.0 149.9 1257.6 677.7 1189.4  484.8 704.8 349.9 1064.8 947.1
GDGT-0b 750.2 70.2 615.8 336.1 1063.3  498.3 4142  267.0 683.0 738.7
GDGT-0c 15.5 6.3 10.2 6.0 27.2 11.2 8.4 4.1 12.9 17.8
GMGT-0a 2.1 0.2 1.7 0.7 2.3 0.8 1.3 1.0 1.9 1.8
GMGT-0a¢ 83.9 21.2 88.1 45.9 102.2 41.2 55.3 22.3 86.0 78.7
GMGT-0b 0.0 0.0 0.2 0.4 1.8 25 0.0 0.0 0.1 0.9
GMGT-0b¢ 228.8 73.1 201.0 112.6 2345 89.6 105.8 49.2 214.9 170.1
GMGT-0c 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMGT-0c¢ 66.1 29.4 44.0 26.1 93.0 30.4 37.0 16.5 55.1 65.0
GDD-0a 2.9 35 1.0 2.0 1.1 2.3 1.6 1.8 1.9 1.4
GDD-0b 1.8 2.7 0.8 1.6 0.7 14 0.9 11 1.3 0.8
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0b¢ 0.3 0.5 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0
Diethers 1706.0 2387.7 1514.1 2080.8 2046.8 1797.4
Tetraethers 2036.7 2240.7 2738.3 1342.8 2138.8 2040.4
Sum 3742.7 4628.4 4252.4 3423.6 4185.6 3837.8




3.3.2 Methanocaldococcus villosus

M. villosus was cultured at 65°C and at 80°C, at 25 mL, 50 mL, and 75 mL, and these with gas
exchange either once or twice per day (Table 5). For half of the experiments of M. villosus,
namely all with the combination 65°C/twice gas exchange and 80°C/once gas exchange, no
reliable concentrations in ng/mg dw could be generated for this thesis. This is due to a standard
error during lipid extraction. However, the relative amounts of lipids in % of all experiments
are reliable. In the following paragraph, the values in % are the mean values of all samples of
all experiments.

In M. villosus, macrocyclic archaeol is on average more abundant (53%) than archaeol (40%;
Table S7). The third most abundant lipid is GDGT-0a (5.6%), followed by GMGT-0a’ (1.1%),
GTGT-0a (0.5%), GMGT-0a (0.1%), GDD-0a (0.02%), GMD-0a’ (<0.01%), and the least
abundant GMD-0a (<0.01%; Table S7). Accordingly, the diether lipids are much more
abundant (92.6% on average or 87.0% to 96.7%; Tables 8 to 11; Table S7) than the tetraether
lipids (7.4% on average or 3.3% to 13.0%; Table 6; Table S7). The total amount of all lipids is
on average 3390 ng/mg dw (Table S7). As in M. marburgensis, in M. villosus, these values
fluctuate a lot as a function of culture condition (see below), and between different samples of
one experiment (see standard deviations, Tables 8 to 11). The average ratio between standard
deviation and mean value for all samples of M. villosus is 2.02 and for all reliable samples 1.71.

3.3.2.1 Cultures at different temperatures

M. villosus was cultured at two temperatures, at 65°C and at its optimum growth temperature
80°C (Table 5; Bellack et al., 2011). Here, just the relative amounts in % are compared, as the
concentrations available do not show the sole effect of temperature, but are instead always
coupled to the gassing frequency (65°C to once daily and 80°C to twice daily). Values in % are
displayed in % of all lipids.

Archaeol, GTGT-0a, and GDGT-0a are relatively more abundant at 65°C than at 80°C. In
contrast, macrocyclic archaeol, GMGT-0a, GMGT-0a’, GDD-0a, GMD-0a, and GMD-0a’ are
relatively less abundant at 65°C than at 80°C (Fig. 15; Table S8). However, the differences in
% are relatively minor. The difference is even negligible when comparing the relative amounts
of diethers and tetraethers at 65°C and at 80°C. It seems that the archaeols substitute each other,
as well as the tetraethers do (GTGT-0a and GDGT-0a vs. the GMGTS).

Nevertheless, this rather simple pattern becomes more complex, when also considering the
volume of liquid medium, the gassing frequency or the OD measurements. At 25 mL of liquid
medium the pattern is like in the overall comparison. However, this is different at 50 mL and at
75 mL (Table S8). At 50 mL archaeol has almost the same relative amount at both temperatures,
but is slightly higher at 80°C. The GMGTs are more abundant at 65°C than at 80°C. At 75 mL
GDGT-0a is more abundant at 80°C. When comparing the different gassing frequency it turns
out that gassing once per day gives the same pattern as the overall comparison and the
comparison at 25 mL. In contrast, gassing twice per day leads to different patterns. The
differences become smaller and almost disappear in the case of the archaeols. GDGT-0a
becomes more abundant at 80°C, and GMGT-0a becomes slightly more abundant at 65°C. The
comparison between non-OD and OD samples reveals no considerable differences. At non-OD,
GDGT-0a is slightly more abundant at 80°C, and at OD, GMGT-0a is slightly more abundant
at 65°C. Beside that, non-OD as well as OD samples follow the overall pattern.
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Figure 15: Relative abundance (%) of tetraether lipids (left; in % of total tetraethers), archaeol, and
macrocyclic archaeol (right; in % of total lipids) of Methanocaldococcus villosus at two different growth
temperatures (50 mL; gas exchange once per day at 65°C, and gas exchange twice per day at 80°C). The bars
and the lines represent average values (65°C: n = 21; 80°C: n = 20). Relative abundances of archaeol and
macrocyclic archaeol are depicted as blue (archaeol; with white error bars) and orange (macrocyclic archaeol;
with orange error bars) lines. Error = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GMGT
(glycerol monoalkyl glycerol tetraether), and GDGT (glycerol dialkyl glycerol tetraether).

3.3.2.2 Changing liquid medium at one temperature

When comparing the mean values of all experiments at 25 mL, 50 mL, and at 75 mL, the
concentrations of the reliable results of the lipids in % of total lipids are quite similar at all three
conditions (Table S7). The highest concentration of total lipids can be found at 50 mL, because
the concentrations of archaeol and macrocyclic archaeol are highest at this condition. Hence,
50 mL is also the condition with the highest concentration of diether lipids. 75 mL is the
condition with the highest concentration of tetraether lipids, because the concentrations of
GTGT-0a and GDGT-0a are highest there. Interestingly, the highest concentration of GDGT-
Oa at 75 mL coincides with the highest concentration of GDD-0a. The lowest concentration of
total lipids is 2920 ng/mg dw at 25 mL. The lowest concentration of archaeol is 1400 ng/mg
dw and of macrocyclic archaeol it is 1280 ng/mg dw, both also found at 25 mL. All lipids have
their minimum concentration at 25 mL, except for GMGT-0a’, which has its minimum at
50 mL. Nevertheless, the difference between the lowest and the highest concentration of
GMGT-0a’ is minor (Table S7).

There is also only a minor difference in the relative proportions of the mean values of all
experiments at 25 mL, 50 mL, and 75 mL (Fig. 16; Table S7). Archaeol, GTGT-0a, GDGT-0a,
and GMGT-0a’ have their highest relative amounts at 25 mL and their lowest at 50 mL. In
contrast, macrocyclic archaeol and GMD-0a have their highest relative amounts at 50 mL and
their lowest at 25 mL. GMGT-0a, GDD-0a, and GMD-0a’ have their highest relative amounts
at 75 mL and their lowest relative abundance at 25 mL (Table S7). However, this order is
different, if temperature, gassing frequency, or OD measurements are taken into consideration
(Tables S8 to S10). The trends are all different when comparing the relative ratios at different
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volumes of liquid medium at 65°C vs. 80°C (Table S8 and see above), at once vs. twice daily
gassing (Table S9 and see below), and in non-OD vs. OD samples (Table S10 and see below).
Nevertheless, the difference in % between the different conditions is never substantial. This
gives an overall vague pattern. The two groups established above partly also appear here, but
with various exceptions such as GMGT-0a’.
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Figure 16: Relative abundance (%) of tetraether lipids (left; in % of total tetraethers), archaeol, and
macrocyclic archaeol (right; in % of total lipids) of Methanocaldococcus villosus at three different volumes
of liquid medium (gas exchange once per day at 65°C; gas exchange twice per day at 80°C). The bars and
the lines represent average values (25 mL: n = 13; 50 mL: n = 14; 75 mL: n = 14). Relative abundances of
archaeol and macrocyclic archaeol are depicted as blue (archaeol; with white error bars) and orange
(macrocyclic archaeol, with orange error bars) line. Error = standard deviation. GTGT (glycerol trialkyl
glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), and GDGT (glycerol dialkyl glycerol
tetraether).

3.3.2.3 Gassing frequency

For the same reason as for the temperature comparisons, just relative amounts in % are
compared with each other here. Gassing once per day is coupled to 65°C and gassing twice per
day is coupled to 80°C for those samples, from which concentrations are available. In the
comparison of all samples with once gassing per day and all samples with twice gassing per
day all lipids, except for archaeol (1x: 41.5%; 2x: 37.4%) are more abundant at twice gassing
per day than at once. However, the differences between gassing once and twice per day are
minor (Table S9). When comparing gassing once and twice at different volumes of liquid
media, trends are most similar to the overall comparison at 75 mL. At 25 mL, the archaeols
switch their predominance. Whereas archaeol is more abundant when gassing twice (46.7%),
macrocyclic archaeol is more abundant at gassing once (50.4%). At 50 mL, archaeol, GTGT-
Oa, and GDGT-0a are more abundant when gassing once, whereas the remaining lipids are more
abundant when gassing twice (Table S9). When comparing the difference between gassing once
or twice, first at non-OD and second at OD samples, the differences between the two cases are
negligible (Tables 8 to 11).
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3.3.2.4 Non-OD vs. OD

Regarding the concentrations of half of the samples and compare the overall values in ng/mg
dw at non-OD and OD, the differences are rather small (Tables 8 to 11). A specific grouping of
lipids is not visible. The two archaeols, GTGT-0a, GDGT-0a, and GMD-0a are more abundant
at OD, the remaining lipids, the GMGTs, GDD-0a, and GMD-0a’ are more abundant at non-
OD. The total amount of lipids and the total amounts of diether and tetraether lipids are hence
higher at OD than at non-OD. This is different for samples cultured at 50 mL. There, all lipids
except for GMGT-0a, GDD-0a, and GMD-0a are more abundant at non-OD than at OD. At
75 mL nearly the opposite was observed; all lipids except for GDD-0a are more abundant at
OD. At 25 mL, the trends are again different, but more similar to the overall pattern than 50 mL
and 75 mL.

Much of this part has already been described above. The differences between non-OD and OD
samples in % are minor (Tables 8 to 11; Table S10). When comparing non-OD and OD samples
at different volumes of liquid medium the differences in % are somewhat larger and the patterns
of 50 mL and 75 mL are very similar. Archaeol, GDD-0a, and GMD-0a’ are more abundant at
non-OD than at OD. The other lipids are more abundant at OD than at non-OD. At 25 mL,
archaeol, GTGT-0a, and GDGT-0a (group 1) are more abundant at OD. The other lipids are
more abundant at non-OD.
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Table 8a: Contents of core ether lipids in Methanocaldococcus villosus in nanogram per milligram dry weight of biomass (ng/mg dw) at three different volumes of liquid
medium at 65°C and gas exchange once per day (25 mL/Non-OD: n = 3; 25 mL/OD: n = 4; 50 mL/Non-OD: n = 3; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 3; 75 mL/OD:
n =4). “Macr. arch.” = macrocyclic archaeol; “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean
v.” = mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalky!l
glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

65°C; 1x daily gas exchange

25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. [ SD Meanv. | SD Meanv. | SD Meanv. | SD

Archaeol 1375.2 7423 1219.8 492.2 2147.3 229.7 17714 269.3 2183.1 3285 2219.2 487.8
Macr. arch. 831.1 614.8 709.7 3514 2219.2 428.7 1987.3 437.8 17055 192.0 1895.8 215.9
GTGT-0a 16.3 10.0 271 152 305 20.1 258 115 15.8 1.2 26.7 10.7
GDGT-0a 1204 847 224.2 153.3 2945 238.5 236.6 124.3 1135 9.5 2675 176.6
GMGT-0a 15 1.6 14 1.8 4.6 3.0 55 2.6 1.8 0.4 3.3 2.5
GMGT-0a¢ 15.2 9.9 219 136 46.0 37.1 395 16.1 17.3 3.8 320 18.8
GDD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.6 04 0.7
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GMD-0a‘¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diethers 2206.3 1929.5 4366.5 3758.7 3889.5 4115.4
Tetraethers 153.4 274.6 375.6 307.4 148.4 329.5
Sum 2359.7 2204.1 4742.1 4066.1 4037.9 44449
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Table 8b: Contents of core ether lipids in Methanocaldococcus villosus in % at three different volumes of liquid medium at 65°C and gas exchange once per day
(25 mL/Non-OD: n = 3; 25 mL/OD: n = 4; 50 mL/Non-OD: n = 3; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 3; 75 mL/OD: n = 4). “Macr. arch.” = macrocyclic archaeol;
“Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard deviation.
GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialky! diether),
and GMD (glycerol monoalkyl diether).

65°C; 1x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD
Archaeol 58.3% 7.6% 55.3% 6.8% 453% 4.1% 43.6% 4.1% 54.1% 2.7% 49.9% 4.1%
Macr. arch. 35.2% 9.3% 32.2% 3.3% 46.8% 8.7% 48.9% 1.9% 42.2% 2.6% 42.7% 3.7%
GTGT-0a 0.7% 0.4% 1.2% 0.5% 0.6% 0.4% 0.6% 0.2% 0.4% 0.02% 0.6% 0.1%
GDGT-0a 5.1% 1.9% 10.2% 5.4% 6.2% 4.5% 58% 2.3% 2.8% 0.2% 6.0% 2.8%
GMGT-0a 0.06% 0.03% 0.07% 0.08% 0.1% 0.06% 0.14% 0.05% 0.04% 0.01% 0.07% 0.04%
GMGT-0a¢ 0.6% 0.1% 1.0% 0.4% 1.0% 0.7% 1.0% 0.3% 0.4% 0.0% 0.7% 0.3%
GDD-0a 0.0% 0.0% 0.0% 0.0% 0.0%  0.0% 0.0% 0.0% 0.02% <0.01% <0.01% 0.01%
GMD-0a 0.0% 0.0% 0.0% 0.0% 0.0%  0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
GMD-0a‘ 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Diethers 93.5% 87.5% 92.1% 92.5% 96.3% 92.6%
Tetraethers 6.5% 12.5% 7.9% 7.5% 3.7% 7.4%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Table 9: Contents of core ether lipids in Methanocaldococcus villosus in % at three different volumes of liquid medium at 65°C and gas exchange twice per day
(25 mL/Non-OD: n = 4; 25 mL/OD: n = 4; 50 mL/Non-OD: n = 4; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 4; 75 mL/OD: n = 4). “Macr. arch.” = macrocyclic archaeol;
“Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard deviation.
GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialky! diether),
and GMD (glycerol monoalkyl diether).

65°C; 2x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD | Meanv. | SD Meanv. | SD Meanv. | SD
Archaeol 47.1% 2.5% 56.3% 1.8% 349%  5.6% 21.4% 5.5% 38.5% 2.8% 30.2% 6.7%
Macr. arch. 43.2% 4.0% 33.4% 4.7% 59.1% 1.9% 71.4% 5.1% 55.8% 5.2% 62.6% 7.2%
GTGT-0a 0.9% 0.2% 1.0% 0.3% 0.4% 0.2% 0.4% 0.1% 0.4% 0.3% 0.5% 0.1%
GDGT-0a 7.6% 1.6% 84%  2.6% 45%  3.4% 5.2% 0.6% 4.2% 1.8% 5.3% 1.0%
GMGT-0a 0.1% 0.02% 0.04% 0.01% 0.1% 0.1% 0.2% 0.1% 0.1% 0.04% 0.2% 0.03%
GMGT-0a¢ 1.1% 0.2% 0.8% 0.1% 1.0% 1.0% 1.4% 0.5% 0.9% 0.4% 1.1% 0.2%
GDD-0a <0.01% <0.01% 0.0%  0.0% 0.02% 0.03% <0.01% 0.01% 0.02% 0.03% 0.03% 0.02%
GMD-0a 0.0% 0.0% 0.0%  0.0% 0.0%  0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
GMD-0a‘ 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% <0.01% <0.01% <0.01% <0.01% <0.01% <0.01%
Diethers 90.3% 89.7% 94.0% 92.8% 94.3% 92.9%
Tetraethers 9.7% 10.3% 6.0% 7.2% 5.7% 7.1%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Table 10: Contents of core ether lipids in Methanocaldococcus villosus in % at three different volumes of liquid medium at 80°C and gas exchange once per day
(25 mL/Non-OD: n = 4; 25 mL/OD: n = 4; 50 mL/Non-OD: n = 3; 50 mL/OD: n = 3; 75 mL/Non-OD: n = 4; 75 mL/OD: n = 4). “Macr. arch.” = macrocyclic archaeol;
“Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard deviation.
GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialky! diether),
and GMD (glycerol monoalkyl diether).

80°C; 1x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD
Archaeol 25.5% 7.4% 271.71%  4.6% 38.7% 0.9% 33.7% 1.4% 309% 2.5% 35.5% 1.9%
Macr. arch. 68.1% 6.9% 66.0% 5.1% 57.9% 1.0% 60.5% 0.6% 62.1% 2.7% 58.1% 3.3%
GTGT-0a 0.2% 0.0% 0.2% 0.1% 0.2% 0.0% 0.3% 0.0% 03% 0.1% 0.4% 0.1%
GDGT-0a 4.8% 0.8% 44% 0.5% 2.6% 0.4% 4.3% 0.9% 53% 1.4% 4.8% 1.7%
GMGT-0a 0.1% 0.03% 0.1% 0.02% 0.1% 0.02% 0.1% 0.01% 0.1% 0.03% 0.1% 0.03%
GMGT-0a¢ 1.4% 0.2% 1.4% 0.1% 0.5% 0.2% 1.0% 0.2% 1.1% 0.4% 1.1% 0.3%
GDD-0a <0.01% <0.01% 0.0% 0.0% 0.01% 0.03% 0.0% 0.0% 0.04% 0.04% <0.01% 0.02%
GMD-0a 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
GMD-0a‘ <0.01% <0.01% 0.0% 0.0% <0.01% 0.01% 0.0% 0.0% 0.01% 0.02% <0.01% <0.01%
Diethers 93.5% 93.8% 96.6% 94.2% 93.1% 93.6%
Tetraethers 6.5% 6.2% 3.4% 5.8% 6.9% 6.4%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%




29

Table 11a: Contents of core ether lipids in Methanocaldococcus villosus in nanogram per milligram dry weight of biomass (ng/mg dw) at three different volumes of liquid
medium at 80°C and gas exchange twice per day (25 mL/Non-OD: n = 4; 25 mL/OD: n = 2; 50 mL/Non-OD: n = 3; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 4; 75 mL/OD:
n = 3). “Macr. arch.” = macrocyclic archaeol; “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean
v.” = mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl
glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

80°C; 2x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD
Archaeol 10909 734.1 1917.3 75.4 1446.6  344.2 995.8 152.9 684.7 220.9 928.2 239.1
Macr. arch. 19248 999.9 1660.3 38.4 1879.1 139.2 1724.2 84.7 1206.5 1015 1805.9 461.5
GTGT-0a 114 6.2 16.9 1.7 9.6 19 7.9 0.6 10.2 4.5 21.6 8.7
GDGT-0a 1769 128.2 174.0 144 149.6 25.8 136.0 18.6 185.9 86.2 316.0 122.0
GMGT-0a 7.7 11.6 2.1 0.3 2.8 0.2 3.2 1.2 2.6 0.6 5.5 14
GMGT-0a¢ 79.5 103.8 37.8 3.0 33.4 11 32.0 4.8 37.9 16.3 65.3 22.4
GDD-0a 0.2 0.4 0.0 0.0 0.3 0.5 0.5 0.6 2.3 0.6 2.1 0.4
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0
GMD-0a‘ 0.2 0.3 0.0 0.0 0.1 0.2 0.1 0.1 0.6 0.5 0.7 0.1
Diethers 3016.1 3577.6 3326.1 2720.7 1894.1 2736.9
Tetraethers 275.5 230.8 195.4 179.1 236.6 408.4
Sum 3291.6 3808.4 3521.5 2899.8 2130.7 3145.3




Table 11b: Contents of core ether lipids in Methanocaldococcus villosus in % at three different volumes of liquid medium at 80°C and gas exchange twice per day
(25 mL/Non-OD: n = 4; 25 mL/OD: n = 2; 50 mL/Non-OD: n = 3; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 4; 75 mL/OD: n = 3). “Macr. arch.” = macrocyclic archaeol;
“Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard deviation.
GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialky! diether),
and GMD (glycerol monoalkyl diether).
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80°C; 2x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD | Meanv. | SD
Archaeol 33.1% 19.7% 50.3% 1.3% 41.1% 4.3% 34.3% 4.3% 321%  5.6% 29.5% 5.1%
Macr. arch. 58.5% 16.2% 43.6% 1.6% 53.4% 4.0% 59.5% 4.0% 56.6% 4.4% 57.4% 5.6%
GTGT-0a 0.3% 0.1% 0.4% 0.0% 0.3% 0.1% 0.3% 0.0% 0.5% 0.2% 0.7% 0.4%
GDGT-0a 5.4% 3.0% 46%  0.3% 4.2% 0.5% 4.7% 0.6% 8.7%  4.4% 10.0% 5.8%
GMGT-0a 0.2% 0.3% 0.1% 0.01% 0.1% 0.01% 0.1% 0.04% 0.1% 0.03% 0.2% 0.1%
GMGT-0a¢ 2.4% 3.0% 1.0% 0.1% 0.9% 0.1% 1.1% 0.1% 1.8% 0.8% 2.1% 1.0%
GDD-0a <0.01% 0.01% 0.0%  0.0% <0.01% 0.01% 0.02% 0.02% 0.1% 0.03% 0.1% 0.01%
GMD-0a 0.0% 0.0% 0.0%  0.0% 0.0% 0.0% <0.01% <0.01% 0.0%  0.0% 0.0% 0.0%
GMD-0a‘ <0.01% <0.01% 0.0% 0.0% <0.01% <0.01% <0.01% <0.01% 0.03% 0.02% 0.02% <0.01%
Diethers 91.6% 93.9% 94.5% 93.8% 88.9% 87.0%
Tetraethers 8.4% 6.1% 5.5% 6.2% 11.1% 13.0%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%




3.3.3 Methanothermococcus okinawensis

Similar to the cultures described in chapter 3.1, the by far two most abundant lipids are archaeol
and macrocyclic archaeol. Archaeol is on average more abundant (54%) than macrocyclic
archaeol (36.5%). GDGT-0a is the most abundant tetraether lipid (5.5%). Further, GMGT-0a
is more abundant (2.4%) than GMGT-0a’ (1.1%), and GTGT-0a is the least abundant tetraether
(0.3%). GDD-0a (0.2%), GMD-0a (0.03%) and GMD-0a’ (<0.01%) are the least abundant
lipids. The diether lipids are much more abundant (90.8%) than the tetraether lipids (9.2%).
This gives a mean total lipid concentration of 1520 ng/mg dw. The standard deviations between
different samples of one experiment of M. okinawensis lie in a similar range as those of
M. marburgensis and M. villosus (Tables 6 to 11; Figs. 17 to 19). The average ratio between
standard deviation and mean value is 1.84.

3.3.3.1 Cultures at different temperatures

In contrast to M. marburgensis, which was cultured at three different temperatures, and
M. villosus, which was cultured at two temperatures, M. okinawensis was cultured at four
different temperatures, 50°C, 60°C, 65°C, and 70°C (Table 5). Its temperature optimum lies
between 60°C and 65°C (Takai et al., 2002). At 65°C, M. okinawensis was additionally cultured
under varying liquid medium volumes and varying gassing frequencies (Table 5). However, as
for the other two temperatures the experiments were just conducted at 50 mL and a gassing
frequency of once per day, also just the 65°C samples cultured at 50 mL and gassing once per
day shall be included into this temperature comparison. All concentrations in ng/mg dw can be
found in Tables 12 to 14 (Fig. 17; Table S11). GMD-0a’ was not detected in any of the
mentioned samples.

Archaeol and GTGT-0a are clearly most abundant at 50°C. Archaeol is least abundant at 60°C.
GTGT-0a has its lowest concentration at 70°C, and is relative to all other lipids least abundant
at 60°C, the same as for archaeol. GDGT-0a has its highest concentration at 60°C and its highest
relative abundance at 70°C. It is least abundant at 50°C. Macrocyclic archaeol, GMGT-0a,
GMGT-0a’, GDD-0a, and GMD-0a have their highest concentrations at 60°C. All of them
except for macrocyclic archaeol have their lowest concentration at 50°C. Macrocyclic archaeol
has its lowest concentration at 70°C. However, relatively, it is also least abundant at 50°C as
the GMGTs and GDDs. The highest relative abundance of macrocyclic archaeol at 60°C
coincides with its highest concentration. The GMGTs are relatively most abundant at 70°C and
least abundant at 50°C. Diether, as well as tetraether lipids have their highest concentrations at
60°C. However, the diether lipids have their highest relative abundance at 50°C due to the high
relative abundance of archaeol there. They have their lowest relative abundance at 70°C.

As all other experiments, these temperature experiments were conducted with and without OD
measurements. Whether there was liquid medium removed for OD measurements or not did not
have a remarkable impact on the lipid concentrations or ratios (Tables 12 to 14). There are
fluctuations between non-OD and OD samples, but these seem to be random and do not change
the above-mentioned trends.
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Figure 17: Relative abundance (%) of tetraether lipids (left) and concentrations of archaeol and macrocyclic
archaeol (right) in nanogram per milligram dry weight (ng/mg dw) of Methanothermococcus okinawensis at
four different growth temperatures (50 mL; gas exchange once per day). The bars and the lines represent
average values (50°C: n = 8; 60°C: n = 8; 65°C: n = 8; 70°C: n = 8). Total concentrations of tetraether lipids
in ng/mg dw are written above the respective bar. Concentrations of archaeol in ng/mg dw are depicted as
blue line (with white error bars) and of macrocyclic archaeol as orange line (with orange error bars). Error =
standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol
tetraether), and GDGT (glycerol dialkyl glycerol tetraether).

3.3.3.2 Changing liquid medium at one temperature

Experiments with changing liquid medium are available with changing gassing frequency, with
and without OD measurements, at 65°C only (Table 5). A comparison of the mean values of all
samples cultured at 25 mL, 50 mL (65°C only), and 75 mL shows rather clear patterns (Fig. 18;
Table S12). Archaeol and GTGT-0a have their highest abundance at 25 mL, and their lowest
abundance at 75 mL. GDGT-0a has its highest abundance at 50 mL and its lowest abundance
at 25 mL. The remaining lipids have their highest abundances at 75 mL, and their lowest
abundances at 25 mL. The diether lipids are in terms of concentration most abundant at 50 mL
and relatively at 25 mL. The tetraether lipids are in both aspects most abundant at 75 mL. The
highest concentration of total lipids can be found at 50 mL (1370 ng/mg dw; Table S12). The
differences in the sum of diethers, tetraethers and total lipids are quite small. However, the
values of diethers, tetraethers and total lipids have limited significance, as they are the sum of
the complex behavior of the single lipids.

Whether liquid medium was removed for OD measurements had no consistent effect. It is
similar as in the temperature comparisons. There are differences between non-OD and OD
samples, especially when looking at the concentrations (Table S13). Nevertheless, these
differences do not follow a consistent pattern and appear again random. The differences in %
of each lipid between non-OD and OD samples are minor (Tables 12 and 13). However, when
comparing gassing once or twice per day at the different volumes, it becomes apparent that at
one time gassing per day the patterns described above are partly stronger, partly weaker
compared to gassing twice per day (Fig. 19; Table S14). Sometimes, the trends are even
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different between these two conditions. This is the case for macrocylic archaeol (twice), GTGT-
Oa (twice), GDGT-0a (once), and GMGT-0a (twice).

Tetraethers [%] and Archaeols [ng/mg dw]

96.7 126.2 140.6

100% 1200
80% 1000
z
(o]
800 =
60% a
w
600 0'%
40% B
400 qu_
£
0,
20% 200
0% 0
25 mL 50 mL 75 mL
GTGT-0a s GDGT-0a s GMGT-0a
GMGT-0a' === Archaeol ==g== Macrocyclic archaeol

Figure 18: Relative abundance (%) of tetraether lipids (left) and concentrations of archaeol and macrocyclic
archaeol (right) in nanogram per milligram dry weight (ng/mg dw) of Methanothermococcus okinawensis at
three different volumes of liquid medium (65°C; gas exchange once or twice per day). The bars and the lines
represent average values (25 mL: n = 16; 50 mL: n = 16; 75 mL: n = 16). Total concentrations of tetraether
lipids in ng/mg dw are written above the respective bar. Concentrations of archaeol in ng/mg dw are depicted
as blue line (with white error bars) and of macrocyclic archaeol as orange line (with orange error bars). Error
= standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol
tetraether), and GDGT (glycerol dialkyl glycerol tetraether).
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Figure 19: Relative abundance (%) of tetraether lipids (left) and concentrations of archaeol and macrocyclic
archaeol (right) in nanogram per milligram dry weight (ng/mg dw) of Methanothermococcus okinawensis at
three different volumes of liquid medium (65°C; gas exchange once or twice per day). The bars and the lines
represent average values (25 mL_1x: n=8; 50 mL_1x:n=8; 75 mL_1x: n=8; 25 mL_2x: n=8; 50 mL_2x:
n=8; 75 mL_2x: n=8). Total concentrations of tetraether lipids in ng/mg dw are written above the respective
bar. Concentrations of archaeol in ng/mg dw are depicted as blue line (with white error bars) and of
macrocyclic archaeol as orange line (with orange error bars). Error = standard deviation. GTGT (glycerol
trialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), and GDGT (glycerol dialkyl
glycerol tetraether).

3.3.3.3 Gassing frequency

The difference between all samples cultured with gassing once per day (at 65°C) and all samples
cultured with gassing twice per day is very low, in concentration as well as % (Table S15). The
concentration of the most abundant lipids archaeol, macrocyclic archaeol, GDGT-0a, and
GMGT-0a is slightly higher at a gas exchange twice per day. The concentration of the lipids
with a general low abundance, GTGT-0a, GMGT-0a’, and the GDDs is slightly higher at
gassing once per day. Therefore, the total lipid concentration is higher at a gas exchange twice
(1377 ng/mg dw) than once per day (1287 ng/mg dw; Table S15). The total concentrations of
diethers and tetraethers are both also higher at gassing twice than once. The differences in %
are negligible. The groups of lipids are not visible in this comparison. However, the gassing
frequency has indeed an effect, when comparing the difference at each volume of liquid
medium separately, as described above.

3.3.3.4 Non-OD vs. OD

The difference between all samples without and all samples with OD measurements is
negligible in terms of concentration, as well as %.
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Table 12: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) at 65°C and gas exchange
once per day (25 mL/Non-OD: n = 4; 25 mL/OD: n = 4; 50 mL/Non-OD: n = 4; 50 mL/OD: n = 4; 75 mL/Non-OD: n = 4; 75 mL/OD: n = 4). “Macr. arch.” = macrocyclic
archaeol; “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard
deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol
dialkyl diether), and GMD (glycerol monoalkyl diether).

65°C; 1x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD
Archaeol 1008.0 358.1 871.8 98.0 665.0 290.1 881.1 4744 5449 202.9 539.1 311.6
Macr. arch. 266.6 56.6 265.7 55 308.6 145.3 440.8 320.3 684.3 198.3 535.4 280.5
GTGT-0a 51 2.0 54 20 4.2 24 3.9 0.5 3.0 2.6 2.7 1.7
GDGT-0a 812 295 946 4038 708 514 711 151 84.0 65.0 87.3 627
GMGT-0a 11.7 3.7 136 54 12.7 7.0 14.8 3.5 383 285 38.5 287
GMGT-0a¢ 4.8 1.3 53 16 6.1 3.3 6.3 1.8 18.3 12.7 141 9.2
GDD-0a 0.0 0.0 09 06 1.1 0.2 1.6 0.6 4.1 1.9 4.0 34
GMD-0a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.7 0.6 0.4
GMD-0a‘ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0
Diethers 1274.6 1138.4 974.7 1323.5 1234.3 1079.1
Tetraethers 102.8 118.9 93.8 96.1 143.6 142.6
Sum 1377.4 1257.3 1068.5 1419.6 1377.9 1221.7




Table 13: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) at 65°C and gas exchange
twice per day (25 mL/Non-OD: n =4; 25 mL/OD: n = 4; 50 mL/Non-OD: n=4; 50 mL/OD: n=4; 75 mL/Non-OD: n = 4; 75 mL/OD: n = 4). “Macr. arch.” = macrocyclic
archaeol; “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean v.” = mean value; “SD” = standard
deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol
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dialkyl diether), and GMD (glycerol monoalkyl diether).

65°C; 2x daily gas exchange
25 mL 50 mL 75 mL
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD

Archaeol 879.5 163.3 796.6  198.2 673.3 76.3 840.0 140.6 5770 3034 892.5 38.7
Macr. arch. 297.8 1244 267.6 69.5 466.4 33.4 693.7 236.1 539.6  287.9 571.1 57.8
GTGT-0a 3.5 2.3 3.1 3.1 2.8 11 5.9 3.8 3.7 3.9 4.0 1.9
GDGT-0a 62.3 46.1 64.2 76.1 73.7 39.1 1534 116.6 114.0 96.2 77.5 36.4
GMGT-0a 121 8.3 10.9 10.1 194 10.0 38.2 26.2 35.6 29.8 18.8 8.8
GMGT-0a¢ 4.9 3.4 4.2 3.9 7.9 41 13.7 8.1 151 12.3 7.8 3.5
GDD-0a 0.0 0.0 0.1 0.2 1.9 0.7 2.2 15 2.6 25 1.8 0.5
GMD-0a 0.0 0.0 0.1 0.2 0.0 0.0 0.2 0.3 0.4 0.3 0.1 0.1
GMD-0a‘ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diethers 1177.3 1064.4 1141.6 1536.1 1119.6 1465.5
Tetraethers 82.8 82.4 103.8 211.2 168.4 108.1
Sum 1260.1 1146.8 12454 1747.3 1288.0 1573.6




Table 14: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) at three different temperatures,
50 mL of liquid medium, and gas exchange once per day (50°C/Non-OD: n = 4; 50°C/OD: n = 4; 60°C/Non-OD: n = 4; 60°C/OD: n = 4; 70°C/Non-OD: n = 4; 70°C/OD:
n = 4). “Macr. arch.” = macrocyclic archaeol; “Non-OD” = no optical density measurements; “OD” = removal of liquid medium for optical density measurements; “Mean
v.” = mean value; “SD” = standard deviation. GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl
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glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

50 mL; 1x daily gas exchange; different temperatures
50°C 60°C 70°C
Non-OD oD Non-OD oD Non-OD oD
Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD Meanv. | SD

Archaeol 1513.7 272.8 1408.6  115.3 810.6  479.0 4534 1238 624.4 184.4 7700 2124
Macr. arch. 430.6  102.0 352.3 40.6 1672.0 752.7 1469.8  155.8 337.7 159.3 375.2 1184
GTGT-0a 5.8 1.6 7.8 3.8 4.5 2.3 2.9 1.8 2.1 0.5 2.7 1.2
GDGT-0a 46.4 10.1 70.0 39.0 109.9 49.8 76.2 46.7 82.8 46.8 69.8 23.3
GMGT-0a 5.3 1.9 5.8 2.2 112.9 61.3 119.7 68.5 82.6 44.4 68.8 20.4
GMGT-0a¢ 1.4 0.8 1.6 0.7 49.3 24.1 54.5 27.6 44.1 23.0 42.3 10.3
GDD-0a 0.0 0.0 0.2 0.4 8.3 4.3 11.3 5.6 24 15 2.0 0.2
GMD-0a 0.0 0.0 0.0 0.0 2.6 15 1.8 13 1.2 0.6 0.8 0.3
GMD-0a‘ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diethers 1944.3 1761.1 2493.5 1936.3 965.7 1148.0
Tetraethers 58.9 85.2 276.6 253.3 211.6 183.6
Sum 2003.2 1846.3 2770.1 2189.6 1177.3 1331.6




4. Discussion

4.1 The relevance of the membrane lipid inventories of M. villosus and
M. okinawensis for the geological record and the biomarker concept

M. villosus and M. okinawensis are closely related based on 16S rRNA and 16S rDNA
sequences and DNA-DNA hybridization analysis. The lipids of close relatives of these strains
were described previously. M. jannaschii, belonging to the same genus as M. villosus, is one of
the best-studied archaea to date. It was isolated from the base of a white smoker chimney on
the East Pacific Rise (Jones et al., 1983) and its lipids were first described by Comita and
Gagosian (1983). Lipid-culture experiments were so far conducted under varying temperatures
(Sprott et al., 1991) and varying pressures (Kaneshiro and Clark, 1995). The only other species
from the genus Methanothermococcus beside M. okinawensis is M. thermolithotrophicus,
which was isolated from geothermally heated sea sediments close to Naples, Italy, and first
described by Huber et al. (1982). Similar to M. okinawensis, its optimum growth temperature
is 65°C. The lipids of M. thermolithotrophicus comprise GDGT-0 to -2, several isomers of OH-
GDGT-0 and 20H-GDGT-0 and GDD-0 (Liu et al., 2012b,c). However, there are hints that
M. thermolithotrophicus is not the closest known relative of M. okinawensis. Based on 16S
rRNA gene sequences, Methanococcus aeolicus is suggested to be the closest relative of
M. okinawensis, despite the fact that it has a lower growth temperature (mesophilic or slightly
above 46°C; Keswani et al., 1996; Takai et al., 2002; Kendall et al., 2006). The type and
reference strains of M. aeolicus were isolated from sediment from the Nankai Trough near the
coast of Japan and from shallow marine sediment from the Lipari Islands near Sicily, Italy
(Kendall et al., 2006). The lipids of M. aeolicus were described by Koga et al. (1998).

M. villosus and M. okinawensis exhibit the same inventory of core lipids, but have different IPL
compositions. M. villosus produces dominantly diglycosidic head groups, whereas
monoglycosidic head groups are most prominent in M. okinawensis (Table 2; Fig. 6). Minor
amounts of phosphoglycosidic lipids have been detected in M. okinawensis, which were not
found in M. villosus. This work did not find the same diversity of head groups for M. villosus
as reported for M. jannaschii. Beside mono- and diglycolipids M. jannaschii additionally
contains phospholipids, aminolipids, phosphoglycolipids, aminophospholipids, and even an
aminophosphoglycolipid (Ferrante et al., 1990; Koga et al., 1993; Koga et al., 1998; Sturt et al.,
2004). M. thermolithotrophicus exhibits mono-, di-, and triglycolipids, phospholipids, and
aminophospholipids (Koga et al., 1993; Koga et al., 1998; Sturt et al., 2004; Liu et al., 2012a).
It was also in contrast to previous data that M. villosus yielded no GMGT-0a with
phosphoglycosidic head groups and M. okinawensis yielded just minor amounts of GMGT-0a
with phosphoglycosidic head groups, whereas Schouten et al. (2008a) found that GMGTs occur
mainly with phosphoglycosidic head groups. However, it cannot be excluded that these
differences in observed head groups are at least in part due to different culture conditions.
Culture experiments showed that glycolipids are favored over the more permeable
phospholipids under heat stress, low pH, and nutrient limitation (Yoshinaga et al., 2015; Sollich
et al., 2017). Their high optimum growth temperatures could eventually be an explanation for
the low abundance of GMGTs with phosphoglycosidic head groups in M. okinawensis, grown
at 65°C, and in the complete lack of them in M. villosus, grown at 80°C. Possibly, these
(hyper)thermophilic strains have adopted to “permanent heat stress” by preferably synthesizing
glycolipids instead of phospholipids. Although, the taxonomic specificity of the present results
is limited, IPLs can indeed have taxonomic significance (e.g. Sturt et al., 2004; Gibson et al.,
2013) and might be used to distinguish between certain orders of methanogens. There are
various examples of methanogenic orders with already known IPL composition (Koga et al.,
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1998). Methanococcales reveal glycolipids with glucose N-acetylglucosamine, and
phospholipids with ethanolamine and serine (Koga et al., 1998). In Methanobacteriales
phospholipids with myo-inositol and serine, and some with ethanolamine have been detected.
One group of the Methanobacteriales exhibits glycolipids with glucose N-acetylglucosamine;
and glycolipids with galactose and phospholipids with aminopentanetetrols and glycerol occur
in the order Methanomicrobiales. In Methanopyrales glycolipids with galactose and with
mannose have been found (Koga et al., 1998). Some members of the order Methanosarcinales
produce glycolipids with galactose and mannose, others produce phospholipids with serine, and
almost all of them have phospholipids with myo-inositol, ethanolamine, and glycerol. All of the
methanogenic orders mentioned above have glycolipids with glucose as their sugar (Koga et
al., 1998). It is therefore not mentioned explicitly in each of these orders. The present results
are in accord with these data.

IPL analysis was solely conducted for the compound inventory, but not for precise
quantification. In contrast, much effort was made to quantify core lipids. Hence, several
consistent differences in the relative abundances of core lipids between M. villosus and
M. okinawensis could be identified. Under the applied culture conditions, M. villosus contains
predominantly macrocyclic archaeol, whereas M. okinawensis contains predominantly
archaeol. Moreover, the two strains could easily be distinguished based on the GMGT-
0a/GMGT-0a’ ratio. The ratio was 0.1 in M. villosus and 2.5 in M. okinawensis. Based on these
differences, these strains can easily be distinguished from each other as axenic cultures. The
more intriguing question is, however, whether these two strains can be distinguished from other
groups of Archaea. A major, but very common, obstacle to this is that most of the core lipids
of M. villosus and M. okinawensis are ubiquitously distributed among the Archaea and have
thus only little taxonomic specificity. GDGT-0a for instance is often considered as typical for
methanogens. Yet, it has already been reported from euryarchaea, crenarchaea, and
thaumarchaea (De Rosa et al., 1977; Langworthy, 1977; Schouten et al., 2013). Archaeol has
been described from these groups too and is even more widespread than GDGT-0a (e.g. De
Rosa and Gambacorta, 1988; Koga et al., 1998; Schouten et al, 2013). GTGT-0a was originally
described from the crenarchaeon Sulfolobus solfataricus (De Rosa et al. 1983), but was detected
in a diverse array of archaea since then (e.g. De Rosa and Gambacorta, 1988; Schouten et al.,
20084, ¢, 2013; Knappy et al., 2011, 2015; Jaeschke et al., 2014). Among them are for instance
the thaumarchaeon “Candidatus Nitrosopumilus maritimus” (Schouten et al., 2008b) and
various methanogenic Euryarchaeota (Bauersachs et al., 2015). Archaeol, GTGT-0a, and
GDGT-0a are thus not specific for methanogenic archaea. GMGT-0a, on the other hand, has
been considered to be more specific several years ago. It was originally reported from two
different axenic cultures of the order Methanobacteriales, namely Methanothermus fervidus
(Morii et al., 1998) and M. thermautotrophicus (Knappy, 2010; Knappy et al., 2015). However,
GMGTs were detected in cultures of non-methanogenic archaea as well and even in archaea,
which do not belong to the euryarchaea. Some representatives of the order Thermococcales
(also euryarchaea, Sugai et al., 2004) and the thermoacidophilic euryarchaeon Candidatus
Aciduliprofundum boonei revealed GMGTSs with up to four cyclopentane rings (Schouten et al.,
2008a). Such GMGTSs were later on also found in the crenarchaeon Ignisphaera aggregans,
which belongs to the Desulfurococcales (Knappy et al., 2011). GMGTs were not only found in
cultures, but also in various environmental samples including geothermally heated marine
settings. There, GMGT synthesis was assumed to be an adaptation to high temperatures
(Jaeschke et al., 2012, 2014; Liu et al., 2012a; Gibson et al., 2013; Bauersachs and Schwark,
2016; Sollich et al., 2017). Nevertheless, GMGTSs turned out to also occur in mesophilic marine
and lacustrine sediments (Schouten et al., 2008c) and in peat soils (Naafs et al., 2018). The
occurrences in non-hydrothermal settings seem to be a function of latitude, with increased
abundances in tropical areas. However, this alone is no proof that GMGTSs are generally more
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abundant at higher temperatures. The temperature difference between tropical soils, mesophilic
sediments, and hydrothermal vent systems is so big that it is hard to generalize the observed
patterns.To sum it up, GMGTSs have so far been found in axenic cultures of methanogenic and
non-methanogenic (hyper)thermophilic euryarchaea, in one crenarchaeon, as well as in various
geothermally heated and temperate environments. The findings here represent the first
identification of GMGTSs in members of the order Methanococcales, and the first identification
of a second isomer of GMGT-0 overall. These two isomers of GMGT-0a are most likely no
regioisomers with parallel and antiparallel configuration of the glycerol units, because there
were also two isomers of GMD-0a observed in other samples of M. villosus and M. okinawensis
(see chapter 3.3), which have just one glycerol unit. Hence, it is more likely that the location of
the covalent bond between the two isoprenoid chains is different. The performed MS/MS
measurements did not allow identification of the exact position of the covalent bond. For this,
nuclear magnetic resonance (NMR) analysis would be needed to unequivocally determine the
nature of the structural difference of the two isomers.

This is the first report of macrocyclic archaeol in the genus Methanothermococcus and the first
report in M .villosus. Nevertheless, the latter finding was not surprising, as this component has
already been reported from members of the genus Methanocaldococcus (Comita and Gagosian,
1983; Comita et al., 1984; Sprott et al., 1991). Both, M. villosus and M. okinawensis, yielded
high amounts of macrocyclic archaeol. It is the most abundant lipid in M. villosus (55%) and
the second most abundant lipid in M. okinawensis (35%). Hence, if high amounts of
macrocyclic archaeol are found in environmental samples, this may be an indicator for
methanogens of the order Methanococcales. Of course, it has to be taken into consideration
that, as always in environmental samples, other archaea are present as well, which may dilute
the signal. Macrocyclic archaeol was first found in isolates of the closest known relative of
M. villosus, M. jannaschii (Comita and Gagosian, 1983; Comitaetal., 1984; Sprottetal., 1991).
Besides M. jannaschii, macrocyclic archaeol was later on found in the Guaymas CS-1
hydrothermal vent isolate, a close relative of M. villosus and M. okinawensis based on its DNA
base composition (G+C; Jones et al., 1989); and in the haloalkaliphilic, methylotrophic
methanogen Methanosalsum natronophilum, isolated from a hypersaline soda lake in the
Kulunda Steppe, Siberia (Sorokin et al., 2015). In the Guaymas isolate CS-1 macrocyclic
archaeol accounted for 15% of the total polar lipids (Jones et al., 1989), while it made up no
more than 7% in the more distantly related M. natronophilum (Sorokin et al., 2015).
Surprisingly, macrocyclic archaeol has not been found in pure cultures of the close relative of
M. okinawensis, M. thermolithotrophicus (Liu et al., 2012b,c). Apart from cultures, this
compound has been detected in recent environmental samples, namely in a methane-derived
carbonate crust from a mud volcano from the northeastern Black Sea (Stadnitskaia et al., 2003)
and in sulfidic hydrothermal vent deposits from the Turtle pits hydrothermal field on the Mid-
Atlantic Ridge (Blumenberg et al., 2007, 2012). Macrocyclic archaeol has also been found in
samples from the geological record, including a Miocene methane-seep limestone from
northern Italy (Birgel and Peckmann, 2008), and tubular concretions from a subsurface
plumbing network of an Early Eocene methane-seep system in northeastern Bulgaria (De
Boever et al., 2009). The source organisms of these occurrences of macrocyclic archaeol might
have been methanogenic archaea in the case of Turtle pits (Blumenberg et al., 2007, 2012), but
in the case of the other locations it might have been methanotrophic archaea instead. The latter
is a plausible assumption, since many methanotrophic archaea are closely related to
methanogenic archaea. In fact, phylogenetically, some members of methanotrophs and
methanogens are more closely related than the entirety of the methanotrophs and the entirety of
the methanogens among each other (Hinrichs et al, 1999; Blumenberg et al., 2004; Schrenk et
al., 2004; Niemann and Elvert, 2008; Rossel et al., 2008; Timmers et al., 2017). In the
environmental samples described above not only macrocyclic archaeol without cyclopentane
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moieties, but also macrocyclic archaeol with one or two cyclopentane moieties has been
reported (Stadnitskaia et al., 2003; Birgel and Peckmann, 2008; De Boever et al., 2009). In
short, macrocyclic archaeol has so far been described from pure cultures of hyperthermophilic
and non-thermophilic methanogens from hydrothermal and non-hydrothermal settings, where
either methanogens or methanotrophs constitute the most likely source organisms.

For these reasons, a most likely higher specificity and higher relative abundance, macrocyclic
archaeol may be a better indicator for methanogens than GMGT-0a. Two isomers of GMGT-
Oa have not been reported from other (hyper)thermophilic archaea to date, so, they might be
diagnostic for the two studied strains. However, in this work two isomers of GMGT-0a have
also been detected in M. marburgensis, and not only two isomers of GMGT-0a, but also
GMGTs with additional methylations (GMGT-0b and -0c). As M. marburgensis is rather
distanctly related to M. villosus and M. okinawensis, compared to other methanogens, this could
mean that two isomers of GMGT-0 (and GMD-0) are common and just have not been detected
so far. Hence, further studies are required, with cultures and on environmental samples,
searching for isomers of GMGTSs. For now, with the limitation of the current data in mind, the
presence of two isomers of GMGT-0a in environmental samples might be taken as a marker for
archaea belonging to the Methanococcales, Methanobacteriales, or for thermophilic
methanogens in general. The combination of high amounts of macrocyclic archaeol with two
isomers of GMGT-0a may even be diagnostic for members of the genera Methanocaldococcus
and Methanothermococcus.

Isoprenoid GDD-0a and GMD-0a are only minor constituents of the encountered core lipid
inventories. Nevertheless, they may serve as good biomarkers as well. Previously, isoprenoid
GDDs have been found in a culture of M. thermolithotrophicus (Liu et al., 2012b), various
modern marine sediments (Liu et al., 2012b), and in sediments of a Jurassic manganese-ore
deposit (Bauersachs and Schwark, 2016). GDDs usually occur together with GDGTs and
biphytane diols with a similar ring distribution (Liu et al., 2012c, 2016; Bauersachs and
Schwark, 2016). This finding implies that GDDs derive from the same source like the other two
compound classes. Hence, they could be either a product of sample preparation, represent
biosynthetic intermediates, or diagenetic or enzymatic degradation products of GDGTs (Liu et
al., 2012b, 2016, Bauersachs and Schwark, 2016). The occurence of GMD-0a in the present
samples seems to be typical for (hyper)thermophilic archaea, as this compound has so far only
been reported from marine hydrothermal environments (Bauersachs and Schwark, 2016).
However, if GMGTs and GMDs derive from the same source, it needs to be stressed that
GMGTs have also been described from temperate environments, as mentioned above (Schouten
et al., 2008c, Naafs et al., 2018). GDDs have been found as intact polar lipids (Meador et al.,
2014), but in the current work M. villosus and M. okinawensis did not yield such compounds,
most likely due to the small amounts, in which they occurred. In summary, GDD-0a and GMD-
Oa should not yet be considered as possible biomarkers for M. villosus or M. okinawensis, since
it cannot be excluded that the compounds found here are artifacts of sample preparation.
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4.2 Implications for the search for life on Enceladus and other ocean worlds
with hydrothermal activity

4.2.1 Effect of varying concentrations of inhibitors on the lipid inventory of M. okinawensis

M. okinawensis was also cultivated at conditions mimicking those potentially occurring on
Enceladus, with H2 and CO; present, but also with CH30OH, NH4Cl and H2CO in amounts,
which are thought to reflect those on Enceladus (Taubner and Baumann et al., 2019). The three
latter components are known to inhibit growth and activity of methanogenic archaea, and of the
strains tested in a previous study, solely M. okinawensis was able to grow under the harsh
conditions expected to prevail on Enceladus (Taubner et al., 2018). In this thesis, changes in
the composition of membrane core lipids and free amino acids were analyzed under varying
concentrations of the three potential inhibitors for the first time. Previously, lipid production in
Archaea was studied at varying temperatures, pressures, pH values, and salinities (e.g.
Yoshinaga et al., 2015; Siliakus et al., 2017). The first of such lipid-culture-experiments were
conducted with M. jannaschii, at various temperatures (Sprott et al., 1991) and at varying
pressures (Kaneshiro and Clark, 1995). Later on, the lipids of the methylotrophic, psychrophilic
Methanococcoides burtonii grown under changing temperatures were studied (Nichols et al.,
2004). The core lipids of M. thermautotrophicus were analysed under changing ambient
temperatures (Knappy, 2010; Knappy et al., 2015), at different growth stages (Kramer and
Sauer, 1991). Its IPL composition was determined at different growth stages (Morii and Koga,
1993) and at varying H> and micronutrient (potassium and phosphate) availability (Yoshinaga
etal., 2015). There were also lipid-culture studies conducted with M. marburgensis, grown with
the addition of detergents (polysorbate or Tween®-20 or -80, which can lyse mammalian cells;
Gréther, 1994). Addition of detergents led to an increased production of GDGT-0 with one
additional methyl group in one of the biphytanyl chains. To the best of the author’s knowledge,
the thesis of Grather (1994) is the only other study apart from the present one, which
investigated core lipids of a methanogen grown in the presence of inhibitors.

The membrane core lipid patterns of M. okinawensis exposed to DoE and to the extreme
concentrations of the three inhibitors revealed clear and partially unexpected trends. The lipid
content of the DoE design space cultures generally followed the population growth curves as
determined by OD measurements (Table 3). Hence, there is a positive correlation between
ODmax and lipid content. H.CO had the largest influence on this ratio, followed by NH4Cl. Both,
ODmax and lipid content were lowest at the highest concentrations of H,CO and were highest at
its lowest concentrations. Unlike the lipids, the amount of excreted amino acids was mainly a
function of the concentration of NH4CI. The reason for the varying ratio of lipid/biomass, and
why it correlates with growth, is unknown. The lipid/biomass ratio could for instance change
when cells change their size. In this case, a high lipid content would mean a higher surface-to-
volume ratio and consequently, smaller cells. Cells would become smaller when they grow
quicker and divide faster in the current experiments. Perhaps, producing less and bigger cells is
a stress response caused by substrate limitation. Any further assumptions on that issue cannot
be made, as the cell sizes of the cultures were not determined. An intracellular accumulation of
lipids could be another cause for changes in lipid contents. As shown for a strain of unicellular
microalgae, a bigger population size correlates with a higher lipid content (De-Bashan et al.,
2002). The study with the microalgae additionally found that an increase in cell size, which
lowers the surface-to-volume ratio, leads to a lower lipid content per cell. Of course, it needs to
be kept in mind that microalgae are photosynthetic eukaryotes, not methanogenic archaea.
Therefore, any conclusions from this comparison should be drawn with caution. Nevertheless,
it could be that these basic functions are similar or alike for all cellular, terrestrial organisms.

75



In the DoE design space as well as the extreme value experiments, it seems that those lipids
likely making the cell membranes less rigid and more permeable (archaeol and GTGT-0a)
substitute membrane-spanning, membrane-stabilizing lipids (macrocyclic archaeol, GDGT-0a,
GMGT-0a, and GMGT-0a’) at enhanced concentrations of inhibitors. In archaeol, the ends of
the alkyl chains are loose, while in macrocyclic archaeol they are connected via a covalent C-
C bond. It is similar for GDGT-0a and even more for the GMGTSs in comparison with GTGT-
O0a. GTGT-0a has two loose ends of phytane chains in its center, which GDGT-0a has not. In
the GMGTSs, there is an additional covalent C-C bond, which links both biphytane chains
together, and thus provides even more structural stability. Apart from these theoretical
considerations, there are empirical studies, which indeed showed a higher content of
macrocyclic archaeol and GMGTSs at higher temperatures (Sprott et al., 1991; Naafs et al., 2018)
and a higher content of GDGT-0a at a lower pH (McCartney et al., 2014; for reviews on that
topic, see Van de VVossenberg et al., 1998; and Siliakus et al., 2017). Assuming the degree of
intoxication is increasing with increasing amounts of H.CO and NH4CI, these relationships
seem to be counterintuitive for the present work. It would imply that M. okinawensis makes its
membrane more permeable in the presence of — what is commonly seen as — inhibitor for cell
growth.

The inhibiting effect of NH4Cl and H2CO on cell growth has been demonstrated before, among
others for M. thermautotrophicus (Lu and Hegemann, 1998; Kato et al., 2008). Hence, another
explanation for the observations of the current experiment may be that Ho.CO and NH4Cl made
the cells more permeable by injuring them. One study tested the effect of artificial antimicrobial
peptides mimicking those of the human intestinal immune system on the methanogens
Methanobrevibacter smithii, M. stadtmanae, and Methanosarcina mazei (Bang et al., 2012).
The peptides indeed did some damage to the pseudomurein walls, the proteinaceous surface
layers, and the membranes of the cells. When M. thermautotrophicus was exposed to different
environmental stimuli, including 500 mmol/L NH4Cl (Kato et al., 2008; in the present thesis, a
maximum amount of 263 mmol/L was used), changes in gene regulation could be identified.
The environmental stimuli led to an upregulation of several genes related to cell wall
modification. Another study demonstrated that M. thermautotrophicus makes its cells less
permeable under nutrient limitation in order to maintain a sufficiently high concentration of the
respective nutrient within the cell (Yoshinaga et al., 2015). This represents an example, where
a methanogen optimized its membrane to challenging environmental conditions. In contrast,
the changes in lipid composition of M. okinawensis in the current experiments do not indicate
that the organism adapts by producing more resistant lipids (i.e., GDGT-0a, GMGTs, and
macrocyclic archaeol). It rather seems that the presence of the inhibitors had a negative impact
on the production of those lipids in M. okinawensis, which are considered to build a more rigid
membrane.

To assess this effect in more detail, it would be helpful to identify the biosynthesis routes of
ether lipids in M. okinawensis. M. okinawensis might require more steps to build macrocyclic
archaeol, GDGT-0a, and the GMGTs than it does to synthesize archaeol and GTGT-0a.
Consequently, archaeol could be the precursor of macrocyclic archaeol or tetraethers and
GTGT-0a could be a precursor in GDGT-0a and the GMGTs synthesis. Since the early 1980s,
many studies addressed the question, how tetraethers are built and whether diethers are their
precursors or not (for review, see Koga et al., 1993; Koga and Morii, 2007; Caforio and
Driessen, 2017). The outcomes of these studies are partly contradictory. Kushwaha et al. (1981)
analyzed the polar lipids of Methanospirillum hungatei and concluded that tetraether polar
lipids are synthesized from fully saturated diether lipids, which already have the respective
polar head groups attached. Morii and Koga (1994) came to the same conclusion when testing
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the lipids of M. thermautotrophicus, as well as Kon et al. (2002) and Nemoto et al. (2003) with
their inhibition study with the thermoacidophilic archaeon Thermoplasma acidophilum. In
contrast, Poulter et al. (1988), who did labelling experiments with M. hungatei, suggested that
diethers are not the immediate precursors of tetraethers. Instead, the authors suggested that
tetraethers are formed from unsaturated Coo hydrocarbon moieties. Later on, Eguchi et al.
(2000) conducted labelling experiments with M. jannaschii and M. thermautotrophicus, and
came to similar conclusions, namely that the formation of the C-C bond between two Czo
hydrocarbon moieties preceded the saturation of the double bonds. Villanueva et al. (2014)
suggested a biosynthetic pathway for tetraethers, which first step is more or less the same as in
the assumptions of Poulter et al. (1988) and Eguchi et al. (2000). They propose that the first
unsaturated biphythane becomes attached to the first glycerol via an ether bond. Then, the
second, unsaturated biphytane also forms an ether bond at the same glycerol. After that, the
second glycerol becomes ether-attached at the other ends of the two still unsaturated biphytanes.
Then, the saturation of the biphytane chains follows (the tetraether core lipid is now formed),
and finally the attachment of the polar head groups at the two glycerol moieties (Villanueva et
al., 2014). Caforio and Driessen (2017) reviewed this and, in light of the previous studies, rather
argued for a tail-to-tail condensation of two unsaturated diether lipids. However, they also state
that the enzymatic mechanisms still remain to be elucidated. For the current findings from
M. okinawensis, it would make more sense, if the first theory of Kushwaha et al. (1981), Morii
and Koga (1994), Kon et al. (2002) and Nemoto et al. (2003) holds true. That way, one could
argue that macrocyclic archaeol is formed from archaeol by adding an additional C-C bond; or
that GDGT-0a and the GMGTs are formed from either archaeol or GTGT-0a through additional
C-C condensations. Nevertheless, it has not been tested here and ultimate conclusions cannot
be drawn.

4.2.2 Amino acids and lipids as biomarkers for potential extraterrestrial methanogenic life

Amino acids and (precursors of) lipids might be widely distributed throughout space. Various
amino and fatty acids were detected in carbonaceous meteorites such as the Murchison
meteorite including the proteinogenic amino acids Ser and Thr (Koga and Naraoka, 2017).
Simple fatty acids are the most abundant organic components in carbon-rich meteorites (Huang
et al., 2005). They were found in several carbonaceous chondrites like the Murchison meteorite
(e.g. Huang et al., 2005) or the Tagish Lake meteorite (e.g. Hilts et al., 2014). The estimated
amount of interplanetary dust particles hitting the early Earth approx. 4.0 Gyr ago was about
108 kg per year (Chyba and Sagan, 1992). There were also observations of amino acids in
interstellar space. The first one happened in 2003, when Gly was detected (Kuan et al., 2003).
Thereafter, it was also found in samples of the comets Wild 2 (Elsila et al., 2009) and
67P/Churyumov-Gerasimenko (Altwegg et al., 2016). In several experiments performed to
simulate the interstellar medium, a large variety of amino acids was synthesized (Zaia et al.,
2008). Taken this together, extraterrestrial organics likely influenced and triggered the origin
of life on Earth.

In the present work, a total of 18 amino acids excreted by M. okinawensis was detected (Asp,
Glu, Asn, Ser, GIn, His, Gly, Thr, Arg, Ala, Tyr, Val, Met, Trp, Phe, lle, Leu, and Lys). The
relative abundance of amino acids determined in the current or similar future studies can be
compared with those found in the Murray and Murchison meteorites (Cronin and Moore, 1971,
Huang et al., 2005; Koga and Naraoka, 2017). In addition, to distinguish between biotically and
abiotically produced amino acids, either the relative abundance compared to Gly could be used
or the enantiomeric excess, if applicable in the case of Enceladus. Biosynthetic processes can
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lead to a higher abundance of complex amino acids to optimize protein function and stability.
Hence, another approach could be to determine the relative abundance of the detected amino
acids to Gly or other prebiotic amino acids (Guzman et al., 2018). Alternatively, groups in the
side chains of amino acids, which are characterized by the highest similarities to terrestrial life,
could be used as biomarkers (Georgiou, 2018).

Compared to amino acids, lipids are more durable and known to be stable over millions to even
billions of years when isolated from oxygen (e.g., Summons et al., 1988). For this reason, they
are commonly used to study and reconstruct terrestrial ecosystems over geological time scales
(Summons et al., 2008). As described above, lipid biomarkers of possibly methanogenic or
methanotrophic archaea have been successfully extracted from various different hydrothermal
vent precipitates, such as carbonate chimneys (Bradley et al., 2009), massive sulphides
(Blumenberg et al., 2007; 2012), vent chimneys made of amorphous silica and barite (Jaeschke
et al., 2014); and also in hydromagnesite-containing serpentinization spring precipitates
(Zwicker et al., 2018). Also in old rocks, pristine lipid biomarkers have been successfully
assigned to their source. Isoprenoid hydrocarbons of methanotrophic archaea have even been
reported from authigenic limestones from the late Pennsylvanian (ca. 300 Ma) in southern
Namibia (Birgel et al., 2008) and lipids of methanogenic and halophilic archaea in mid-
Neoproterozoic (~820 Ma old) evaporites from central Australia (Schinteie and Brocks, 2017).
Biological precursors of geolipids as well as simple lipids (such as fatty acids and short-chain
isoprenoids) could potentially act as biomarkers in astrobiology (Summons et al., 2008). More
specific information may be obtained by the analysis of the hydrocarbon chain properties of
membrane lipids (Georgiou and Deamer, 2014). The lipid biomarker approach may therefore
become a useful tool for future space missions in the search for signs of life in extraterrestrial
worlds.

Next generation ground based and orbital telescopes could aim to detect biomarkers by using
infrared spectroscopy and polarimetry (Judge, 2017). The latter observation would be possible
when Enceladus crosses the bright disk of Saturn, which will happen again in 2022 (Judge,
2017). However, analysing the transmission spectra of Europa’s plumes would be easier than
the observation of Enceladus’ plume due to its larger physical scale and shorter distance. Apart
from observing Enceladus from Earth or from its orbit, it is one of the major goals for the next
decades to send a space probe to Enceladus. There are various promising concepts for future
missions to Enceladus, such as Enceladus Life Finder (ELF) or Journey to Enceladus and Titan
(JET), both proposed for NASA’s Discovery Mission funding. Enceladus Life Signatures and
Habitability (ELSAH) was proposed for NASA’s New Frontiers program (Taubner, 2018).
These missions would perform multi-flybys over the South Polar Terrain of Enceladus. For
Europa, the missions Europa Clipper (NASA) and JUICE (Jupiter Icy Moons Explorer, ESA)
are planned. Scientists all over the world from different fields are contributing with their
research to construction and calibration of the instruments for the future missions to these
intriguing ice worlds (Taubner et al., 2020). The current work may as well contribute to this
effort.
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4.3 Membrane core lipid patterns under changing temperature and nutrient
supply

4.3.1 The effect of changing culture conditions on lipid patterns of Methanothermobacter
marburgensis

The core lipid inventory of M. marburgensis has been described for the first time by Grather
(1994). However, most of the detected lipids have been already described much earlier from a
close relative of M. marburgensis, M. thermautotrophicus (Makula and Singer, 1978;
Tornabene et al., 1979; Tornabene and Langworthy, 1979). Makula and Singer (1978) detected
26% of a diether lipid and 74% of tetraether lipids in M. thermautotrophicus after acid
hydrolysis of the phospholipid fraction. GDDs have been detected in M. thermautotrophicus
(Knappy and Keely, 2012), but GMDs have not been described from the genus
Methanothermobacter so far.

In M. marburgensis, archaeol, GTGT-0a, GDGT-0a, GDGT-0b, GDD-0a, and GDD-0b are
most abundant at 50°C and least abundant at 60°C. In contrast, GDGT-0c, GMGT-0a, GMGT-
0a’, GMGT-0b, GMGT-0b’, and GMGT-0¢’, and GMD-0b’ are most abundant at 60°C and
least abundant at 50°C. As a comparison, the lipids of M. thermautotrophicus cultured at 45°C,
60°C and 70°C have been reported (Knappy et al., 2015). In the current thesis, M. marburgensis
was cultured at 50°C, 60°C, and 65°C. With 65°C-70°C M. thermautotrophicus has a slightly
higher temperature optimum than M. marburgensis, which has 65°C as optimum temperature
(Wasserfallen et al., 2000). Knappy et al. (2015) did not report the archaeol content.
Nevertheless, they give a detailed description of the varying relative amounts of GTGT-0a,
GDGT-0a, -0b, and -0Oc, and GMGT-0a, -0b, and -0c in % of total tetraether lipids (Knappy et
al., 2015). In the study of Knappy et al. (2015) GTGT-0a is more abundant at 60°C (1.4% of
total tetraethers) than at 45°C (1.0% of total tetraethers). It is least abundant at 70°C (0.2% of
total tetraethers). This is in contrast to the present results, where GTGT-0a is most abundant at
50°C (0.6% of total lipids) and least abundant at 60°C (0.2% of total lipids; Table 6; Table S5).
Like GTGT-0a, GDGT-0a and GDGT-0b in this work are most abundant at 50°C and least
abundant at 60°C. The same holds true for GDGT-0b in Knappy et al. (2015), but not for
GDGT-0a, which is most abundant at 70°C and least abundant at 45°C there. Also, GDGT-0c
does not behave similarly here, where it is most abundant at 60°C (1.3% of total lipids; Table
S5) and in Knappy et al. (2015), where it solely occurs at 45°C (0.3% of total tetraethers).
GMGT-0a and GMGT-0b are both most abundant at 60°C and GMGT-0c occurs just at 45°C
in Knappy et al. (2015). This is more or less in accord with the results of the current study.
Because Knappy et al. (2015) did not distinguish between two isomers of GMGT-0a, -0b, and
-Oc, they are compared with GMGT-0a’, -0b’, and -0Oc’ of the present thesis here, which are the
much more abundant isomers. Regarding the degree of methylation Knappy et al. (2015)
observed a much higher percentage of methylated lipids at 45°C than at 60°C and 70°C, for
both, GDGTs and GMGTSs. This is not in accord with the present results, where the highest
degree of methylation was found at 60°C, for both GDGTs and GMGTSs (Fig. 20). In great
contrast to Knappy et. (2015), which reported a clearly higher content of non-methylated
GDGT-0 and GMGT-O0 relative to those with additional methylations, in the present work an
almost equal amount of GDGT-0a and GDGT-0b and a predominance of GMGT-0b’ over
GMGT-0a’ and GMGT-0c’ at all temperatures was observed. Although, also in Knappy et al.
(2015) the GMGTs had a higher proportion of methylated homologs than the GDGTs at all
three temperatures. Moreover, the addition of a stress-inducing detergent (Tween 80) to cultures
of M. marburgensis increased the production of GDGT-0b (Grather, 1994). One could argue
that M. thermautotrophicus and M. marburgensis show a different degree of methylation of
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their tetraether lipids. However, another study reported a predominance of mono-, di-, and even
trimethylated GDGT-O0 as intact polar lipid and core lipid in M. thermautotrophicus grown at
65°C (see Supplementary Table 1 in Yoshinaga et al., 2015). For instance, 2G-GDGT-0 with
one additional methylation was more abundant than 2G-GDGT-0 without an additional
methylation at almost all conditions (one exception: late exponential phase in hydrogen-limited
experiments). Monomethylated core GDGT-0 and G-GDGT-0 were more abundant than
nonmethylated core GDGT-0 at late exponential phase, and were more abundant than
nonmethylated G-GDGT-0 at all growth stages in the potassium- and phosphate-limited
experiments (Yoshinaga et al., 2015). It is unclear, what exactly triggers the expression of
varying lipid patterns at different temperatures in M. marburgensis. However, it should at least
be considered as a possible factor that temperature affects the solubility of CO; in the liquid
medium and hence, its availability and the pH of the medium.

To conclude, the development of methylations is not in accord with results of lipid-temperature
experiments from M. thermautotrophicus and also not the development of GTGT-Oa.
Nevertheless, in Knappy et al. (2015) and in the present thesis the GMGTs are most abundant
at 60°C and least abundant at the lower temperature (45°C in M. thermautotrophicus, 50°C in
M. marburgensis) in both organisms (Fig. 21). In contrast to the study of Knappy et al. (2015),
here and in Yoshinaga et al. (2015) tetraethers with additional methylations dominate at certain
conditions and in some lipid species over their counterparts without them. These conditions are
growth at 60°C for GDGTs and GMGTSs in this thesis; and potassium and phosphate limitation
for G-GDGT-0 in Yoshinaga et al. (2015). However, it has to be considered that these are
different growth temperatures and that M. marburgensis and M. thermautotrophicus have
different optimum temperatures.

The study of Yoshinaga et al. (2015) with M. thermautotrophicus is the only study the author
knows about so far that analyzed archaeal lipids under varying hydrogen and micronutrient
availability (limitation of potassium and phosphate). This is comparable with the changing
volume of liquid medium in this work, because also the changing ratio of liquid medium to
head space has an effect on the availability of hydrogen. As the total volume of the serum bottles
remains constant, 25 mL of liquid medium means that the ratio of macronutrients in the head
space relative to the micronutrients in the liquid medium is highest, whereas at 75 mL this ratio
is lowest. The amount of macronutrients is the limiting factor, hence, conditions should be most
ideal at 25 mL, followed by 50 mL and 75 mL. The growth temperature in both studies is the
same, namely 65°C (for 50°C and 60°C there is no comparison of different volumes of liquid
medium; see also Table 5). In the current study, the proportion of the different tetraethers and
archaeol shifts in relation to the amount of liquid medium. Archaeol, GTGT-0a, GDGT-0a,
GDGT-0c, GMGT-0b’, and GMGT-0c’ are most abundant at 25 mL. GDGT-0b, GMGT-0a,
GMGT-0a’, GMGT-0b, GDD-0a, and GDD-0b are most abundant at 75 mL. GMD-0b’ has the
same concentration at 25 mL and at 75 mL, and GMD-0a’ is exceptional, because it just occurs
at 50 mL without carbonate. However, as stated above, the difference in concentration beween
the different volumes of liquid medium is not substantial. The only exception is archaeol, which
is having its highest contents at 25 mL (Table 7; Table S6). The high abundance of the least
rigid membrane core lipids at 25 mL, archaeol and GTGT-0a is not surprising, since these
conditions are considered as most favourable for M. marburgensis. In contrast, the high
abundance of some GMGTSs at 75 mL can be explained by the opposite effect, as GMGTs are
considered as the most rigid lipids here and 75 mL the least favorable amount of liquid medium.
However, other GMGTs are most abundant at 25 mL and many lipids are least abundant at
50 mL, which is in great contrast and cannot be explained so far (Fig. 21).
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Figure 20: Relative abundance (%) of lipid species with zero, one, or two additional methylations in GDGTs
and GMGTs of Methanothermobacter marburgensis at three different growth temperatures. The pie charts
represent average values (50°C: n = 7; 60°C: n = 8; 65°C: n = 8). GMGT (glycerol monoalky! glycerol
tetraether), and GDGT (glycerol dialkyl glycerol tetraether).
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Figure 21: Schematic comparison of the lipid patterns of Methanothermobacter marburgensis (“mar”,
purple), Methanocaldococcus villosus (“vil”, green), and Methanothermococcus okinawensis (“oki”, yellow)
A) in response to different temperatures (represented by the thermometer symbol) and B) volumes of liquid
medium (25 mL, 50 mL, and 75 mL; represented by bottle symbols). This figure refers to mean values of all
experiments conducted at a specific temperature or volume of liquid medium. Lipids depicted in this image
as schematic structural formula are: archaeol, macrocyclic archaeol, GTGT-0a, and the two GMGT isomers
summarized as one symbol (for explanation of the structural formula see Fig. 2). The dominance of a certain
lipid in a certain organism is represented by its structural formula symbol in combination with the
abbreviations and the background color of the respective strain. Depending on where this symbol
combination is arranged, either close to a certain temperature on the thermometer symbol or a certain volume
of liquid medium at its bottle symbol represents its dominance in the organisms at this respective culture
condition. For instance, macrocyclic archaeol and the GMGTSs have their highest abundance (relative and in
concentrations) in M. okinawensis at 60°C and at 75 mL. The lipid symbols have two sizes. A full-size lipid
symbol represents a clear trend, whereas half-size lipid symbols represent a dominance at a certain condition,
which is either not so clear or where a lipid is relatively most abundant at one condition, but in terms of
concentrations most abundant at another condition. In M. villosus, for instance, the relative predominance of
a lipid is not clear at varying volumes of liquid medium. In contrast, in M. marburgensis the GMGTSs have
their highest concentration at 25 mL, but are relative to all other lipids most abundant at 75 mL. Symbols of
organisms occur at every temperature and at every volume of liquid medium, where this organism was
cultured. If no lipid is displayed, none of the lipids depicted in this figure has its highest absolute or relative
abundance at this culture condition. Temperature optima are: M. marburgensis: 65°C; M. villosus: 80°C;
M. okinawensis: 60-65°C.

In contrast to M. villosus and M. okinawensis, M. marburgensis was also grown without
carbonate in the liquid medium (see also below). Changing carbonate content alone has a less
apparent effect than a varying liquid medium content. It has to be compared with changing
liquid medium. All of the tetraether lipids, except for GDGT-0a, GMGT-0a, and GMGT-0a’
have their highest concentrations at the condition 25 mL with carbonate. GDGT-0a and
archaeol have their highest mean concentration at 25 mL without carbonate. GMGT-0a,
GMGT-0a’, and GDD-0a have their maximum concentration at 75 mL without carbonate. As
mentioned above, the latter condition seems to favor those lipids without an additional
methylation in their carbon chain. Among the GDGTs and among the GMGTSs, those without
an additional methylation (GDGT-0a and GMGT-0a’) are more abundant in samples without
carbonate. In contrast, GDGT-0b, GDGT-0c, and GMGT-0¢’ are relatively more abundant in
samples with carbonate. The amount of GMGT-0b’ relative to the other GMGTs barely changes
(Fig. 14). These are intriguing observations, because carbonate in the liquid medium serves as
a buffer, which is relevant, because CO> from the head space will lower the pH of the liquid
medium more substantially, if not buffered. Carbonate in the liquid medium serves also as an
additional source of carbon for M. marburgensis. CO- first has to dissolve in the liquid medium,
before it is available for the organism. COs? is most likely more quickly available compared to
COz. This could be more relevant at higher growth temperatures, when also the growth rate
increases. However, in this work, carbonate vs. no-carbonate addition was applied just for 65°C.
Tetraether lipids with additional methyl groups in their hydrocarbon chain are most abundant
when the ratio of head space to liquid medium is highest, so at 25 mL, and when there is an
additional and probably more quickly available carbon source, namely carbonate in the liquid
medium. The condition 25 mL with carbonate is therefore the condition with the highest relative
abundance of GDGT-0b, GDGT-0c, and GMGT-0c’ (Fig. 14). The GMGTs without an
additional methylation are most abundant at the complete opposite condition: at low head space
to liquid medium ratio (75 mL) and no additional carbon source in the liquid medium (without
carbonate in the liquid medium; Fig. 14). Having just this information, the most favorable
conditions for M. marburgensis are not straightforward to determine. Nevertheless, due to its
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function as a buffer ion and an additional carbon source, the addition of carbonate to the liquid
medium is most likely beneficial for growth of M. marburgensis.

M. marburgensis revealed most methylations at 60°C, and not at its optimum temperature of
65°C. However, 60°C is close to 65°C and the standard deviations of the concentrations are
high. Knappy et al. (2015) reported less methylations close to the temperature optimum of
M. thermautotrophicus compared to the lower temperature of 45°C. The temperature
comparison alone is not sufficient for determining, whether a higher degree of methylation
makes the membrane more or less permeable, or better adapted to lower or higher temperatures.
Hence, it is also difficult to draw conclusions about the effect of volume of liquid medium and
the carbonate content of the liquid medium on M. marburgensis.

Studies, which compare the lipid compositions of M. thermautotrophicus under changing
nutrient supply and different growth stages did not compare the same lipids as in the current
thesis. In the study of Yoshinaga et al. (2015), just archaeol and GDGT-O0 (including methylated
and non-methylated homologs) were compared with each other, although not only the core, but
also the intact polar lipids. They did not find a considerable change in the ratio of archaeol to
GDGT-0, or diethers to tetraethers, but rather a shift in headgroup composition. This study is
one out of three studies, which examined the diether-to-tetraether ratio of
M. thermautotrophicus at different growth stages. All three studies came to very contradictory
results. Kramer and Sauer (1991) found that with increasing age of the cell culture, diethers
clearly increased relative to the tetraethers. In contrast, Morii and Koga (1993) observed an
apparent decrease of diethers relative to tetraethers. Morii and Koga (1993) and Yoshinaga et
al. (2015) explain these striking discrepancies with the different methods employed for lipid
extraction and analysis. Using HPLC-MS for quantification, Yoshinaga et al. (2015) observed
a higher proportion of diethers relative to tetraethers at all growth stages and treatments (ca.
87%). In the current work, this is not the case at every condition. Archaeol makes up less than
50% of total lipids at 60°C and at 75 mL (Tables S5 and S6). Unfortunately, this study did not
mention GTGT-0, any kind of GMGT, and it did not compare the degree of methylation of the
GDGTs.

To the best of the author’s knowledge, there is no study so far, which compares the lipid yield
when medium was removed or not removed for OD measurements. However, if this has an
effect, it should be comparable with the effect of the changing volume of liquid medium. In
other words, OD measurements should shift the lipid yield towards the values observed at a
volume of 50 mL or 25 mL of liquid medium. At a starting liquid medium of 25 mL, this effect
should be strongest, because there is relatively more liquid medium removed from 25 mL
samples. This is not reflected by the lipid patterns of the present experiments. In fact, the
differences between non-OD and OD samples appear to be not meaningful.

Molecular dynamics simulations compared the physicochemical properties of five theoretical
polar (phosphatidylcholine head groups) tetraether lipids with the same alkyl chain length (Cz?)
and glycerol backbone stereochemistry as archaeal GDGTs have (Chugunov et al., 2014).
Among the outcomes of this simulation study was that the methyl branches and cyclopentane
moieties in archaeal GDGTSs lead to less dense packing, less rigid, more flexible, “liquid-
crystalline” membranes compared to the more gel-like phase of the straight alkyl chains without
methyl branches or cyclopentane moieties. The study further shows that methyl branches and
cyclopentane moieties have similar, but not exactly the same effects on membranes’ properties.
At the site of the cyclopentane moieties the hydrophobic lipid cores have a more dense packing,
which makes the resulting cytoplasmic membrane even more flexible and even less permeable
for solvents than methyl branches alone (Chugunov et al., 2014). Although this study did not
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address the effect of additional methyl branches in the alkyl chains of GDGT-0, GTGT-0 or
GMGT-O0, it shows the principal effect of methyl branches on the physicochemical properties
of archaeal tetraether lipids. More evidence that cyclopentane moieties enhance the packing
tightness of a membrane comes from a previous molecular modeling study (Gabriel and Chong,
2000); as well as from culture studies with (hyper)thermophilic archaea, which increased the
number of cyclopentane moieties in their alkyl chains with increasing growth temperature (e.g.
De Rosa et al., 1980; Uda et al., 2001; 2004; Shimada et al., 2008).

However, while Bacteria extensively adjust their membrane lipid composition in response to
varying temperature, pressure, and pH, Archaea change their membrane lipid composition in a
much lesser extent (Koga, 2012; Siliakus et al., 2017). This does not contradict the finding of a
correlation between temperature and number of cyclopentane moieties. In fact, unlike Bacteria
the archaeal membrane maintains its liquid crystalline phase over the entire biological
temperature range (Koga, 2012; Siliakus et al., 2017). The high degree of methyl branching of
the archaeal alkyl chains guarantees fluidity and permeability, and at the same time enough
rigidity to withstand temperatures beyond 100°C. Psychrophilic archaea often reveal the same
membrane lipids as hyperthermophilic archaea (Koga, 2012; Siliakus et al., 2017).
Nevertheless, Bacteria outcompete Archaea at very low temperatures and very high pH values,
while Archaea are better adapted to extremely high temperatures and extremely low pH values
(Siliakus et al., 2017). This could be, at least in part, explained by the higher number of methyl
branches in the archaeal hydrocarbon chains, which makes Archaea more efficient in rigidifying
their membrane (Siliakus et al., 2017).

All of these considerations do not refer to the occurrence of GDGTs or GMGTs with additional
methyl groups in their hydrocarbon chains, but they try to explain the basic function of methyl
groups in archaeal di- and tetraethers. As stated above, apart from the present study, the study
of Knappy et al. (2015) is the only study the author knows about so far that reports different
degrees of methylation as a response to varying culture conditions. Although the results of these
two studies are in this regard contradictory, both studies show that a member of the genus
Methanothermobacter changes the degree of methylation with changing temperature. The
present work additionally reveals that M. marburgensis is changing the amount of methyl
groups also in response to a varying nutrient supply.

4.3.2 Lipid substitutions in Methanocaldococcus villosus and Methanothermococcus
okinawensis — a comparison

As described above and in Baumann and Taubner et al. (2018), M. villosus and M. okinawensis
exhibit the same membrane core lipid inventory. In contrast to M. marburgensis, the tetraether
lipids of M. villosus and M. okinawensis occur in much smaller amounts and together account
for less than 10% of the total lipid inventory in M. villosus and up to 15% in M. okinawensis.
Nevertheless, unlike M. marburgensis with its abundant and partly methylated tetraether lipids,
both strains comprise not only archaeol, but also macrocyclic archaeol as a diether lipid.
Macrocyclic archaeol is found with varying contents, depending on the strain and the growth
conditions. As described in Baumann and Taubner et al. (2018), on average, M. villosus has
more macrocyclic archaeol than archaeol and for M. okinawensis it is the opposite. However,
at 60°C M. okinawensis also produces more macrocyclic archaeol than archaeol (Fig. 17).
Additionally, the ratio of GMGT-0a/GMGT-0a’ is reversed in M. villosus and M. okinawensis
(Baumann and Taubner et al., 2018). The ratio is below 1 in M. villosus and above 1 in
M. okinawensis. It seems that at certain growth conditions some of the membrane core lipids of
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M. villosus and M. okinawensis are favored at the expense of others. These are mostly the same
lipids or similar patterns in both strains.

In M. villosus these substitutions are in most cases not as clear as in M. okinawensis. The
differences between various culture conditions are almost negligible. However, if any
modification can be described, it seems that temperature has the strongest effect in M. villosus.
When summarizing all results at 65°C and 80°C and comparing them with each other, then
archaeol, GTGT-0a, and GDGT-0a are slightly more abundant at 65°C and the rest of the lipids
are slightly more abundant at 80°C (Fig. 21). This is true for the relative distribution of lipids,
but also the total abundance. The combinations 65°C and 25 mL lead to a high relative
proportion of archaeol, GTGT-0a, and GDGT-0a, but the combination 80°C and 50 mL leads
to a high proportion of archaeol and the combination 80°C and 75 mL leads to a high proportion
of GDGT-0a. This is similar to M. marburgensis, where the least rigid lipids such as archaeol,
GTGT-0a, GDGT-0a, and GDGT-0b or GDGT-0c are also most abundant at the lower
temperature of 50°C and 25 mL of liquid medium. In M. okinawensis the trends are much more
obvious than in M. villosus, although somewhat different. While M. villosus was cultured at
two different temperatures, the optimum temperature and 15°C below, M. okinawensis was
cultured at four temperatures, at the lower and the upper boundary of the optimum temperature
(60-65°C; Takai et al., 2002), 10°C below the lower boundary and 5°C above the upper
boundary (Table 5). This makes the temperature comparison between the two strains
incomplete. However, at least for the optimum and the lower temperature, some conclusions
can be drawn. In M. villosus as well as in M. okinawensis archaeol, GTGT-0a, and GDGT-0a
are most abundant at the lowest temperature chosen for the current experiments, which is also
the temperature below the optimum for both strains (Fig. 21). The other lipids are most
abundant at the temperature optimum of 80°C in M. villosus and at its lower boundary at 60°C
in M. okinawensis (Fig. 21). Interestingly, M. okinawensis shows at 65°C and at 70°C a lipid
distribution, which lies in-between the lipid patterns at 50°C and at 60°C. However, this is in
line with observations from M. marburgensis, where the lipid patterns at 65°C lie in-between
the lipid patterns at 50°C and at 60°C. Hence, it seems that those core lipids, which are supposed
to make the membrane more rigid and less permeable, are most abundant at the temperature
optimum and least abundant at the lower temperature in both organisms (Fig. 21). Lipid-culture
experiments with M. jannaschii cultured in the range from 47°C to 78°C (optimum near 85°C,
Jones et al., 1983) revealed a clear increase of macrocyclic archaeol and GDGT-0a at the
expense of archaeol with increasing temperature (Sprott et al., 1991). Unfortunately, this
experiment was conducted below the proposed optimum temperature of M. jannaschii, and the
behavior of GDGT-0a is different from the current experiments. It is relatively more abundant
at the lower temperature in M. villosus, but at the highest temperature in M. okinawensis.
However, the overall trend of having more rigid and less permeable core lipids at higher
temperatures can be confirmed with the current data.

Because higher pressures have, at least theoretically, a similar effect on membrane lipids as
lower temperatures, the second lipid-culture study involving M. jannaschii shall be compared
with the results of the present thesis (Kaneshiro and Clark, 1995; Siliakus et al., 2017).
Therefore, the content of archaeol should increase, while the content of macrocyclic archaeol
and tetraethers should decrease at increased pressures. This was different in the lipid-culture
experiment with M. jannaschii, where macrocyclic archaeol became more abundant relative to
archaeol and GDGT-0a at higher growth pressures (Kaneshiro and Clark, 1995).
Methanogenesis and growth rate were higher and the membrane fluidity was reduced at
elevated pressures. These developments and the decrease of GDGT-0a were expected, but the
decrease of archaeol and the increase of macrocyclic archaeol were not. The authors suggest a
special role for macrocyclic archaeol in M. jannaschii at higher temperatures and pressures.
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Nevertheless, a high pressure does not seem to affect M. jannaschii negatively. In fact, also
another study showed that it grows faster at elevated pressures and temperatures (Miller et al.,
1988). Therefore, a high proportion of macrocyclic archaeol could mean that M. jannaschii is
thriving at such conditions. For the current work it is beneficial to take notice of the sometimes
unexpected behavior of members of the order Methanococcales and that macrocylic archaeol is
an essential part of the cell membrane of M. jannaschii, M. villosus and M. okinawensis at
elevated temperatures and most likely also at elevated pressures. Lipid-pressure experiments
with M. villosus and M. okinawensis are definitely worth to be conducted in the near future.

At 25 mL M. villosus and M. okinawensis should theoretically have the best growth conditions,
because, as described above, at 25 mL of liquid medium, the organisms have the highest relative
amount of the growth-limiting macronutrients. The change in the volume of the liquid medium
leads to different patterns in M. villosus and M. okinawensis. Ignoring the other parameters, in
M. villosus archaeol, GTGT-0a, and GDGT-0a are relative to the other lipids most abundant at
25 mL and least abundant at 50 mL (Fig. 21). In contrast, macrocyclic archaeol is relative to
the other lipids most abundant at 50 mL and least abundant at 25 mL. The comparison of all
samples with gas exchange once or twice per day reveals that archaeol is the only lipid, which
is relatively more abundant at gasssing once per day. The other lipids are relatively more
abundant at a gas exchange twice per day, but the differences are overall minor. Whether or not
liquid medium was removed for OD measurements did not have a considerable effect on the
relative lipid amounts or the concentrations in M. villosus.

M. okinawensis shows clearer patterns under changing culture conditions. The abundance of
archaeol and GTGT-0a is decreasing progressively from 25 mL to 75 mL, while the abundance
of macrocyclic archaeol and the GMGTSs is increasing from 25 mL to 75 mL (Fig. 18; Fig. 21).
However, also in M. villosus, archaeol, GTGT-0a, and GDGT-0a are most abundant at 25 mL,
where macrocyclic archaeol is least abundant. GDGT-0a is most abundant at 50 mL and least
abundant at 25 mL, which is the complete opposite of the behavior of GDGT-0a in M. villosus.
These patterns can become stronger or weaker in response to a different gas exchange
frequency. However, the overall difference in lipid patterns between once and twice gas
exchange per day is minor; and so is the difference between OD and non-OD samples.
Assuming that the relative error is more substantial for less abundant compounds, the fact that
the more abundant lipids (archaeols, GDGT-0a, and GMGT-0a) reveal higher concentrations at
a gas exchange twice per day in M. okinawensis could let someone assume that the organism
grew better at this higher gas exchange frequency. This seems plausible, if it is assumed that at
a gas exchange twice per day, in contrast to once per day, M. okinawensis received more
macronutrients over the entire growth period. However, the concentrations are already
normalized by biomass so they should stay constant. Possible causes for concentration shifts
are discussed in chapter 4.2.1 and in Taubner and Baumann et al. (2019).

The temperature experiments reveal a higher relative abundance of the supposedly more stable
or rigid lipids at the optimum temperature in both strains. In this regard, the comparison of
different volumes of liquid medium is contradictory to the temperature experiments, because at
the supposedly most beneficial volume of 25 mL of liquid medium, archaeol and GTGT-0a, the
least rigid lipids, are most abundant. Nevertheless, if one assumes that 50 mL, the suggested
standard condition, is the most optimal condition, then at least for M. villosus, it would mean
that the production of macrocyclic archaeol and GMGTSs is higher at ideal conditions. This
cannot be concluded for M. okinawensis, because those lipids, which are most abundant at
60°C, are clearly least abundant at 25 mL and most abundant at 75 mL (Fig. 21). However, as
mentioned above, the lipid distribution of M. okinawensis grown at 65°C and at 70°C is
intermediate between those at 50°C and at 60°C. This makes an interpretation even more
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difficult. An experiment with M. villosus grown above its temperature optimum could be
helpful in this respect. From the results here, one cannot draw conclusions about which lipid
proportions are optimal either for M. villosus or M. okinawensis. It can be assumed that
apparently the lipid proportions are affected by varying temperatures and nutrient supply, and
that they are affected differently in M. villosus and M. okinawensis. Low temperatures and a
high ratio of macronutrients versus micronutrients lead to a high proportion of archaeol and
GTGT-0a relative to macrocylic archaeol and the GMGTSs in both organisms. Possibly, the
organisms actively make the membrane more flexible and permeable at lower temperatures,
which was expected and is confirmed by literature many times (e.g. De Rosa et al., 1980; Sprott
et al., 1991; Shimada et al., 2008; Siliakus et al., 2017). Maybe, the same membrane shall also
be very permeable at a high supply of macronutrients. There is also the possibility that these
methanogens do not actively control their lipid composition, but are rather not capable of
synthesizing those lipids, which would be ideal for present conditions. For instance, maybe
M. villosus and M. okinawensis are not able to synthesize a higher proportion of macrocyclic
archaeol and GMGTs at 25 mL. Hints that this is the case during intoxication can be found for
M. okinawensis in chapter 3.2 and in Taubner and Baumann et al. (2019).
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5. Conclusions and final remarks

The present dissertation has an interdisciplinary approach, strongly rooted in the bio- and
geosciences. The aim of this work was to contribute valuable data to the biomarker concept for
geobiology and astrobiology. Methanogenic archaea, or shortly methanogens, are promising
study objects in this regard, because their metabolism and overall way of living is believed to
be very basic and ancient, if not belonging to the first forms of life on Earth. It thus makes sense
to study potential biosignatures of methanogens to expand the set of tools we have for research
on first and early life, recent life in extreme environments, and the search for extraterrestrial
life on other planets and moons.

There were very few studies on the lipid inventory and how it changes at changing conditions
of the order Methanococcales, prior to this thesis. Exceptions are Methanothermococcus
thermolithotrophicus, Methanococcus aeolicus, and the very well-studied Methanocaldococcus
jannaschii. This thesis describes for the first time the lipid inventory of Methanocaldococcus
villosus and Methanothermococcus okinawensis. It also describes how their membrane core
lipids and the membrane core lipids of Methanothermobacter marburgensis change under
varying temperature and nutrient supply. In the case of M. okinawensis, the membrane core
lipids as well as excreted amino acids were additionally analyzed in response to multivariate
concentrations of certain inhibitors. The lipids of Methanothermobacter marburgensis were
known prior to this thesis, but were so far not analyzed under the conditions tested here.
Methanothermobacter marburgensis was originally isolated from mesophilic sewage sludge
(Wasserfallen et al., 2000), while Methanocaldococcus villosus and Methanothermococcus
okinawensis derive from submarine hydrothermal vents (Takai et al., 2002; Bellack et al.,
2011).

M. villosus and M. okinawensis have the same membrane core lipids and very similar intact
polar lipids. Yet, the relative proportions are different in the two strains, allowing for a
distinction of the two methanogens by means of lipid biomarkers. While M. villosus contains
solely glycolipids as intact polar lipids, M. okinawensis has as well minor phosphoglycolipids
in its extracts. Membrane lipids with additional methylations, as found in M. marburgensis, or
cyclopentane ring-containing tetraether lipids have not been identifed, neither in M. villosus,
nor in M. okinawensis. This is in accord with previous studies of membrane lipids of the order
Methanococcales. As typical for (hyper)thermophilic archaea, M. villosus and M. okinawensis
produce abundant archaeol, GDGT-0a, GTGT-0a, and GMGT-0a. However, to the best of the
author’s knowledge, GTGT-0a and GMGT-0a have not been reported from the order
Methanococcales to date, and two isomers of GMGT-0a not in any other archaeal culture. Very
likely the most specific of the detected lipids occurs also in high abundance in both strains:
macrocyclic archaeol. This lipid has been reported from only few archaeal cultures so far and
may consequently be of moderate source specificity for methanogens. Yet, it has also been
considered as a biomarker of methanotrophs. Additionally, small quantities of isoprenoid GDD-
0a and GMD-0a were detected in the core lipid extracts. GDD-0a may be a degradation product
of GDGT-0a, and GMD-0a may be a degradation product of GMGT-0a. If that is correct, GMD-
0a may, as GMGT-0a, be a biomarker for marine, (hyper)thermophilic, archaea. Briefly, the
lipid biomarker inventory of M. villosus and M. okinawensis is very similar to the inventory of
other methanogenic archaea. The most specific pattern is the high abundance of macrocyclic
archaeol combined with the presence of the two structural isomers of GMGT-0a. When found
in the environment, this pattern may serve as a signature of M. villosus and M. okinawensis.
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Although the inventory of lipids and amino acids remained unchanged, the relative proportions
of the core lipids and also the excreted amino acids of M. okinawensis changed, when exposed
to varying concentrations of the inhibitors ammonium chloride (NH4Cl), formaldehyde
(H2CO), and methanol (CH30OH). NH4Cl, H.CO, and CH3OH were identified in the plumes at
Enceladus’ south pole. Enceladus is one of the icy moons of the planet Saturn and, albeit most
likely not inhabited yet (Deamer and Damer, 2017), may provide a habitable environment for
life to develop, especially for methanogenic life forms. However, organisms that may thrive on
Enceladus would have to face extreme environmental conditions such as varying temperature,
high pH, high pressure, and various substances, such as the above-mentioned inhibitors, that
might perhaps inhibit the formation and prosperity of life. M. okinawensis turned out to easily
survive when exposed to multivariate concentrations of NH4Cl, H2CO, and CH30H and, as a
function of their varying concentrations, exhibits different patterns in its lipid and amino acid
synthesis. CH3sOH showed no appreciable influence in the tested concentration range (0.224 to
5.207 mmol/L) on neither growth nor lipid or amino acid production rates. However, the other
two inhibitors had a strong impact on either growth and lipid production or amino acid
excretion. High concentrations of H2CO (tested concentration range 0.33 to 7.656 mmol/L) had
a noteworthy diminishing effect on the growth and lipid production of M. okinawensis,
especially in combination with higher concentrations of NH4Cl. In contrast, high concentrations
of NH4ClI (tested concentration range 0.027 to 0.263 mol/L), even when combined with lower
concentrations of H,CO, mainly suppressed amino acid excretion.

Not only the response to different inhibitors was tested, but also the varying temperature and
nutrient supply. Lipid-culture studies with varying nutrient supply were very scarce for
methanogens, but also for Archaea in general. The current thesis thus also aimed to assign
certain lipid patterns to specific environmental parameters and to find lipid patterns, which
reflect not only optimum temperatures, but also optimum nutrient supply and combinations of
both. As the optimum temperatures of the three methanogens M. marburgensis, M. villosus, and
M. okinawensis are known from former experiments, here, the lipid patterns at these
temperatures were compared with the lipid patterns at varying volume and carbonate content of
liquid medium and at different gas exchange frequencies. Because of the different culture
conditions of these three strains, it is not straightforward to compare their lipid patterns in
response to varying temperatures and nutrient availability. The three strains were cultured at
two (M. villosus), three (M. marburgensis), and four (M. okinawensis) different temperatures;
M. marburgensis partly without carbonate in the liquid medium, and M. villosus and
M. okinawensis at a varying frequency of gas exchange. Additionally, M. marburgensis has a
different lipid inventory than the other two, more closely related, strains.

Nevertheless, even under these comparably different starting conditions there were several
patterns observable, which are shared by all three organisms. These are a high abundance of
macrocyclic archaeol (not for M. marburgensis), certain GDGTs and GMGTSs at or slightly
below the optimum temperature and a high abundance of archaeol and GTGT-0a at the lowest
culture temperature (about 15°C below the optimum) and at 25 mL (Fig. 21). This partly
reproduces results of previous lipid-culture studies (Sprott et al., 1991; Knappy et al., 2015).
Surprisingly, M. villosus, not M. marburgensis is outstanding in the sense that it reveals the
weakest response of lipid patterns at changing culture conditions of all three strains. However,
in M. villosus, as in the other two strains, temperature turned out to have the strongest effect on
lipid patterns. In M. marburgensis, also the volume of liquid medium in combination with its
carbonate content turned out to have a potent influence on the expression of certain lipids.
M. okinawensis showed the clearest lipid patterns in response to varying volume of liquid
medium. The frequency of gas exchange and whether liquid medium was removed for OD
measurements had an inconsistent or a negligible effect on the lipid patterns.
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It is difficult to define the ideal lipid pattern of each organism. Looking at the temperature
experiments one would assume that a high relative abundance of the supposedly more rigid
lipids, such as macrocyclic archaeol, GDGTs, GMGTSs or a higher degree of methylation of the
same would be ideal. However, assuming that 25 mL are better than 50 mL or 75 mL of liquid
medium for these organisms (because it provides relatively more macronutrients), then a higher
content of archaeol and GTGT-0a seems to be the optimal lipid composition. There might be
no ideal lipid composition for any of these organisms, just an ideal lipid composition for a
certain condition. A more flexible and permeable cell membrane can be beneficial at
temperatures below optimum as well as at a high supply of macronutrients. Interestingly,
M. marburgensis and M. okinawensis both do not reveal the most extreme of the observed lipid
patterns at the highest temperatures, but at the intermediate temperature, which cannot be
explained at the moment. Alternatively, the observed patterns could as well reflect not
adaptation, but rather an inability to express those lipids in comparably high amounts as under
optimized conditions. To answer these questions it would be beneficial to have more lipid-
temperature studies at several temperatures, including also temperatures higher than the
optimum; with methanogens from the same genera (and maybe also M. aeolicus, most likely
the closest relative of M. okinawensis available as pure culture), where all core lipids, and
perhaps also the intact polar lipids are evaluated. At each of these temperatures, there should
be different groups with varying nutrient supply, as it was conducted here just for M. villosus.
Considering the possible function of carbonate as a buffer ion and an additional source of
carbon, it seems likely that growth rate increases more quickly with rising temperatures in those
samples with carbonate in the liquid medium. There are molecular dynamics simulations for
the principal effect of isoprenoid vs. non-isoprenoid alkyl chains (Chugunov et al., 2014) and
for the effect of cyclopentane moieties in the alkyl chains (Gabriel and Chong, 2000). For the
strains studied here it would be also beneficial to have molecular dynamics simulations for
GDGTs and GMGTs with different numbers of additional methyl groups in their carbon chains.
Lipid-pressure experiments with M. marburgensis, M. villosus and M. okinawensis, similar to
the one conducted by Kaneshiro and Clark (1995) with M. jannaschii, could as well
complement the findings of this work.

In short, this dissertation covers a range of basic research on (hyper)thermophilic methanogens.
First, it provides the first description of the intact polar and core lipids of M. villosus and
M. okinawensis. Second, it shows how the core lipids and amino acid excretions patterns of
M. okinawensis change at multivariate concentrations of potential inhibitors detected in the
Enceladian plume. Third, and finally, it describes the change in core lipid patterns of
M. marburgensis, M. villosus, and M. okinawensis, when exposed to changing temperature and
nutrient supply.

The outcomes of this thesis could help to detect remnants of (hyper)thermophilic methanogens
in recent and fossil environmental samples, may help to understand possible differences of lipid
patterns at various sites, and may perhaps also help to calibrate or adapt instruments for future
space missions on their search for extraterrestrial life using biomarkers such as lipids or amino
acids. As described above, there are still a lot of questions to answer and more experiments and
simulations to be conducted, with these three strains and with others. Nevertheless, the present
work provides several intriguing and useful findings, which contribute to the toolbox of
geobiology and astrobiology.
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8. Supplementary figures and tables

Table S1: Elution gradient applied for the separation of primary dissolved free amino acids by high
performance liquid chromatography (HPLC). Eluent A (polar phase): 40 mM NaH,PO. buffer (pH 7.8
adjusted with NaOH pellets in Milli-Q water; Sigma-Aldrich); B (non-polar phase): 1000/100/2 — Methanol
(HPLC grade, Sigma-Aldrich)/Milli-Q water/Trifluoroacetic acid (HPLC grade, Roth); C: Tetrahydrofuran
(HPLC grade; Sigma-Aldrich), total time: 90 min. Table from Taubner and Baumann et al. (2019).

Time(min) A% B% C%

0 90 10 0
90 75 25
40 68 30 2.0
42 64 35 1.0
75 35 65 0
77 0 100 0
80 90 10 0
90 90 10 0
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Figure S1: HPLC-Chromatograms of a 2.5 umol/L standard (AAS18, Sigma Aldrich; the single amino acid
tryptophane (Trp) is missing in that specific standard curve) in Milli-Q water compared with a sample
(undiluted) analysed by the method published in Clifford et al., 2017. Injection volume 500 L, gain factor
10, method duration 28 min. Figure from Taubner and Baumann et al. (2019).
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Figure S2: HPLC-Chromatograms of a 5 umol/L standard (AAS18, Sigma Aldrich) in Milli-Q water
compared with a sample (dilution 1:4, in Milli-Q water) analysed by the new method presented in this thesis.
Injection volume 100 pL, gain factor 10, method duration 90 min. Figure from Taubner and Baumann et al.
(2019).
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Figure S3: MS/MS spectra of (a) the first isomer of GMGT-0, [M+H]* at m/z 1300.2; and (b) the second
isomer of GMGT-0, [M+H]* at m/z 1300.0; in a total lipid extract of M. okinawensis. Figure from Baumann
and Taubner et al. (2018).
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Table S2: Comparison of diether lipid contents of M. villosus and M. okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and as ratios measured

with GC-FID and with HPLC-APCI-MS. Table from Baumann and Taubner et al. (2018).

Methanocaldococcus villosus

Methanothermococcus okinawensis

Vil-1 Vil-2 Vil-3 Oki-1 Oki-2 Oki-3
[ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw]
GC-EID: Archaeol 1158.7 2115.6 1425.2 945.8 1733.6 719.8
' Macrocyclic archaeol 2503.3 2577.9 2081.6 474.5 925.7 574.4
[ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw] [ng/mg dw]
HPLC-APCI-MS: Archaeol _ 1045.7 1674.9 1120.6 7115 1589.2 588.5
Macrocyclic archaeol 1772.7 1958.4 1597.4 333.8 917.1 460.6
[ratio] [ratio] [ratio] [ratio] [ratio] [ratio]
Ratio GC-FID / Archaeol 1.11 1.26 1.27 1.33 1.09 1.22
HPLC-APCI-MS | Macrocyclic archaeol 1.41 1.32 1.30 1.42 1.01 1.25




Table S3: Mean values of the ODma, the turnover rate max, and of each lipid in % of total lipids of all samples of one experiment. For the ODmax and the turnover rate
max triplicates (n = 3) were used except for “F” (n = 2). Further, for the lipid analysis, one datapoint of each setting “E”, “J”, and “N” had to be excluded (n = 2). Values
of extreme value setting are mean values of four samples (n = 4). “Min” (all amounts at minimum); “Me” (high CHsOH); “Am” (high in NH4Cl); and “Fo” (high in H2CO).
Table modified from Taubner and Baumann et al. (2019).

DoE setting
K E B F A | G C M N o B »o L H
ODmax 1.71 1.62 1.53 1.52 151 1.27 1.17 1.16 1.13 1.11 1.10 0.59 0.21 0.20 0.20
Turnover rate max [h?] 0.096 | 0.096 | 0.096 | 0.095| 0.096 | 0.098 | 0.098 | 0.098 | 0.096 | 0.097 | 0.093| 0.086| 0.031| 0.028 | 0.029
Archaeol 64.5% | 68.3% | 63.8% | 64.4% | 63.0% | 63.4% | 75.4% | 72.6% | 71.0% | 68.7% | 72.9% | 71.0% | 69.1% | 74.0% | 68.6%
Macr. Ar. 29.7% | 25.7% | 30.2% | 28.8% | 29.2% | 30.3% | 19.3% | 19.7% | 21.4% | 25.1% | 18.0% | 23.7% | 23.5% | 18.1% | 23.3%
GTGT-0a 02% | 03%| 03%| 03%| 04%| 03%| 05%| 07%| 04% | 05%| 06% | 04%| 04%| 08%| 0.4%
GDGT-0a 39% | 42% | 41% | 47% | 51% | 3.7% | 35% | 52% | 47% | 36% | 56%| 2.7%| 48%| 46%| 45%
GMGT-0a 11% | 11% | 11%| 12%| 1.7%| 16% | 08% | 12% | 18% | 15% | 20% | 16%| 16% | 18% | 22%
GMGT-0a’ 05% | 05% | 04%| 05%| 07%| 08%| 04%| 06% | 07%| 06% | 08%| 07%| 0.6%| 06%]| 0.9%
E Extreme value setting
ODmax 1.10 1.08 0.52 0.22
Turnover rate max [h] 0.094 0.088 0.081 0.051
Archaeol 33.4% 33.5% 41.6% 73.5%
Macr. Ar. 42.3% 44.9% 43.0% 15.5%
GTGT-0a 0.3% 0.3% 0.4% 1.1%
GDGT-0a 12.6% 9.7% 7.8% 6.9%
GMGT-0a 7.6% 7.7% 4.8% 2.1%
GMGT-0a’ 3.8% 4.0% 2.5% 0.8%




Figure S4: Average growth curves of the extreme value experiments (n = 4, the OD of the respective zero
control was subtracted, error bars present respective standard deviations). “Min” (all amounts at minimum);
“Me” (high CH30H); “Am” (high in NH4Cl); and “Fo” (high in H2CO). Figure from Taubner and Baumann
et al. (2019).
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Figure S5: Concentrations of the different amino acids for the extreme value experiments (n = 4, error bars
present respective standard deviations). “Min” (all amounts at minimum); “Me” (high CH30H); “Am” (high
in NH4Cl); and “Fo” (high in H2CO). The high error of Gln for the “Fo”-setting is caused by a wide spreading
of the data points between 4 and 46 uM. However, even the error is high, all single samples of the “Fo”-set
showed a value far higher in GIn than in any other sample. Abbreviations of amino acids: Asp = aspartic
acid; Glu = glutamic acid; Asn = asparagine; Ser = serine; GlIn = glutamine; His = histidine; Gly = glycine;
Thr = threonine; Arg = arginine; Ala = alanine; Tyr = tyrosine; Val = valine; Met = methionine; Trp =
tryptophan; Phe = phenylalanine; Ile = isoleucine; Leu = leucine; Lys = lysine. Figure from Taubner and
Baumann et al. (2019).
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Methanothermobacter marburgensis

Table S4: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids at
65°C with and without carbonate in the liquid medium (Without carbonate: n = 23; With carbonate: n = 21). GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol
dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

Carbonate in liquid medium — Mean values
Concentrations [ng/mg dw] Relative amounts [%6] Overall mean values

Carbonate | Without |  With Without |  With ng/mgdw | %

Archaeol 2281.4 2133.8 54.5% 52.4% 2076.3 52.6%
GTGT-0a 20.1 21.4 0.48% 0.52% 19.3 0.5%
GDGT-0a 1043.3 882.4 24.9% 21.7% 889.1 22.5%
GDGT-0b 543.3 678.5 13.0% 16.7% 593.3 15.0%
GDGT-0c 9.6 20.3 0.2% 0.5% 17.9 0.5%
GMGT-0a 1.7 15 0.041% 0.037% 1.8 0.05%
GMGT-0a¢ 74.8 65.9 1.8% 1.6% 70.8 1.8%
GMGT-0b 0.1 0.7 <0.01% 0.018% 0.6 0.02%
GMGT-0b* 174.6 180.5 4.2% 4.4% 202.4 5.1%
GMGT-0c 0.0 0.0 0.0% 0.0% 0.0 0.0%
GMGT-0c* 35.3 85.1 0.8% 2.1% 76.1 1.9%
GDD-0a 15 0.9 0.035% 0.023% 11 0.03%
GDD-0b 0.8 0.7 0.019% 0.018% 0.7 0.02%
GMD-0a 0.0 0.0 0.0% 0.0% 0.0 0.0%
GMD-0a‘ 0.02 0.0 <0.01% 0.0% 0.01 <0.01%
GMD-0b 0.0 0.0 0.0% 0.0% 0.0 0.0%
GMD-0b¢ 0.1 0.1 <0.01% <0.01% 0.1 <0.01%
Diethers 2283.8 2135.5 54.6% 52.4% 2078.2 52.6%
Tetraethers 1902.8 1936.3 45.4% 47.6% 1871.3 47.4%
Sum 4186.6 4071.8 100.0% 100.0% 3949.5 100.0%
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Table S5: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids at
three different temperatures (50°C: n = 7; 60°C: n = 8; 65°C: n = 8). GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT
(glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalky! diether).

Temperature; 50 mL with carbonate
Concentrations [ng/mg dw] Relative amounts [%]
500C | 60°C | 65°C 500C | 60°C | 65°C
Archaeol 2323.3 1041.7 2040.7 56.1% 38.9% 61.9%
GTGT-0a 25.6 4.6 14.2 0.6% 0.2% 0.4%
GDGT-0a 921.1 414.6 600.6 22.2% 15.5% 18.2%
GDGT-0b 720.6 360.7 437.4 17.4% 13.5% 13.3%
GDGT-0c 19.3 34.4 11.2 0.5% 1.3% 0.3%
GMGT-0a 0.4 45 1.0 0.01% 0.17% 0.03%
GMGT-0a* 30.4 114.2 43.8 0.7% 4.3% 1.3%
GMGT-0b 0.0 2.7 0.6 0.0% 0.1% 0.02%
GMGT-0b* 77.2 476.6 104.2 1.9% 17.8% 3.2%
GMGT-0c 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMGT-0c* 21.9 225.5 41.1 0.5% 8.4% 1.2%
GDD-0a 1.1 0.2 0.0 0.03% <0.01% 0.0%
GDD-0b 0.8 0.0 0.0 0.02% 0.0% 0.0%
GMD-0a 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMD-0a° 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMD-0b 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMD-0b¢ 0.0 0.1 0.0 0.0% <0.01% 0.0%
Diethers 2325.2 1042.0 2040.7 56.2% 38.9% 61.9%
Tetraethers 1816.5 1637.8 1254.1 43.8% 61.1% 38.1%
Sum 4141.7 2679.8 3294.8 100.0% 100.0% 100.0%
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Table S6: Contents of core ether lipids in Methanothermobacter marburgensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids at
three different volumes of liquid medium (25 mL: n =12; 50 mL: n = 16; 75 mL: n = 16). GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol
tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

Volume of liquid medium — Mean values
Concentrations [ng/mg dw] Relative amounts [%6]
25mL | 50 mL | 75mL 25mL | 50mL | 75 mL
Archaeol 2612.5 2090.9 1919.3 53.5% 59.8% 47.8%
GTGT-0a 26.0 16.0 20.2 0.53% 0.46% 0.50%
GDGT-0a 1143.7 738.8 1005.9 23.4% 21.1% 25.1%
GDGT-0b 684.7 437.0 710.9 14.0% 12.5% 17.7%
GDGT-0c 20.3 9.0 15.4 0.42% 0.26% 0.38%
GMGT-0a 1.8 1.3 1.8 0.037% 0.036% 0.046%
GMGT-0a¢ 76.3 52.4 82.4 1.6% 1.5% 2.1%
GMGT-0b 0.4 0.3 0.5 <0.01% <0.01% 0.012%
GMGT-0b¢ 225.3 114.8 192.5 4.6% 3.3% 4.8%
GMGT-0c 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMGT-0c 88.1 32.6 60.0 1.8% 0.9% 1.5%
GDD-0a 1.4 0.6 1.6 0.03% 0.02% 0.04%
GDD-0b 0.9 0.3 11 0.02% 0.01% 0.03%
GMD-0a 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMD-0a° 0.0 0.0 0.0 0.0% <0.01% 0.0%
GMD-0b 0.0 0.0 0.0 0.0% 0.0% 0.0%
GMD-0b* 0.1 0.0 0.1 <0.01% <0.01% <0.01%
Diethers 2614.9 2091.8 1922.1 53.6% 59.9% 47.9%
Tetraethers 2266.6 1402.2 2089.6 46.4% 40.1% 52.1%
Sum 4881.5 3494.0 4011.7 100.0% 100.0% 100.0%
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Methanocaldococcus villosus

Table S7: Contents of core ether lipids in Methanocaldococcus villosus in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids at three
different volumes of liquid medium (reliable results only: 25 mL: n =13; 50 mL: n = 14; 75 mL: n = 14; all results: 25 mL: n = 29; 50 mL: n = 28; 75 mL: n = 30). “Macr.
arch.” = macrocyclic archaeol; GTGT (glycerol trialkyl glycerol tetracther), GDGT (glycerol dialkyl glycerol tetracther), GMGT (glycerol monoalkyl glycerol tetraether),
GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

Volume of liquid medium — Mean values of all samples

ng/mg dw (reliable concentrations only) % (all results) Overall mean values

25mL | 50mL | 75mL 25mL | 50mL | 75 mL ng/mgdw | % (all results)
Archaeol 1400.8 1590.3 1503.8 44.2% 36.6% 37.6% 1498.3 39.5%
Macr. arch. 1281.5 1952.4 1653.4 47.5% 57.2% 54.7% 1629.1 53.1%
GTGT-0a 17.9 18.4 18.6 0.6% 0.4% 0.5% 18.3 0.5%
GDGT-0a 173.9 204.2 220.7 6.3% 4.7% 5.9% 199.6 5.6%
GMGT-0a 3.2 4.0 3.3 0.1% 0.1% 0.1% 35 0.1%
GMGT-0a¢ 38.6 37.7 38.1 1.2% 1.0% 1.1% 38.1 1.1%
GDD-0a 0.0 0.2 1.4 <0.01% <0.01% 0.04% 0.6 0.02%
GMD-0a 0.0 0.0 0.0 0.0% <0.01% 0.0% 0.0 <0.01%
GMD-0a‘¢ 0.0 0.0 0.3 <0.01% <0.01% <0.01% 0.1 <0.01%
Diethers 2682.3 3542.9 3158.9 91.7% 93.8% 92.3% 3128.1 92.6%
Tetraethers 233.6 264.3 280.7 8.3% 6.2% 1.7% 259.5 7.4%
Sum 2915.9 3807.2 3439.6 100.0% 100.0% 100.0% 3387.6 100.0%
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Table S8: Contents of core ether lipids in Methanocaldococcus villosus in % of total lipids at two temperatures and three different volumes of liquid medium (65°C:
25 mL: n=15;50 mL: n=15; 75 mL: n=15; 80°C: 25 mL: n =14; 50 mL: n =13; 75 mL: n= 15). “Macr. arch.” = macrocyclic archaeol, GTGT (glycerol trialkyl glycerol
tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl
diether).

Temperature — Mean values of all samples

65°C 80°C Overall mean values

25mL | somL |  75mL 25mL | somL | 75mL 65°C | 80°C
Archaeol 54.3% 36.3% 43.2% 34.2% 37.0% 32.0% 44.6% 34.4%
Macr. arch. 36.0% 56.5% 50.8% 59.0% 57.8% 58.6% 47.8% 58.5%
GTGT-0a 1.0% 0.5% 0.5% 0.3% 0.3% 0.5% 0.7% 0.3%
GDGT-0a 7.8% 5.4% 4.6% 4.8% 4.0% 7.2% 5.9% 5.3%
GMGT-0a 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
GMGT-0a* 0.9% 1.1% 0.8% 1.5% 0.9% 1.5% 0.9% 1.3%
GDD-0a <0.01% <0.01% 0.02% <0.01% 0.01% 0.05% <0.01% 0.02%
GMD-0a 0.0% 0.0% 0.0% 0.0% <0.01% 0.0% 0.0% <0.01%
GMD-0a* 0.0% <0.01% <0.01% <0.01% <0.01% 0.02% <0.01% <0.01%
Diethers 90.3% 92.8% 94.0% 93.2% 94.8% 90.7% 92.4% 92.9%
Tetraethers 9.7% 7.2% 6.0% 6.8% 5.2% 9.3% 7.6% 7.1%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Table S9: Contents of core ether lipids in Methanocaldococcus villosus in % of total lipids at a gas exchange once or twice per day and at three different volumes of liquid
medium (1x: 25 mL: n =15; 50 mL: n = 13; 75 mL: n = 15; 2x: 25 mL: n = 14; 50 mL: n = 15; 75 mL: n = 15). “Macr. arch.” = macrocyclic archaeol, GTGT (glycerol
trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD
(glycerol monoalkyl diether).

Gassing frequency — Mean values of all samples

1x daily gas exchange 2x daily gas exchange Overall mean values

25mL | somL |  75mL 25mL | 50mL | 75 mL 1x | 2x
Archaeol 41.7% 40.3% 42.6% 46.7% 32.9% 32.6% 41.5% 37.4%
Macr. arch. 50.4% 53.5% 51.3% 44.7% 60.8% 58.1% 51.7% 54.5%
GTGT-0a 0.6% 0.4% 0.4% 0.7% 0.3% 0.5% 0.5% 0.5%
GDGT-0a 6.1% 4.7% 4.7% 6.5% 4.7% 7.1% 5.2% 6.1%
GMGT-0a 0.1% 0.1% 0.1% 0.1% 0.1% 0.2% 0.1% 0.1%
GMGT-0a‘ 1.1% 0.9% 0.9% 1.3% 1.1% 1.5% 0.9% 1.3%
GDD-0a <0.01% <0.01% 0.02% <0.01% 0.01% 0.06% <0.01% 0.02%
GMD-0a 0.0% 0.0% 0.0% 0.0% <0.01% 0.0% 0.0% <0.01%
GMD-0a‘ <0.01% <0.01% <0.01% <0.01% <0.01% 0.02% <0.01% <0.01%
Diethers 92.1% 93.9% 93.9% 91.4% 93.8% 90.8% 93.3% 92.0%
Tetraethers 7.9% 6.1% 6.1% 8.6% 6.2% 9.2% 6.7% 8.0%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Table S10: Contents of core ether lipids in Methanocaldococcus villosus in % of total lipids without (Non-OD) and with optical density measurements (OD), at three
different volumes of liquid medium (Non-OD: 25 mL: n = 15; 50 mL: n = 13; 75mL: n = 15; OD: 25 mL: n = 14; 50 mL: n = 15; 75 mL: n = 15). “Macr. arch.” =
macrocyclic archaeol, GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD
(glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

OD measurements — Mean values of all samples

Non-OD oD Overall mean values

25mL | somL |  75mL 25mL | 50mL | 75 mL Non-OD | oD
Archaeol 41.0% 40.0% 38.9% 47.4% 33.3% 36.3% 40.0% 39.0%
Macr. arch. 51.2% 54.3% 54.2% 43.8% 60.1% 55.2% 53.2% 53.0%
GTGT-0a 0.5% 0.4% 0.4% 0.7% 0.4% 0.5% 0.4% 0.6%
GDGT-0a 5.7% 4.4% 5.3% 6.9% 5.0% 6.5% 5.1% 6.2%
GMGT-0a 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
GMGT-0a* 1.4% 0.9% 1.1% 1.0% 1.1% 1.3% 1.1% 1.1%
GDD-0a <0.01% 0.01% 0.05% 0.0% <0.01% 0.03% 0.02% 0.01%
GMD-0a 0.0% 0.0% 0.0% 0.0% <0.01% 0.0% 0.0% <0.01%
GMD-0a* <0.01% <0.01% 0.01% 0.0% <0.01% <0.01% <0.01% <0.01%
Diethers 92.2% 94.3% 93.2% 91.2% 93.4% 91.5% 93.2% 92.0%
Tetraethers 7.8% 5.7% 6.8% 8.8% 6.6% 8.5% 6.8% 8.0%
Sum 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Methanothermococcus okinawensis

Table S11: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids of
all samples cultured at 50 mL gas exchange once per day at four different temperatures (50°C: n = 8; 60°C: n = 8; 65°C: n = 8; 70°C: n = 8). “Macr. arch.” = macrocyclic
archaeol, GTGT (glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl
diether), and GMD (glycerol monoalkyl diether).

50 mL; 1x daily gas exchange; different temperatures
Concentration [ng/mg dw] Relative amount [%0]
50°C | 60°C \ 65°C \ 70°C 50°C \ 60°C \ 65°C \ 70°C
Archaeol 1461.1 632.0 7731 697.2 75.9% 25.5% 62.1% 55.6%
Macr. arch. 3915 1570.9 374.7 356.4 20.3% 63.3% 30.1% 28.4%
GTGT-0a 6.8 3.7 4.1 2.4 0.4% 0.1% 0.3% 0.2%
GDGT-0a 58.2 93.0 71.0 76.3 3.0% 3.8% 5.7% 6.1%
GMGT-0a 5.6 116.3 13.7 75.7 0.3% 4.7% 1.1% 6.0%
GMGT-0a¢ 15 51.9 6.2 43.2 0.1% 2.1% 0.5% 3.4%
GDD-0a 0.1 9.8 13 2.2 0.0% 0.4% 0.1% 0.2%
GMD-0a 0.0 2.2 0.0 1.0 0.0% 0.09% 0.0% 0.08%
GMD-0a‘ 0.0 0.0 0.0 0.0 0.0% 0.0% 0.0% 0.0%
Diethers 1852.7 2214.9 1149.1 1056.8 96.2% 89.3% 92.3% 84.3%
Tetraethers 72.1 264.9 95.0 197.6 3.8% 10.7% 7.6% 15.7%
Sum 1924.8 2479.8 1244.1 1254.4 100.0% 100.0% 100.0% 100.0%
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Table S12: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids of
all samples cultured at 65°C at three different volumes of liquid medium (25 mL: n = 16; 50 mL: n = 16; 75 mL: n = 16). “Macr. arch.” = macrocyclic archaeol, GTGT
(glycerol trialkyl glycerol tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and
GMD (glycerol monoalky! diether).

65°C; different volumes of liquid medium
Concentration [ng/mg dw] Relative amount [%]
25mL | 50mL | 75mL | 25mL | 50mL | 75mL

Archaeol 889.0 764.9 6384 | 705%  55.8%  46.8%
Macr. arch, 274.4 477.4 582.6 21.8%  34.8%  42.7%
GTGT-0a 4.3 4.2 33| 034%  031%  0.25%
GDGT-0a 75.6 92.3 90.7 6.0% 6.7% 6.6%
GMGT-0a 12.1 21.3 32.8 1.0% 1.6% 2.4%
GMGT-0a* 4.8 8.5 13.8 0.4% 0.6% 1.0%
GDD-0a 0.2 1.7 3.1 0.0% 0.1% 0.2%
GMD-0a 0.0 0.0 05| <001% <0.01%  0.04%
GMD-0a° 0.0 0.0 0.0 0.0% 0.0%  <0.01%
Diethers 1163.6 12440  1224.6 92.3%  90.8%  89.7%
Tetraethers 96.8 126.3 140.6 7.7% 9.2% 10.3%
Sum 12604  1370.3 13652 | 100.0%  100.0%  100.0%
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Table S13: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids of
all samples cultured at 65°C at three different volumes of liquid medium without (Non-OD) and with (OD) optical density measurements (Non-OD: 25 mL: n = 8; 50 mL.:
n=28; 75mL:n=8;0OD: 25 mL: n=8;50 mL: n=8; 75 mL: n = 8). “Macr. arch.” = macrocyclic archaeol, GTGT (glycerol trialkyl glycerol tetracther), GDGT (glycerol
dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalkyl diether).

65°C; Non-OD vs. OD; different volumes of liquid medium
Concentration [ng/mg dw] Relative amount [%0]
Non-OD oD Non-OD oD
25mL | 50mL | 75mL | 25mL | 50mL | 75mL [ 25mL [ 50mL | 75mL | 25mL | 50mL | 75mL
Archaeol 943.8 669.2 561.0 834.2 860.6 7158 | 716%  57.8%  421% | 69.4%  543%  51.2%
Macr. arch. 282.2 387.5 611.9 266.7 567.3 5532 | 21.4%  335%  459% | 222%  358%  39.6%
GTGT-0a 4.3 3.5 3.3 4.3 4.9 3.3 0.3% 0.3% 0.3% 0.4% 0.3% 0.2%
GDGT-0a 71.7 72.2 99.0 79.4 112.3 82.4 5.4% 6.2% 7.4% 6.6% 7.1% 5.9%
GMGT-0a 11.9 16.1 37.0 12.2 26.5 28.6 0.9% 1.4% 2.8% 1.0% 1.7% 2.0%
GMGT-0a* 4.8 7.0 16.7 4.7 10.0 10.9 0.4% 0.6% 1.3% 0.4% 0.6% 0.8%
GDD-0a 0.0 15 3.4 0.5 1.9 2.9 0.0% 0.1% 0.3% | 0.04% 0.1% 0.2%
GMD-0a 0.0 0.0 0.6 0.1 0.1 0.3 0.0% 00%  0.05% | <0.01% <0.01%  0.02%
GMD-0a‘ 0.0 0.0 0.1 0.0 0.0 0.0 0.0% 00%  <0.01% 0.0% 0.0% 0.0%
Diethers 1226.0 10582  1177.0| 11015 14299  12722| 93.0%  91.5%  883%| 91.6%  90.3%  91.0%
Tetraethers 92.7 98.8 156.0 100.6 153.7 125.2 7.0% 85%  11.7% 8.4% 9.7% 9.0%
Sum 13187 11570  1333.0 | 12021 15836  1397.4| 100.0%  100.0%  100.0% | 100.0%  100.0%  100.0%
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Table S14: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids of
all samples cultured at 65°C at three different volumes of liquid medium at a gas exchange once or twice per day (1x: 25 mL:n=8;50 mL:n=8; 75 mL: n=8; 2x: 25 mL:
n=_8; 50 mL: n=28; 75 mL: n=28). “Macr. arch.” = macrocyclic archaeol, GTGT (glycerol trialkyl glycerol tetracther), GDGT (glycerol dialkyl glycerol tetraether), GMGT
(glycerol monoalkyl glycerol tetraether), GDD (glycerol dialkyl diether), and GMD (glycerol monoalky! diether).

65°C; 1x vs. 2x daily gas exchange; different volumes of liquid medium
Concentration [ng/mg dw] Relative amount [%0]
1x daily 2x daily 1x daily 2x daily
25mL | 50mL | 75mL | 25mL | 50mL | 75mL [ 25mL [ 50mL | 75mL | 25mL | 50mL | 75mL

Archaeol 939.9 773.1 542.0 838.1 756.7 7348 | 714%  621%  41.7%| 69.6%  50.6%  51.4%
Macr. arch. 266.1 374.7 609.8 282.7 580.1 555.3 | 20.2%  30.1%  46.9% | 235%  38.8%  38.8%
GTGT-0a 5.2 4.1 2.9 3.3 4.4 3.8 0.4% 0.3% 0.2% 0.3% 0.3% 0.3%
GDGT-0a 87.9 71.0 85.7 63.3 1135 95.7 6.7% 5.7% 6.6% 5.3% 7.6% 6.7%
GMGT-0a 12.6 13.7 38.4 11.5 28.8 27.2 1.0% 1.1% 3.0% 1.0% 1.9% 1.9%
GMGT-0a‘ 5.0 6.2 16.2 4.5 10.8 11.4 0.4% 0.5% 1.2% 0.4% 0.7% 0.8%
GDD-0a 0.4 13 4.1 0.1 2.0 22| 003%  011%  031%| 001%  014%  0.15%
GMD-0a 0.0 0.0 0.7 0.1 0.1 0.2 0.0% 0.0%  0.06% | <001% <0.01%  0.02%
GMD-0a° 0.0 0.0 0.1 0.0 0.0 0.0 0.0% 0.0%  <0.01% 0.0% 0.0% 0.0%
Diethers 1206.4 11491  1156.7 | 11210 13389  12925| 91.6%  924%  89.0% | 93.1%  89.5%  90.3%
Tetraethers 110.7 95.0 143.2 82.6 157.5 138.1 8.4% 7.6% 11.0% 6.9% 10.5% 9.7%
Sum 1317.1 12441 12999 | 12036 14964  1430.6 | 100.0%  100.0%  100.0% | 100.0%  100.0%  100.0%
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Table S15: Contents of core ether lipids in Methanothermococcus okinawensis in nanogram per milligram dry weight of biomass (ng/mg dw) and in % of total lipids of
all samples cultured at 65°C at a gas exchange once or twice per day (1x: n = 24; 2x: n = 24). “Macr. arch.” = macrocyclic archaeol, GTGT (glycerol trialkyl glycerol
tetraether), GDGT (glycerol dialkyl glycerol tetraether), GMGT (glycerol monoalkyl glycerol tetraether), GDD (glycerol dialky! diether), and GMD (glycerol monoalkyl
diether).

65°C; 1x vs. 2x daily gas exchange
Concentration [ng/mg dw] Relative amount [%]
1x daily 2x daily 1x daily 2x daily
Archaeol 751.6 776.5 58.4% 56.4%
Macr. arch. 416.9 472.7 32.4% 34.3%
GTGT-0a 4.1 3.8 0,32% 0.28%
GDGT-0a 81.5 90.8 6.3% 6.6%
GMGT-0a 21.6 22.5 1.7% 1.6%
GMGT-0a¢ 9.1 8.9 0.7% 0.6%
GDD-0a 1.9 14 0.2% 0.1%
GMD-0a 0.2 0.1 0.02% <0.01%
GMD-0a* 0.0 0.0 <0.01% 0.0%
Diethers 1170.6 1250.7 91.0% 90.8%
Tetraethers 116.3 126.0 9.0% 9.2%
Sum 1286.9 1376.7 100.0% 100.0%
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