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ABSTRACT
Marine ammonia-oxidizing archaea of the phylum Thaumarchaeota are a cosmopolitan
group of microorganisms representing a major fraction of the picoplankton in the
ocean. They play a key role in the global cycles of carbon and nitrogen. Thaumarchaeota
synthesize glycerol dibiphytanyl glycerol tetraether (GDGT) membrane lipids that
are used as biomarkers for their abundance and activity in the marine water column.
However, the interpretation of GDGT distributions as biomarkers of living Thaumarchaeota is restricted due to the paucity of direct observations in culture experiments
and the limited availability of cultured thaumarchaeal representatives. Fossil GDGTs
are used for the reconstruction of past sea surface temperatures, e.g., by means of the
TEX86 paleothermometer, which is based on the empirical correlation of the degree of
GDGT cyclization in core-top sediments and sea surface temperature. However, widely
observed discrepancies between observed in situ- and predicted TEX86 -temperatures
throughout the marine water column and multiple regional calibration lines indicate that the physiological and ecological controls on lipid composition in planktonic
Thaumarchaeota remain poorly understood. Thus, constraining the influence of physiological and environmental parameters on membrane lipid composition in cultured
marine Thaumarchaeota is crucial to enhance our ability to reliably reconstruct past
environments based on the geologic record and to utilize GDGTs as biomarkers for
thaumarchaeal distribution, seasonality and activity in the marine water column.
In this thesis, the influences of growth phase, temperature, salinity, and pH on
lipid composition were investigated in pure cultures of the marine planktonic thaumarchaeon Nitrosopumilus maritimus. Characteristic intact polar GDGTs with hexosephosphohexose headgroups are particularly abundant during growth of N. maritimus
but are nearly absent under stationary conditions, demonstrating a high potential
of hexose-phosphohexose GDGTs as biomarkers for active Thaumarchaeota in the
environment. A strong increase in TEX86 -temperatures between growth and stationary
phases suggests an influence of the metabolic state of Thaumarchaeota on the TEX86
index. In contrast, even large differences in salinity from 27 to 51h had no significant
effect on intact polar GDGT composition and TEX86 values in N. maritimus. Variations
in pH between 7.3 and 7.9 showed little influence on intact polar GDGT composition
and only slightly elevated TEX86 values at lower pH. While these results are compelling,
it remains to be determined to what extent other parameters such as seawater oxygen
availability and nutrient supply/growth rate control thaumarchaeal lipid patterns.
In order to investigate the influence of temperature on lipid composition, two novel
thaumarchaeal strains that are phylogenetically closely related to N. maritimus were
isolated from the South Atlantic Ocean. Disparate responses of membrane lipid composition to temperature in N. maritimus and the closely related strains suggest that
variation in thaumarchaeal community composition in the environment may have
a profound impact on TEX86 signatures. Overall, these growth experiments indicate
that the TEX86 paleotemperature proxy is not solely dependent on temperature, but
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amalgamates several physiological and environmental factors such as phylogenetic
composition and metabolic state of marine archaeal communities.
The lipidomes of 11 thaumarchaeal pure and enrichment cultures were studied
using novel, comprehensive analytical protocols aiming at identifying diagnostic lipid
biomarkers for the activity and abundance of specific thaumarchaeal clades. These
analyses demonstrate that Thaumarchaeota contain an unprecedented diversity of
membrane lipids that is related to phylogeny as well as growth characteristics. Complementary analyses of 21 euryarchaeal and crenarchaeal species indicate that the novel
lipid methoxy archaeol is found exclusively in Thaumarchaeota. The analysis of the distribution of this compound in the water column of the equatorial North Pacific Ocean
highlights the significance of methoxyarchaeol as a biomarker for Thaumarchaeota in
the marine environment.
Application of novel chromatographic protocols further enabled the identification
of two respiratory quinones, i.e., lipids involved in cellular energy transfer, which
are specific for Thaumarchaeota. Analyses of the respiratory quinone composition of
25 euryarchaeal, crenarchaeal and thaumarchaeal species indicate that i) respiratory
quinones can be used to distinguish environmentally relevant archaeal clades and
metabolisms, and ii) that the phylogenetic distribution of respiratory quinone types
among archaea results from a combination of vertical inheritance, gene loss, and
lateral gene transfer. The coherent distribution of thaumarchaeal respiratory quinones
and membrane lipids in samples from the Black Sea water column suggests a high
potential for respiratory quinones as biomarkers in the marine environment. A comprehensive case study in the Black Sea demonstrates that combined membrane lipid and
respiratory quinone profiling allows tracing the abundances and metabolic processes
of bacterial, archaeal, and eukaryotal clades involved in the cycling of carbon, nitrogen,
and sulfur. The obtained respiratory quinone profiles reflect and resolve the expected
microbial stratification of the Black Sea. Therefore, the simultaneous analysis of these
compounds and membrane lipids appears to be a promising technique for enhancing
the quantitative aspect of membrane lipid analyses with process-related information
from respiratory quinones.
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ZUSAMMENFASSUNG
Marine Ammoniak-oxidierende Archaeen des Phylums Thaumarchaeota sind eine
weitverbreitete Gruppe von Mikroorganismen, die einen großen Anteil des Pikoplanktons im Ozean ausmachen. Sie spielen zudem eine Schlüsselrolle in den globalen
Kohlenstoff- und Stickstoffkreisläufen. Thaumarchaeen synthetisieren Glyzerol Dibiphytanyl Glyzerol Tetraether (GDGT)-Membranlipide, die als Biomarker für ihre
Verteilung und Aktivität im Ozean verwendet werden. Die Verteilungen von GDGTs im
Ozean können aufgrund fehlender direkter Beobachtungen in Kulturexperimenten nur
eingeschränkt interpretiert werden. Dies ist unter anderem auf die geringe Zahl an
verfügbaren Kulturen planktonischer Thaumarchaeen zurückzuführen. Fossile GDGTs
werden für die Rekonstruktion von Oberflächentemperaturen des Ozeans verwendet, z.B. mithilfe des TEX86 -Paläothermometers, das auf der empirischen Korrelation
von Oberflächentemperaturen des Ozeans mit dem Zyklisierungsgrad von fossilen
GDGT-Lipiden in marinen Oberflächensedimenten beruht. Weithin beobachtete Abweichungen von in situ- und TEX86 -basierten Ozeanoberflächentemperaturen und die
verbreitete Verwendung regionaler statt globaler Kalibrationen weisen darauf hin, dass
die physiologischen und ökologischen Einflussfaktoren auf die Lipidzusammensetzung
in planktonischen Archaeen unzureichend verstanden sind. Es ist daher von großer
Bedeutung, den Einfluss dieser Faktoren auf die Lipidzusammensetzung in kultivierten
marinen Thaumarchaeen zu untersuchen und einzugrenzen, um die Verlässlichkeit
von Rekonstruktionen vergangener Umweltbedingungen basierend auf geologischen
Ablagerungen zu erhöhen sowie die Anwendung von GDGTs als Anzeiger für die
Verteilung, Saisonalität and Aktivität von Thaumarchaeen im Ozean zu verbessern.
In dieser Dissertation werden die Einflüsse von Wachstumsphasen, Temperatur, Salinität und pH auf die Lipidzusammensetzung von Thaumarchaeen basierend auf Reinkulturen des marinen planktonischen Archaeons Nitrosopumilus maritimus untersucht.
Charakteristische intakte polar GDGTs mit einer Hexose-Phosphohexose-Kopfgruppe
treten besonders stark während des Wachstums von N. maritimus auf, sind jedoch
kaum während der stationären Phase vorhanden, was auf ein hohes Potential von
Hexose-Phosphohexose-GDGTs als Anzeiger von aktiven Thaumarchaeen in der Umwelt hindeutet. Ein starker Anstieg von TEX86 -Temperaturen von der Wachstumsphase
zur stationären Phase verdeutlicht einen Einfluss der metabolischen Aktivität von
Thaumarchaeen auf das TEX86 -Paläothermometer. Im Gegensatz dazu wiesen auch
große Veränderungen der Salinität (27-51h) keinen signifikanten Effekt auf die Zusammensetzung intakter polarer GDGTs und TEX86 -Werten in N. maritimus auf. Veränderungen des pH-Wertes im Bereich 7.3 bis 7.9 zeigten nur eine geringe Auswirkungen
auf Zusammensetzung intakter polarer GDGTs, und führten zu leicht erhöhten TEX86 Werten im unteren Spektrum des untersuchten pH-Bereiches. Es bleibt jedoch ungeklärt
inwiefern andere Umweltfaktoren, wie zum Beispiel Sauerstoffkonzentrationen und
Nährstoffzufuhr/Wachstumsrate die Lipidmuster in Thaumarchaeen beeinflussen. Um
die Auswirkungen von Temperaturveränderungen auf die Lipidzusammensetzung zu
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untersuchen, wurden zwei neue Stämme von Thaumarchaeen, die phylogenetisch eng
mit N. maritimus verwandt sind, aus dem Südatlantik isoliert. Die Untersuchungen zeigen abweichende Beziehungen zwischen Wachstumstemperaturen und TEX86 -Werten
in N. maritimus und den eng verwandten neuen Stämmen. Dies deutet darauf hin,
dass die Zusammensetzung der mikrobiellen Gemeinschaft von Thaumarchaeen in
der Umwelt eine große Auswirkung auf TEX86 -Signaturen haben kann. Die durchgeführten Kulturexperimente zeigen daher, dass das TEX86 -Paläothermometer nicht nur
von Temperaturveränderungen sondern ebenso von physiologischen und ökologischen
Faktoren, wie z.B. der Zusammensetzung der Mikroben-Vergesellschaftung und dem
Stoffwechselzustand von marinen Thaumarchaeen, stark beeinflusst wird.
Die Lipidzusammensetzung von 11 Anreicherungskulturen und Reinkulturen von
Thaumarchaeen wurde mittels neuartiger, umfassender analytischer Methoden mit
der Zielsetzung untersucht, neuartige diagnostische Lipide für die Aktivität und Abundanz verschiedener Untergruppen der Thaumarchaeen zu finden. Die Analysen
zeigen, dass Thaumarchaeen eine große Diversität an Membranlipiden synthetisieren,
die charakteristisch für die phylogenetischen Untergruppen und Wachstumseigenschaften der jeweiligen Thaumarchaeen sind. Zusätzliche Analysen von 21 weiteren
Spezies der Euryarchaeen und Crenarchaeen bestätigen, dass das neuartige Lipid Methoxyarchaeol ausschließlich von Thaumarchaeen synthetisiert wird. Die Analyse der
Verteilung dieses Moleküls in Wasserproben aus dem äquatorialen Nordpazifik zeigt,
dass Methoxyarchaeol in der Umwelt als Biomarker für Thaumarchaeen verwendet
werden kann.
Die Anwendung der neuen chromatographischen Methoden ermöglichte außerdem
die Identifizierung zweier Thaumarchaeen-spezifischer respiratorischer Chinone, d.h.
Moleküle, die als Elektronenüberträger in der Atmungskette fungieren. Die Analyse der
Chinonzusammensetzung von 25 Spezies der Phyla Thaumarchaeota, Euryarchaeota
und Crenarchaeota weist darauf hin, dass 1.) umweltrelevante Gruppen der Archaeen
und dazugehörige Metabolismen anhand der Verteilung von respiratorischen Chinonen unterschieden werden können, und 2.), dass die Verteilung von Chinon-Typen
innerhalb der Domäne Archaea wahrscheinlich evolutionär aus einer Kombination
von Vererbung, Genverlust, und horizontalem Gentransfer hervorgegangen sind. Die
identische Verteilung von thaumarchaeellen Chinonen und Membranlipiden in Wasserproben aus dem Schwarzen Meer legt nahe, dass die identifizierten spezifischen
respiratorischen Chinone ein hohes Potential als Biomarker für Thaumarchaeen besitzen. Eine ausführliche Untersuchung von Wasserproben aus dem Schwarzen Meer
zeigt, dass die gemeinsame Analyse von Membranlipiden und Chinonen es ermöglicht,
die Verteilung und metabolischen Eigenschaften von Bakterien, Archaeen und Eukaryoten aufzuklären, die die biogeochemischen Kreisläufe von Kohlenstoff, Stickstoff
und Schwefel beeinflussen. Insgesamt reflektieren die ermittelten Chinonprofile daher
die erwartete Stratifizierung mikrobieller Gemeinschaften im Schwarzen Meer. Die
gleichzeitige Analyse von Chinonen und Membranlipiden erscheint daher als eine
erfolgversprechende Methode um die quantitativen Informationen aus Membranlipidprofilen mit prozessbasierten Informationen aus Chinonprofilen zu hinterlegen.
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CHAPTER

1

Introduction

1.1. Archaea – The third domain of life
Life on Earth is commonly classified into three domains on the basis of phenotypic and
phylogenetic evidence (WOESE and FOX, 1977; WOESE et al., 1990). The two domains
Bacteria and Archaea, the prokaryotes, comprise single-celled microorganisms in which
cellular components such as ribosomes and DNA are enclosed together in the cytosol
and that show only basic cellular compartmentalization (BROWN and DOOLITTLE,
1997). In contrast, the Eukarya (e.g., protists, fungi, animals, plants and algae) are
single celled or multicellular organisms that show high levels of compartmentalization
and in which the DNA is enclosed in a nucleus separate from other cellular components
(LODISH et al., 2000).
Due to this dichotomy between simple and complex cellular organization, the
Archaea were long regarded as a subdivision of the Bacteria (‘archaebacteria’). However,
with the advent of molecular phylogenetic techniques, the Archaea were re-discovered
as a separate domain of life, distinct both phenotypically and genotypically from
the Bacteria and Eukarya (WOESE and FOX, 1977; WOESE et al., 1978; WOESE et
al., 1990). While Archaea share many features, such as genome organization, with
Bacteria (BROWN and DOOLITTLE, 1997), their unique membrane lipids are distinct
from Bacteria and Eukarya (Section 1.4; KATES, 1993; KOGA and MORII, 2005). In
contrast, Archaea and Eukarya show high similarities in DNA transcription, messenger
RNA translation, and cell division (BROWN and DOOLITTLE, 1997; LINDÅS et al.,
2008; PELVE et al., 2011), which have led to the controversial proposal of a common
evolutionary ancestor of Archaea and Eukarya distinct from Bacteria (e.g., EMBLEY
and MARTIN, 2006; WILLIAMS et al., 2013; CAVALIER-SMITH, 2014; GUY et al., 2014).
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Figure 1.1. Maximum-likelihood phylogenetic tree of archaeal small sub-unit 16S rRNA
gene sequences from environmental samples and cultivated species. Phylogenetic groups
containing cultivated representatives are highlighted in red (Thaumarchaeota), yellow
(Crenarchaeota), and blue (Euryarchaeota; modified from ULLOA et al., 2013). The scale
bar indicates the expected changes per sequence position along the branches.

Based on 16S rRNA, a highly conserved gene found in all prokaryotes, and wholegenome sequences, the domain archaea is commonly subdivided into three major
phyla, the Crenarchaeota, the Euryarchaeota and the recently proposed Thaumarchaeota (WOESE et al., 1990; BROCHIER-ARMANET et al., 2008; STIEGLMEIER et al.,
2014a). Furthermore, the phyla Korarchaeota and Nanoarchaeota were proposed
based on genome sequences of an enrichment culture and a single isolate, respectively
(HUBER et al., 2002; ELKINS et al., 2008; BROCHIER-ARMANET et al., 2011). Apart
from some methanogenic lineages, archaea have classically been regarded as obligate
extremophiles (e.g., WOESE and FOX, 1977; DELONG, 1998, and references therein).
Extremophilic archaea inhabit a wide range of environments spanning pH gradients
of -0.06 to 11 (SCHLEPER et al., 1995; KAMEKURA et al., 1997), salinities up to NaCl
saturation (KAMEKURA, 1998), temperatures of up to 122 C (KASHEFI and LOVLEY,
2003; TAKAI et al., 2008) and subsurface depths of up to 2-3 km (TAKAI et al., 2001;
BIDDLE et al., 2006; CIOBANU et al., 2014). More recently however, archaea of all
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three major phyla have been recognized to be particularly abundant in non-extreme
habitats such as soils, lakes and the ocean (e.g., DELONG, 1998; SCHLEPER et al., 2005;
AUGUET et al., 2010; STAHL and DE LA TORRE, 2012).

1.2. Archaeal life in the ocean and the phylum Thaumarchaeota
1.2.1. Discovery of mesophilic planktonic archaea

The ocean is considered to be Earth’s largest biome and hosts a vast diversity and
abundance of prokaryotes (WHITMAN et al., 1998; KALLMEYER et al., 2012). Within
the ocean, redox reactions mediated by prokaryotes are major components of the
cycles of carbon, nitrogen, sulfur and other biologically active elements (NEWMAN and
BANFIELD, 2002; DIETRICH et al., 2006; FALKOWSKI et al., 2008). Until the 1990s, only
thermophilic and methanogenic archaea had been identified in the marine environment
using cultivation techniques (ZEIKUS, 1977; STETTER et al., 1990). Based on novel lipidbased, cultivation, and cultivation-independent techniques, the roles of mesophilic
archaea in biogeochemical cycles became increasingly revealed during the last two
decades (PACE, 1997; DELONG, 1998; SCHLEPER et al., 2005; JARRELL et al., 2011).
A major paradigm shift in archaeal ecology was the discovery of a novel group of
archaea by sequencing of archaeal 16S rRNA genes from open ocean water samples
(DELONG, 1992; FUHRMAN et al., 1992). This novel archaeal group was remotely
related to cultivated Crenarchaeota and thus named Marine Group I Crenarchaeota
(MG-I, Figure 1.1). Furthermore, DELONG (1992) identified a cluster of sequences
distantly related to cultivated Euryarchaeota of the order Thermoplasmatales (Marine
Group II; Figure 1.1). Sequences affiliated with these archaeal groups, in particular
MG-I, were subsequently detected in a broad range of environments, such as marine
sediments, lakes, rivers, and soils (BINTRIM et al., 1997; DELONG, 1998; SCHLEPER et
al., 2005). Two other euryarchaeal groups were later detected in marine water samples
and sediments, the MG-III (FUHRMAN and DAVIS, 1997; MUNSON and NEDWELL, 1997)
which are related to the Marine Group II Euryarchaeota, as well as the Marine Group
IV Euryarchaeota, which are related to the Halobacteriales but only rarely detected in
metagenomic surveys (Figure 1.1 LÓPEZ-GARCÍA et al., 2001; BANO et al., 2004).
Molecular surveys revealed that MG-I are particularly abundant in the deep ocean
below 100 m, while MG-II are the dominant archaeal group in the upper photic zone
(Figure 1.2a; MASSANA et al., 1997, 1998; MASSANA et al., 2000). In addition to the
ubiquitous distribution, MG-I account for up to 40% of the picoplankton in the deep
ocean (KARNER et al., 2001) and about 20% of the total picoplankton in the global
ocean (Figure 1.2a; SCHATTENHOFER et al., 2009), amounting to a total of 6
1.3

1027 to

1028 cells.
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Figure 1.2. (A) Conceptual representation of abundances of Marine Group I Thaumarchaeota and Marine Group II Euryarchaeota relative to total picoplankton in the marine
water column showing a maximum of Thaumarchaeota near the deep chlorophyll maximum and higher relative abundances of Euryarchaeota in surface waters (based on
fluorescence in situ hybridization counts of KARNER et al. (2001) from the Hawaii Ocean
Time Series as well as SCHATTENHOFER et al. (2009) and TEIRA et al. (2006) from the
North Atlantic Ocean). Chlorophyll a concentrations were extracted from the Hawaii
Ocean Time Series dataset1 , station ALOHA. (B) Conceptual representation of archaeal
community structure as well as denitrifying and anaerobic ammonium-oxidizing (anammox) bacteria in oceanic oxygen minimum zones (based on BELMAR et al., 2011; LAM
and KUYPERS, 2011; PITCHER et al., 2011b; PODLASKA et al., 2012; ULLOA et al., 2012).

Despite their high abundances and ubiquity, the metabolisms and ecology of planktonic archaea remained elusive. A major advancement was the identification of the
sponge symbiont Cenarchaeum symbiosum, phylogenetically affiliated with the MG-I
Crenarchaeota (PRESTON, 1996) and the detection lipid biomarkers typically found
in cultivated Crenarchaeota in this organism (DELONG et al., 1998). The 13 C and 14 C
signatures of these lipids in water column and sediment samples (HOEFS et al., 1997;
KUYPERS et al., 2001; PEARSON et al., 2001) as well as uptake of 13 C-labeled bicarbonate into lipids in mesocosm experiments (WUCHTER et al., 2003) indicated that
MG-I Crenarchaeota might be autotrophic. In contrast, uptake of amino acids by MG-I
Crenarchaeota and MG-II Euryarchaeota indicated a potential role as heterotrophs
for these clades (OUVERNEY and FUHRMAN, 2000; TEIRA et al., 2004; HERNDL et al.,
2005). The detection of a gene for proteorhodopsin, a light-driven proton pump,
in surface-dwelling MG-II Euryarchaeota (FRIGAARD et al., 2006) as well as genes
coding for protein- and lipid-degrading enzymes encoded in a reconstructed MG-II
genome suggested a photoheterotrophic metabolism for MG-II, consistent with their
1
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abundance in the photic zone (IVERSON et al., 2012). In contrast, the metabolisms
of deep-dwelling MG-II Euryarchaeota, which lack proteorhodopsin (FRIGAARD et al.,
2006), the rare MG-IV Euryarchaeota and the MG-III Euryarchaeota which are particularly abundant in the deep ocean (FUHRMAN and DAVIS, 1997; MARTIN-CUADRADO
et al., 2008; GALAND et al., 2009b), remain unresolved.
First indications for an involvement of MG-I Crenarchaeota in the nitrogen cycle
and a potential nitrifying metabolism came from an ammonium monooxygenase gene
found on an archaeal-associated scaffold within a Sargasso Sea shotgun sequencing
dataset (VENTER et al., 2004) as well as a similar archaeal monooxygenase found in a
soil metagenome that was distantly related to monooxygenases of methanotrophic and
ammonia-oxidizing bacteria (AOB) (TREUSCH et al., 2005). Unambiguous identification of autotrophy and ammonia-oxidizing activity (NH3 + 1.5 O2 ! NO2 + H2 O + H+ ,
Section 1.3) was demonstrated by the cultivation of the first MG-I archaeon, Nitrosopumilus maritimus, from a tropical fish tank at the Seattle Aquarium (KÖNNEKE et al.,
2005). The involvement of archaea in nitrification was unprecedented as ammoniaoxidation was considered to be limited to the bacterial domain since the first isolation
of AOB from soil in the 1890s (WINOGRADSKY, 1890, 1891; KOWALCHUK and STEPHEN,
2001; SCHLEPER and NICOL, 2010). In fact, the technique used for the isolation of
N. maritimus using liquid mineral medium amended with ammonium chloride and
bicarbonate was similar to the method developed by Winogradsky, apart from drastically reduced ammonium concentrations that otherwise inhibit growth of AOA (e.g.,
KÖNNEKE et al., 2005; B OLLMANN et al., 2011; TOURNA et al., 2011, also refer to
Chapter 4).
1.2.2. Phylogeny and ecology of the Thaumarchaeota

Analyses of the distribution of ammonia-monooxygenase subunit A (amoA) gene
biomarkers and isotope tracer techniques have identified AOA as major nitrifiers in
a wide range of environments such as the marine water column (WUCHTER et al.,
2006; BEMAN et al., 2008), soils (LEININGER et al., 2006; PROSSER and NICOL, 2008),
estuaries (CAFFREY et al., 2007), lakes (AUGUET and CASAMAYOR, 2008; POULIOT et al.,
2009), and hydrothermal springs (REIGSTAD et al., 2008; DODSWORTH et al., 2011).
Since the isolation of N. maritimus, several AOA strains have been cultivated from
hydrothermal springs (DE LA TORRE et al., 2008; HATZENPICHLER et al., 2008), marine
and estuarine sediments (BLAINEY et al., 2011; PARK et al., 2014), marine surface
water (SANTORO and CASCIOTTI, 2011; QIN et al., 2014; SANTORO et al., 2015), and
soils (e.g., LEHTOVIRTA-MORLEY et al., 2011; TOURNA et al., 2011). However, due to
the slow growth and low cell densities of AOA, only three pure cultures exist besides
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N. maritimus: Nitrososphaera viennensis isolated from a garden soil (TOURNA et al.,
2011) and two strains closely related to N. maritimus isolated from fjord surface water
(QIN et al., 2014).
The analysis of a number of AOA genomes and environmental metagenomes has
resulted in the establishment of the novel archaeal phylum Thaumarchaeota, which
comprises all cultivated AOA as well as the environmental sequences formerly affiliated with the MG-I Crenarchaeota. The phylum Thaumarchaeota can be subdivided
into several subgroups based on amoA and 16S rRNA gene phylogenies that broadly
correlate with habitat types (Figure 1.1; e.g., BROCHIER-ARMANET et al., 2008; PESTER
et al., 2011; STAHL and DE LA TORRE, 2012). N. maritimus, C. symbiosum, and most
marine sequences are affiliated with the shallow (i.e., <200 m water depth) cluster A
of Group I.1a, while cluster B comprises sequences typically found in the deep ocean
beneath 200 m water depth and has so far no cultivated representatives (Figure 1.1;
e.g., FRANCIS et al., 2005; MINCER et al., 2007; LUO et al., 2014). The SAGMCG1/Nitrosotalea cluster represents a sister group of the Group I.1a Thaumarchaeota
comprising environmental sequences from soils and lakes as well as a single, acidophilic enrichment culture from soil, Nitrosotalea devanaterra (LEHTOVIRTA-MORLEY
et al., 2011; STAHL and DE LA TORRE, 2012; AUGUET and CASAMAYOR, 2013). While
Group I.1a Thaumarchaeota are also found in soils (e.g., PESTER et al., 2012), most
sequences from soils and other terrestrial environments as well as the isolate N. viennensis (TOURNA et al., 2011; STIEGLMEIER et al., 2014b) are affiliated with Group
I.1b (e.g., BINTRIM et al., 1997; DELONG, 1998; STAHL and DE LA TORRE, 2012, ;
Figure 1.1). Additionally, Group I.1a and I.1b both contain moderate thermophiles
such as Candidatus Nitrosotenuis uzonensis and Nitrososphaera gargensis, which have
upper temperature limits for growth of 52 C and 46 C, respectively (HATZENPICHLER
et al., 2008; LEBEDEVA et al., 2013). However, the only cultivated obligate thermophile
known to date is Nitrosocaldus yellowstonii (ThAOA/HWCG III cluster; Figure 1.1),
which grows in the range of 60 to 74 C (DE LA TORRE et al., 2008). The basal character of this thermophilic branch suggests that the mesophilic Thaumarchaeota may
originate from a thermophilic ancestor (BROCHIER-ARMANET et al., 2012).
All cultivated Thaumarchaeota are ammonia-oxidizers and most are neutrophilic
obligate lithoautotrophs, i.e., they assimilate inorganic carbon into biomass, while only
few strains have the ability for mixotrophic growth by metabolizing tricarboxylic acid
cycle intermediates such as pyruvate and -ketoglutarate (Figure 1.4; TOURNA et al.,
2011; STAHL and DE LA TORRE, 2012; QIN et al., 2014). However, MUSSMANN et al.
(2011) demonstrated that some Thaumarchaeota in a wastewater treatment plant
lack the capacity to fix inorganic carbon and oxidize ammonia. Similarly, members
of the uncultivated Group I.1c Thaumarchaeota in soil are potentially not obligate
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Figure 1.3. (A) Scanning electron micrograph showing rod morphology of Nitrosopumilus maritimus. (B) Cryo-electron tomography section of two adjacent N. maritimus
cells showing cytoplasm (CP), cytoplasmic membrane (CM, thin dark contour, ca. 5
nm thickness), and surrounding S-layer (SL, ca. 25 nm thickness). (C) Cryo-electron
tomogram showing the ultrastructure of N. maritimus with periodic arrangement of
S-layer proteins. Cryo-electron tomograms and scanning electron micrograph courtesy
of M. Könneke.

ammonia-oxidizers but metabolize organic nitrogen compounds (WEBER et al., 2015).
Group I.1a Thaumarchaeota are among the smallest organisms in the ocean, occuring
as rods of about 0.2 m width and 0.8 to 1 m length (PRESTON, 1996; KÖNNEKE
et al., 2005). In contrast, Group I.1b Thaumarchaeota appear as cocci with a diameter
of 0.6-0.9 m (HATZENPICHLER et al., 2008; TOURNA et al., 2011; STIEGLMEIER et al.,
2014b). A notable exception to otherwise uniformly small sizes of thaumarchaeal
cells are giant Thaumarchaeota of about 10 m width and 24 m length identified in
a mangrove sediment and affiliated with smaller bacterial symbionts (MULLER et al.,
2010). Similar to many other archaea, the thaumarchaeal isolates N. maritimus and
N. viennensis possess a protective S-layer, a porous paracrystalline layer of surface
proteins enclosing the cell, which has a hexagonal p3-symmetry similar to the Slayers of the crenarchaeal Sulfolobales (ALBERS and MEYER, 2011; HEINZ et al., 2013;
STIEGLMEIER et al., 2014b).
The physiology of Thaumarchaeota indicates that these archaea are particularly
adapted to oligotrophy and outcompete bacteria in these environments (PESTER et
al., 2011; STAHL and DE LA TORRE, 2012). Thaumarchaeota utilize a modified 3hydroxypropionate/4-hydroxybutyrate cycle for CO2 fixation, which represents the
most energy-efficient aerobic CO2 assimilation pathway (WALKER et al., 2010; KÖNNEKE

et al., 2014). Thaumarchaeota have a much higher affinity for ammonium than

AOB, indicating that AOA may effectively outcompete AOB in oligotrophic environments (MARTENS-HABBENA et al., 2009). In contrast, growth rates and maximum cell
densities of cultivated Thaumarchaeota are lower than those of cultivated AOB and
growth of thaumarchaeal cultures is inhibited at ammonium concentrations higher
than 3-4 mM, indicating that AOB may be better adapted to eutrophic environments
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Figure 1.4. Biogeochemical processes associated with Thaumarchaeota and their
metabolic products. Thaumarchaeota gain energy through the oxidation of ammonia (NH3 , which is in equilibrium with the protonated NH+
4 in aqueous solutions) or
urea (after hydrolytic cleavage into two NH3 molecules) with oxygen to yield NO2
(chemotrophy) as well as the the greenhouse gas N2 O as a byproduct (KÖNNEKE et al.,
2005; SANTORO et al., 2011; STAHL and DE LA TORRE, 2012). Thaumarchaeota take
up the greenhouse gas CO2 (lithoautotrophy; KÖNNEKE et al., 2005; STAHL and DE
LA T ORRE , 2012; KÖNNEKE et al., 2014) or small organic compounds such as amino
acids in addition to CO2 (mixotrophy; e.g., OUVERNEY and FUHRMAN, 2000; QIN et
al., 2014) as carbon sources. NO2 produced by Thaumarchaeota may be used as a
nitrogen source by planktonic bacteria and eukaryota or in bacterial nitrification (yielding NO3 ) and denitrification (yielding N2 or N2 O as end products). Thaumarchaeota
synthesize methylphosphonate (MPn; METCALF et al., 2012), which may be utilized
by phosphorous-starved bacteria by lysing the C-P bond yielding phosphate and as
a byproduct the greenhouse gas methane (KARL et al., 2008; METCALF et al., 2012;
CARINI et al., 2014). Vitamin B12 , a coenzyme essential for amino acid biosynthesis, is
produced by Thaumarchaeota and may be utilized by auxotrophic planktonic bacteria
and eukaryota (DOXEY et al., 2015).

than Thaumarchaeota (e.g., KÖNNEKE et al., 2005; MARTENS-HABBENA et al., 2009;
STAHL and DE LA TORRE, 2012; STIEGLMEIER et al., 2014a). In some environments,
thaumarchaeal nitrification is further sustained by hydrolytic cleavage of urea into
two ammonia molecules, which may be especially important for the oligotrophic deep
and high-latitude ocean as well as acidic soils (e.g., KONSTANTINIDIS et al., 2009;
ALONSO -SÁEZ et al., 2012; LU et al., 2012; TULLY et al., 2012; PEDNEAULT et al., 2014).
Similar to AOB, growth of N. maritimus is inhibited by light (MERBT et al., 2012).
However, genomic analyses of Thaumarchaeota inhabiting the surface ocean suggest
that these posess adaptive mechanisms to reduce light-induced damage (LUO et al.,
2014). Cultivation as well as amoA and 16S rRNA gene surveys have revealed a large
habitat range of Thaumarchaeota far exceeding that of cultured AOB (STAHL and DE LA
TORRE, 2012), ranging from freshwater to hypersaline (IONESCU et al., 2009; AUGUET
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et al., 2010; BERG et al., 2014; NGUGI et al., 2015), pH as low as 2-4 (NICOL et al.,
2008; REIGSTAD et al., 2008; LEHTOVIRTA-MORLEY et al., 2011), and temperatures
of

2 to 97 C (DELONG et al., 1994; MURRAY et al., 1998; REIGSTAD et al., 2008).

Thus, the upper temperature limit of Thaumarchaeota is by ca. 40 C higher than that
of AOB (LEBEDEVA et al., 2005; DE LA TORRE et al., 2008; STAHL and DE LA TORRE,
2012).
In addition to nitrification, Thaumarchaeota are involved in several globally relevant
biogeochemical processes (Figure 1.4). For instance, Thaumarchaeota release the
greenhouse gas N2 O as a byproduct of ammonia-oxidation through a yet unknown
pathway (SANTORO and CASCIOTTI, 2011; LÖSCHER et al., 2012; STIEGLMEIER et
al., 2014b). Furthermore, Thaumarchaeota are a potentially significant source of
cobalamin (vitamin B12 ) in the ocean, an enzyme cofactor that is not synthesized by
eukaryotic phytoplankton and a large number of prokaryotes but essential for amino
acid synthesis in these organisms (Figure 1.4; DOXEY et al., 2015). Thaumarchaeota
are also regarded as a major source of methylphosphonate in the ocean (METCALF
et al., 2012). Methylphosphonate is utilized as a phosphorous source by phosphatestarved planktonic bacteria and decomposed into phosphate and the greenhouse gas
methane, a process accounting for the apparent supersaturation of methane in the
surface ocean relative to the atmosphere and representing a cross-link between the
cycles of nitrogen and methane/carbon (Figure 1.4; e.g., DAUGHTON et al., 1979; KARL
et al., 2008; METCALF et al., 2012; CARINI et al., 2014). Due to the importance of
oceanic OMZs and anoxic basins in global nitrogen cycling (LAM and KUYPERS, 2011),
the abundances and activity of Thaumarchaeota in these environments as well as
their interactions with denitrifying bacteria have been a focal point of recent research
(Figures 1.2 and 1.4 and Section 1.3; e.g., LAM et al., 2007; WOEBKEN et al., 2007;
PITCHER et al., 2011a).

1.3. The role of Thaumarchaeota in the marine nitrogen cycle
Nitrogen is an essential element for life as a major constituent of amino acids, proteins
and nucleic acids and occurs predominantly as dinitrogen gas (N2 ) in the atmosphere,
which represents the largest nitrogen reservoir on Earth (BRANDES et al., 2007; CANFIELD

et al., 2010). However, N2 is chemically inert and therefore inaccessible to

direct biological uptake. Nitrogen fixation, i.e., the reduction of N2 into bioavailable
ammonium (NH+4 ), is performed only by some bacterial and archaeal species (ZEHR
and KUDELA, 2011; OFFRE et al., 2013). In the marine environment, phototrophic
cyanobacteria are considered to be the major contributors to nitrogen fixation and
thus form the basis of the marine nitrogen cycle (Figure 1.5; ZEHR, 2011). Other quan-
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titatively important sources of (anthropogenic) fixed nitrogen in coastal environments
are terrestrial runoff and atmospheric deposition (GALLOWAY et al., 2004). Marine
phytoplankton lack the ability to fix N2 and thus depend on uptake of dissolved NH+4
and other inorganic nitrogen species such as nitrate (NO3 ) and, to a lesser degree,
also nitrite (NO2 CANFIELD et al., 2010; ZEHR, 2011). Thus, the availability of fixed
nitrogen is often a limiting factor for primary- as well as whole ecosystem productivity (ARRIGO, 2005; ZEHR, 2011; MOORE et al., 2013). The fixed nitrogen pool is
replenished by the release of NH+4 from microbial remineralization of dead biomass
(Figure 1.5; DUGDALE and GOERING, 1967; THAMDRUP, 2012).

Figure 1.5. Transformation pathways of nitrogen species and mediating microorganisms
in the marine microbial nitrogen cycle in oxic and suboxic/anoxic environments (based
on ARRIGO, 2005; FRANCIS et al., 2007).

Fixed nitrogen is transformed via multiple microbially mediated redox reactions that
ultimately result in the loss of fixed nitrogen as N2 to the atmosphere (CANFIELD et al.,
2010; THAMDRUP, 2012). Thus, the overall productivity of the ocean depends on the
balance of nitrogen fixation and conversion of fixed nitrogen into N2 (FALKOWSKI, 1997;
GRUBER, 2008). Under oxic to suboxic conditions, NH+4 is oxidized to NO3 via a twostep pathway using oxygen as the terminal electron acceptor (nitrification). The first
and rate-limiting step of nitrification is the oxidation of NH3 (which is in equilibrium
with the protonated form, ammonium) to NO2 by Thaumarchaeota and bacteria
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affiliated with the

and

subclasses of the phylum Proteobacteria (KOWALCHUK and

STEPHEN, 2001; FRANCIS et al., 2007). Nitrite is then further oxidized to NO3 by
nitrite-oxidizing -, -, and -Protebacteria (SPIECK and LIPSKI, 2010). N2 O is released
as a byproduct of thaumarchaeal and bacterial ammonia-oxidation, particularly under
low-oxygen conditions and may thus escape from the marine nitrogen cycle into the
atmosphere (LAM and KUYPERS, 2011; SANTORO and CASCIOTTI, 2011; LÖSCHER et al.,
2012).
Under oxic, euphotic conditions, the nitrate derived from nitrification may again
serve as a nitrogen source for primary producers (e.g., YOOL et al., 2007). Under
suboxic and anoxic conditions such as in oceanic oxygen minimum zones and shallow sediments, nitrate and nitrite are transformed to N2 via multiple pathways and
intermediates (Figure 1.5; THAMDRUP, 2012). During (canonical) denitrification, NO2
and NO3 serve as terminal electron acceptors in bacterial heterotrophic respiration
and are reduced to N2 and/or N2 O via an NO intermediate (e.g., WARD et al., 2009).
While some thermophilic Cren- and Euryarchaeota perform nitrate reduction, there
is currently no evidence for mesophilic denitrifying archaea (CABELLO et al., 2004;
OFFRE et al., 2013). In addition to canonical denitrification, autotrophic bacteria of
the phylum Planctomycetes mediate the anaerobic oxidation of ammonium by nitrite
(anammox) to N2 (Figure 1.5; MULDER et al., 1995; STROUS et al., 1999), a process
that significantly contributes to oceanic fixed nitrogen losses (e.g., KUYPERS et al.,
2005; HAMERSLEY et al., 2007). Under ammonium limitation, NO3 and NO2 may also
be reduced to NH+4 by Planctomycetes (KARTAL et al., 2007; LAM et al., 2009). Denitrification and anammox are particularly important in oceanic oxygen minimum zones
(OMZs) and the transition zones of anoxic basins such as the Black Sea, making these
zones hot-spots for nitrogen cycling and fixed nitrogen loss (Figure 1.2b; KUYPERS
et al., 2003, 2005; LAM and KUYPERS, 2011). Ammonia released from biomass remineralization within OMZs and anoxic basins furthermore supports high standing stocks
of nitrifying archaea and bacteria in the suboxic transition zones, which replenish the
nitrite pool and thus support denitrification and anammox and consequently increased
fixed nitrogen losses (Figure 1.2b; COOLEN et al., 2007; LAM et al., 2007; WAKEHAM
et al., 2007; LAM and KUYPERS, 2011; YAN et al., 2012).
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1.4. Structure, function and adaptation mechanisms of microbial lipid
membranes
1.4.1. Structure and function of microbial lipid membranes

In all organisms, the cytoplasmic membrane serves as the mechanical and physicochemical barrier separating the interior of the cell from the environment. The membrane primarily functions as a semipermeable barrier limiting the flux of ions and
other solutes in and out of the cell and thus maintaining the proton and ion gradients
that are essential for microbial energy conservation and ATP generation (MADIGAN
et al., 2011). The membrane further serves as a matrix for embedded proteins such
as channel proteins that perform passive or active transport of solutes across the
cell membrane and as an anchor for S-layer proteins in some species of archaea and
bacteria (Figure 1.6a; SINGER and NICOLSON, 1972; ALBERS and MEYER, 2011; NICOLSON ,

2014). Furthermore, the enzymatic machinery involved in microbial energy

conservation is typically located within the cell membrane (MADIGAN et al., 2011).
The structural organization of cytoplasmic membranes is commonly described
using the fluid mosaic model, which considers the membrane as a mixture of polar
lipids, proteins and other components such as sterols and carbohydrates (SINGER and
NICOLSON, 1972; NICOLSON, 2014). The inherent properties of these components and
their interactions confer a viscous-fluid character to the membrane (NICOLSON, 2014)
that is vital in various cellular processes such as cell division and membrane protein
dynamics (LENAZ, 1987). Furthermore, lipids perform other vital functions such as in
cell signaling and energy storage (VAN MEER et al., 2008).
All membrane lipids share the same principal structure: a glycerol backbone with
two attached apolar, hydrophobic side chains forms the core lipid to which a polar,
hydrophilic headgroup is bound (Figure 1.6b,c). These polar membrane lipids assemble
into two-dimensional sheets consisting of polar headgroups facing the cytoplasm
and the cell exterior and a hydrophobic core region formed by the apolar chains
(Figure 1.6a; VAN MEER et al., 2008; LÓPEZ and KOLTER, 2010).
The types of membrane lipids and other membrane constituents differ fundamentally
between the three domains of life. While all domains contain predominantly glycerolbased lipids with glycosidic or phosphatidic polar headgroups, the stereochemistry of
the glycerol backbone represents a distinct difference between the Archaea and the
other two domains. While all representatives of the domains Bacteria and Eukarya
contain lipids based on sn-glycerol-3-phosphate, archaeal membrane lipids are without
exception based on the enantiomer sn-glycerol-1-phosphate (Figure 1.6c; KATES, 1993;
KOGA, 2011). This ’lipid divide’ might represent the origin of the differentiation of
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Figure 1.6. (A) Structure of the thaumarchaeal membrane consisting of a mix of
mono-layer forming glycerol dibiphytanyl glycerol tetraether lipids (GDGTs) and minor
amounts of bilayer-forming isoprenoid diphytanyl glycerol diethers (archaeols) connected to two and one polar headgroups, respectively, that face the cytoplasm and the
cell exterior. The membrane serves as a matrix supporting integral and channel proteins
and the surrounding proteinaceous cell envelope, the S-layer. Graphical representation
of the S-layer is based on p3-symmetry for Nitrososphaera viennensis (STIEGLMEIER et al.,
2014b) and Sulfolobales (ALBERS and MEYER, 2011). (B) Bilayer membranes typical for
Euryarchaeota and Bacteria/Eukarya. (C) Stereochemistry as well as side chain linkage
and structure of archaeal and bacterial/eukaryotal membrane lipids (based in part on
VALENTINE, 2007). (D) Core structures of archaeols and GDGTs (0 to four cyclopentane
rings (red) in Thaumarchaeota, up to two hydroxyl groups in the side chain at positions
R’, R"’) and the Thaumarchaeota-specific GDGT crenarchaeol (four cyclopentane rings,
one cyclohexyl ring, red) and its regioisomer. (E) Structures of headgroups (linked to
the hydroxyl group of the glycerol backbone) typically found in intact polar lipids of
Thaumarchaeota and other archaea.
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the domains Archaea and Bacteria and represents one of the focal points of currently
discussed models of early prokaryotic evolution (KOGA, 2011; LOMBARD et al., 2012;
KOGA, 2014).
The membrane lipids of Archaea, Bacteria, and Eukarya are further distinguished
by core lipid structure. The membranes of bacteria and eukaryota are predominantly
composed of bilayers of polar lipids with ester linked fatty acid side chains (diacylglycerols). However, some bacteria also synthesize lipids with ether-linked, predominantly
linear, alkyl chains (dietherglycerols) or mixed ester-/ether bonds (acyletherglycerols;
Figure 1.6c). Additionally, other lipid types such as betaine- and sphingolipids occur
in some eukaryota and bacteria while ornithine lipids are restricted to the bacterial
domain (DEMBITSKY, 1996; OLSEN and JANTZEN, 2001; GEIGER et al., 2010). As a
notable exception, hyperthermophilic bacteria of the order Thermotogales synthesize
tetraether, tetraester and mixed ether/ester membrane spanning lipids (SINNINGHE
DAMSTÉ et al., 2007). Similar tetraether lipids of supposedly bacterial origin have also
been observed in soils, lakes, the marine water column and sediments (e.g., SINNINGHE
DAMSTÉ et al., 2000; LIU et al., 2014). Furthermore, bacteria and eukaryota utilize
hopanoids and sterols, respectively, to modulate membrane lipid ordering (SIMONS
and IKONEN, 1997; SÁENZ et al., 2012), while these compounds are lacking in archaea.
In contrast to Bacteria and Eukarya, the membranes of Archaea are composed exclusively of ether lipids with isoprenoid alkyl side chains (Figure 1.6c,d; KATES, 1993;
KOGA and MORII, 2005), while there is only limited evidence for membrane lipidordering agents (LANYI et al., 1974; GILMORE et al., 2013). Archaeal membrane lipids
can be separated into two major classes. Archaeols, which are found in most cultivated
archaea, particular in Euryarchaeota, consist of a glycerol ether-linked to two C20 isoprenoid (phytanyl) chains and form bilayer membranes (Figure 1.6a-d; DE ROSA et al.,
1988; KATES, 1993; KOGA and MORII, 2005). Glycerol dibiphytanyl glycerol tetraethers
(GDGTs) are found in most thermophilic archaea, some mesophilic methanogenic
Euryarchaeota, as well as Thaumarchaeota and are composed of two C40 isoprenoid
(biphytanyl) chains ether-linked to two glycerols to constitute a bipolar lipid forming
monolayer membranes (Figure 1.6a,d; reviewed in DE ROSA et al., 1988; KATES, 1993;
SCHOUTEN et al., 2013). Multiple variations to these basic structures exist, such as
archaeols bearing an additional hydroxyl group in the side chain connected to the sn-2
carbon of glycerol (sn-2-hydroxyarchaeol), which are characteristic for methanogenic
and anaerobic methanotrophic Euryarchaeota (Figure 1.6d; SPROTT et al., 1990; HINRICHS

et al., 1999). Similarly, GDGTs may comprise up to two hydroxyl-groups within

the side chains (LIU et al., 2012b) and up to eight cyclopentane rings among a number
of other GDGT derivatives (Figure 1.6d; e.g., DE ROSA et al., 1988; KATES, 1993;
SCHOUTEN et al., 2013). Furthermore, a number of archaeal ’orphan’-lipids, i.e., lipids
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with an unknown source organism, have recently been identified in marine sediments
by the use of novel, comprehensive analytical techniques (cf. BECKER et al., 2013; ZHU
et al., 2013). These comprise, among others, GDGTs with unsaturations or additional
methylations within the side chain, GDGTs bearing methoxy groups connected to the
glycerol, as well as GDGT analogues with butanetriol and pentanetriol backbones
(KNAPPY et al., 2014; ZHU et al., 2014a,b).
1.4.2. Membrane lipid composition of Thaumarchaeota

The lipid membranes of cultivated Thaumarchaeota are composed primarily of GDGTs
with zero to four cyclopentane rings (DE LA TORRE et al., 2008; SCHOUTEN et al., 2008;
PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012), while only traces of archaeol
have been reported to occur in N. maritimus (SCHOUTEN et al., 2008). In addition,
a GDGT containing four cyclopentane rings and one cyclohexyl ring, crenarchaeol
(Figure 1.6d), as well as a regioisomer of crenarchaeol have been found exclusively
in Thaumarchaeota (SINNINGHE DAMSTÉ et al., 2002b; DE LA TORRE et al., 2008;
SCHOUTEN et al., 2008; PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012).
The membrane lipid composition of N. maritimus is broadly similar to that observed
in cultured and enriched Group I.1a and I.1b Thaumarchaeota (SCHOUTEN et al., 2008;
PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012). However, due to limitations
in the employed analytical methodology, only few lipid types have been reported from
Thaumarchaeota and quantitative information on the relative abundances of intact
polar GDGT classes is not available (cf. SCHOUTEN et al., 2008; PITCHER et al., 2011a;
SINNINGHE DAMSTÉ et al., 2012). Common intact polar lipids of Thaumarchaeota are
monoglycosidic (1G-) and diglycosidic (2G-) GDGTs as well as phosphohexose- (PH-)
and hexose-phosphohexose- (HPH-) GDGTs (Figure 1.6e; SCHOUTEN et al., 2008;
PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012). Within the Thaumarchaeota,
1G- and 2G-GDGTs containing a hydroxylation in one of the side chains (Figure 1.6d;
LIPP and HINRICHS, 2009; LIU et al., 2012b) have so far only been observed in marine
group I.1a Thaumarchaeota (SCHOUTEN et al., 2008; PITCHER et al., 2011a) and thus
appear to be a characteristic intact polar lipid (IPL) of this clade (cf. SINNINGHE DAMSTÉ
et al., 2012). Similarly, GDGTs with a trihexose headgroup have only been observed in
Group 1.1b Thaumarchaeota (SINNINGHE DAMSTÉ et al., 2012). The membrane lipid
composition of representatives of the SAGMCG-1 cluster (e.g., N. devanaterra) has not
been investigated, while only core lipids but not IPLs were analyzed for N. yellowstonii
(ThAOA cluster; DE LA TORRE et al., 2008).
The most abundant GDGT core structures in Group I.1a Thaumarchaeota are acyclic
GDGT (GDGT-0) and crenarchaeol (SCHOUTEN et al., 2008; PITCHER et al., 2011a). In
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contrast, GDGT-4, crenarchaeol, and the crenarchaeol regioisomer are the main core
GDGTs found in thermophilic and soil Group I.1b Thaumarchaeota (PITCHER et al.,
2010; SINNINGHE DAMSTÉ et al., 2012). Similarly, crenarchaeol is the dominant core
GDGT in N. yellowstonii but the crenarchaeol regioisomer is not abundant in this strain
(DE LA TORRE et al., 2008). In addition, glycerol trialkyl glycerol tetraethers (GTGTs),
GDGT analogues that consist of one biphytanyl and two phytanyl chains ether linked
to two glycerols, have been observed in high abundances in N. yellowstonii as well as
in traces in N. maritimus (DE LA TORRE et al., 2008; SCHOUTEN et al., 2008).
Due to a lack of available cultures, the membrane lipid composition of only one
marine planktonic thaumarchaeon, N. maritimus, has been studied. Recently developed
analytical methods enable to quantify relative abundances of individual IPL classes as
well as their core GDGT composition simultaneously (cf. BECKER et al., 2013; ZHU
et al., 2013). These methods offer high potential to re-evaluate the IPL composition
of N. maritimus and other cultivated Thaumarchaeota. Furthermore, application of
these methods to established and recently cultivated thaumarchaeal cultures will
enable the screening for novel lipid biomarkers. The characterization of lipids in
cultivated Thaumarchaeota will facilitate the interpretation of IPLs abundantly detected
in environmental studies and their assignment to phylogenetic clades.
1.4.3. Membrane lipid adaptation in Archaea

Maintaining membrane fluidity in a narrow window is essential for optimal cell
functioning and enables archaea to thrive in a wide range of environments. On the
one hand, the membrane needs to be tight to minimize proton and ion leakage and
maintain proton motive force, i.e., proton and ion gradients across the membrane
that are essential for microbial energy conservation (VAN DE VOSSENBERG et al., 1998;
BAKER-AUSTIN and DOPSON, 2007). On the other hand, the membrane must be fluid
enough to enable crucial cellular processes such as cell division (MADIGAN et al., 2011).
The isoprenoid bilayer and monolayer membranes of archaea are particularly well
adapted for minimized ion and proton permeability, thus reducing maintenance energy
and maximizing proton motive force (YAMAUCHI et al., 1993; VAN DE VOSSENBERG
et al., 1998; MATHAI et al., 2001; KONINGS et al., 2002; VALENTINE, 2007). Archaea
regulate membrane integrity, fluidity and permeability by altering core lipid and polar
headgroup composition in response to changes in temperature, salinity, pH and other
environmental parameters (ULRIH et al., 2009; KOGA, 2012; OGER and CARIO, 2013).
Past research on the mechanisms of membrane lipid adaptation has nearly exclusively
focused on changes in core lipid composition of cultivated extremophilic Cren- and
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Euryarchaeota (cf. OGER and CARIO, 2013), while similar studies on Thaumarchaeota
are lacking (cf. PEARSON and INGALLS, 2013).
As the diffusion rate of protons and other ions increases greatly with increasing
temperature, archaea employ a variety of mechanisms to counteract ion leakage (VAN
DE

VOSSENBERG et al., 1998; OGER and CARIO, 2013). As GDGT monolayer mem-

branes are particularly impermeable to protons, most acidophilic, thermophilic and
hyperthermophilic Cren- and Euryarchaeota contain GDGTs as their major membrane
lipids (VAN DE VOSSENBERG et al., 1998; BAKER-AUSTIN and DOPSON, 2007; OGER and
CARIO, 2013; SCHOUTEN et al., 2013). Additionally, some thermophilic Euryarchaeota
increase the relative abundances of GDGTs over archaeols in their membranes with
increasing temperature (LAI et al., 2008; MATSUNO et al., 2009). However, some
hyperthermophilic Euryarchaeota do not contain GDGTs at all (cf. OGER and CARIO,
2013; SCHOUTEN et al., 2013), or contain special macrocyclic archaeols, in which the
phytanyl chains are linked at the terminal carbons via a covalent bond (COMITA and
GAGOSIAN, 1983; DANNENMULLER et al., 2000).
A well-studied adaptation mechanism of thermophilic archaea is the increase of the
average number of cyclopentane rings in GDGTs with increasing temperature (e.g.,
DE ROSA et al., 1980; UDA et al., 2001; B OYD et al., 2011). This promotes a tighter
packing of the side chains, thus reducing the spacing of polar headgroups and limiting
proton permeability (cf. CHONG, 2010; PEARSON and INGALLS, 2013). However, the
relationship between GDGT cyclization and temperature is specific for each species (cf.
OGER and CARIO, 2013). In contrast, the psychrophilic methanogen Methanococcoides
burtonii adapts to low temperature by increasing the degree of unsaturation in its
archaeol-based membrane lipids (NICHOLS et al., 2004). Similarly, halophilic archaea
adapt to high salinities, i.e., high cross-membrane ion concentration gradients and
osmotic stress, by synthesizing unsaturated archaeols (DAWSON et al., 2012) and
specific anionic polar headgroups (e.g., TENCHOV et al., 2006).
Acidophilic archaea maintain intracellular pH by increasing (B OYD et al., 2011,
2013) or decreasing (SHIMADA et al., 2008) GDGT cyclization in response to decreasing
pH. Furthermore, the thermoacidophile T. acidophilum subsitutes phosphoglycosidic
GDGTs with glycosidic GDGTs in response to decreasing pH, thus decreasing proton
permeability by increased hydrogen-bonding between the polar headgroups (GABRIEL
and CHONG, 2000; SHIMADA et al., 2008). The influence of energy-starvation on
lipid composition is less constrained, but two thermophilic euryarchaeal species,
Thermococcus kodakarensis and Methanothermobacter thermautotrophicus, accumulate
phospholipids in stationary phase compared to growth phase (MEADOR et al., 2014a;
YOSHINAGA et al., 2015). Furthermore, M. thermautotrophicus accumulates glycolipids
relative to phospholipids during nutrient-limited growth (YOSHINAGA et al., 2015).
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The diversity of responses to temperature and other parameters in cultivated Crenand Euryarchaeota indicates that adaptive patterns may be difficult to predict between
phylogenetically distinct archaea and that these observations may therefore not be
transferable to Thaumarchaeota. Pure culture experiments are therefore needed to
constrain the adaptive mechanisms employed by Thaumarchaeota.

1.5. Application of archaeal lipids as biomarkers and in
paleoenvironmental reconstructions
1.5.1. Use of archaeal GDGTs as biomarkers for Thaumarchaeota

The analysis of archaeal lipid biomarkers in environmental samples has been essential
for establishing the ubiquitous distribution of archaea in the environment and their
significance in global biogeochemical cycles (cf. BROCKS and BANFIELD, 2009).
For example, the detection of strongly 13 C-depleted sn-2-hydroxyarchaeol in marine
sediments was pivotal to the establishment of archaea as the major mediating organisms of anaerobic oxidation of methane (e.g., HINRICHS et al., 1999; ORPHAN et al.,
2001). Similarly, core GDGTs, i.e., lipids that are released from intact polar GDGTs
after cell senescence by cleavage of the polar headgroup, have been extensively used
to trace the abundance of Thaumarchaeota in the marine and terrestrial environment
(e.g., SCHOUTEN et al., 2000; PEARSON et al., 2004; LEININGER et al., 2006; COOLEN
et al., 2007). However, core GDGTs are not suitable for tracing living cells as they
predominantly represent a fossil signal, which is indicated for example by mismatches
of the abundances of crenarchaeol and thaumarchaeal amoA and 16S rRNA gene
markers in the water column of the Black Sea (e.g., COOLEN et al., 2007; WAKEHAM
et al., 2007).
Based on the assumption of rapid degradation of intact polar to core lipids after
cell lysis, intact polar GDGTs have recently been introduced as biomarkers for tracing
and quantifying living Thaumarchaeota in the marine water column (Figure 1.7a; e.g.,
SCHUBOTZ et al., 2009; INGALLS et al., 2012; SCHOUTEN et al., 2012; BASSE et al.,
2014). The crenarchaeol derivatives of HPH- and 2G-GDGTs have been shown to
correlate with thaumarchaeal 16S rRNA and amoA gene copy numbers in the Arabian
Sea water column (PITCHER et al., 2011b; SCHOUTEN et al., 2012), suggesting a causal
relationship between HPH- and 2G-crenarchaeol abundance and active ammoniaoxidizing Thaumarchaeota. Moreover, it has been suggested that glycosidic IPLs are
more slowly degraded than phosphatidic IPLs (e.g., SCHOUTEN et al., 2010; XIE et al.,
2013), thereby raising the question which IPLs are indicative for living Thaumarchaeota
in the marine water column. However, with respect to archaeal lipids, which are
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present exclusively as ether lipids, conclusive evidence for more rapid degradation of
phosphate-based IPLs than glycosidic IPLs is still lacking (LOGEMANN et al., 2011).
Interpretation of water column IPL profiles is further hindered by the lack of studies on
lipid composition in cultivated marine planktonic Thaumarchaeota and of quantitative
data on lipid composition in the only studied strain, N. maritimus (cf. SCHOUTEN et al.,
2008).
1.5.2. Use of archaeal GDGTs in paleoenvironmental reconstructions

Fossil core GDGTs originating from planktonic AOA are ubiquitously found in marine
and lacustrine sediments of up to Cretaceous and Jurassic age and are frequently
used in paleoceanography as a proxy for past surface water temperatures (indexed
as TEX86 ; SCHOUTEN et al., 2002; PEARSON and INGALLS, 2013; SCHOUTEN et al.,
2013). The TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms)
paleothermometer is based on the observation that the differences in relative abundances of core GDGTs, and specifically those containing one to three cyclizations and
the crenarchaeol regioisomer, as indexed in the TEX86 (Eq. 1), are strongly correlated
to sea surface temperature (SST; Eq. 2 and Figure 1.7; SCHOUTEN et al., 2002).
TEX86 =

[GDGT-2] + [GDGT-3] + [Cren’]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren’]

SSTTEX86 ( C) = 67.5

TEX86 + 46.9

(Eq. 1)
(Eq. 2)

The calibration of the TEX86 ratio in globally distributed core-top sediments with
satellite-derived SSTs and the derivation of distinct calibration lines for high and low
temperatures, TEXH86 (Eq. 3) and TEXL86 (Eq. 4), subsequently laid the foundation of
the TEX86 paleothermometer (Figure 1.7b; SCHOUTEN et al., 2002; KIM et al., 2008,
2010).
SSTTEXH86 ( C) = 68.4

log(TEX86 ) + 38.6

SSTTEXL86 ( C) = 67.5

log

[GDGT-2]
+ 46.9
[GDGT-1] + [GDGT-2] + [GDGT-3]

(Eq. 3)
(Eq. 4)

While TEX86 paleothermometry has been widely applied for reconstructing past SSTs
reaching back as far as the Cretaceous and Middle Jurassic (e.g., JENKYNS et al., 2012;
LINNERT et al., 2014), it has become evident that the simple assumptions underlying
this paleothermometer, i.e., a sole dependence of GDGT cyclization on temperature
and the provenance of sedimentary GDGTs from surface waters, are inconsistent with
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the current understanding of thaumarchaeal physiology and ecology (reviewed in
PEARSON and INGALLS, 2013).
Although the general concept of GDGT cyclization as a means of temperature
adaptation is well established for cultivated thermophilic archaea (Section 1.4.3; e.g.,
CHONG et al., 2010; OGER and CARIO, 2013), direct evidence for a physiological basis
of the TEX86 paleothermometer from planktonic thaumarchaeal cultures is still lacking.
Indeed, the sole dependence of TEX86 on growth temperature seems unlikely given
the fact that multiple additional physiological and environmental parameters may
affect lipid composition in other archaea (Section 1.4.3; e.g., MORII and KOGA, 1993;
KANESHIRO and CLARK, 1995; SHIMADA et al., 2008; B OYD et al., 2011; DAWSON et al.,
2012). While TEX86 -temperatures calculated from core GDGTs in the surface ocean
correlate well with actual SSTs (Figure 1.7a; e.g., WUCHTER et al., 2005), recent
analyses of intact polar and core GDGT compositions of in situ planktonic assemblages
show that TEX86 values of both fossil and living subsurface archaeal biomass do not
reflect in situ water temperatures in various oceanic provinces, neither in trend nor
magnitude (Figure 1.7a; WUCHTER et al., 2005; INGALLS et al., 2006; TURICH et al.,
2007; SCHOUTEN et al., 2012; BASSE et al., 2014; HERNÁNDEZ-SÁNCHEZ et al., 2014;
XIE et al., 2014). In addition, the TEX86 -temperatures reconstructed from individual
IPL types are offset from each other by up to 20 C, which has been attributed to either
a biosynthetic signature of living Thaumarchaeota or to differential degradation rates
of IPL types within the water column (Figure 1.7a; cf. LENGGER et al., 2012; BASSE
et al., 2014). The discrepancies between in situ and TEX86 temperatures in the marine
water column indicate that both the export depth of the TEX86 signal as well as the
physiological and ecological controls on GDGT composition in living thaumarchaea
remain poorly understood.
In particular, the mechanism coupling TEX86 to SST remains elusive given the fact
that Thaumarchaeota are most abundant and active in sub-surface waters broadly
coinciding with the deep chlorophyll maximum (Figure 1.2; MASSANA et al., 1997;
KARNER et al., 2001; FRANCIS et al., 2005; CHURCH et al., 2010). Moreover, thaumarchaeal shallow (0-200 m) and deep water (>200 m) ecotypes live under contrasting
nutrient regimes (FRANCIS et al., 2005; YAKIMOV et al., 2011; SINTES et al., 2013),
which may impact GDGT cyclization (cf. PEARSON and INGALLS, 2013). Surface and
deep thaumarchaeal ecotypes have also distinct GDGT biosynthetic genes (VILLANUEVA
et al., 2014a), which might be associated with preferential occurrence of bicyclic over
tricyclic GDGTs in deep compared to shallow waters (TAYLOR et al., 2013; KIM et al.,
2015).
In addition to vertical ecological differences, thaumarchaeal assemblages in the
Arctic and Antarctic oceans as well as the Red Sea are phylogenetically distinct from
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Figure 1.7. (A) Profiles of TEXH
86 -reconstructed temperatures of core and intact polar
GDGTs with monoglycosidic (1G), diglycosidic (2G) and hexose-phosphohexose (HPH)
headgroups in suspended particulate matter from the upwelling system off North
West Africa showing subsurface divergence of in situ temperatures and reconstructed
temperatures as well as systematic offsets in TEXH
86 -temperatures among different
GDGT classes (data from BASSE et al., 2014, Expedition POS425, station GeoB16103-9,
20.78 N, 18.74 W). (B) Relationship of sea surface temperature and TEX86 in globally
distributed marine core top sediments (KIM et al., 2010) distinguished by location
(modified from PEARSON and INGALLS, 2013), indicating poor agreement of Arctic,
Antarctic and Red Sea data with the calibration models of SCHOUTEN et al. (2002,
TEX86 ) as well as KIM et al. (2010) for low (TEXL86 ) and high temperatures (TEXH
86 ;
L
TEX86 , which excludes the crenarchaeol regioisomer, was fitted on the TEX86 scale by
applying the equation GDGT-1 = 0.571 ln(TEX86 ) 0.776 as described in PEARSON and
INGALLS, 2013).

tropical and temperate planktonic Thaumarchaeota (BANO et al., 2004; GALAND et al.,
2009a; IONESCU et al., 2009). Samples from these regions deviate strongly from the
global TEX86 calibration line (Figure 1.7; KIM et al., 2008; TROMMER et al., 2009;
KIM et al., 2010), indicating that phylogenetically distinct archaeal communities may
have diverging TEX86 –temperature relationships. TEX86 -temperatures calculated using
global regression lines have also revealed regional patterns of over- or underestimation
of SSTs (e.g., HUGUET et al., 2007; LEE et al., 2008; LEIDER et al., 2010; WEI et al.,
2011; TIERNEY and TINGLEY, 2014). These observations have often been interpreted
to reflect regional differences in thaumarchaeal seasonality and have resulted in a
plethora of regional TEX86 regression models (e.g., TROMMER et al., 2009; LEIDER
et al., 2010; HO et al., 2014; SEKI et al., 2014). However, these differences may be
equally explained by differences in the production depth of GDGTs (cf. PEARSON et al.,
2001; PEARSON and INGALLS, 2013) or differences in the relative contributions of
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shallow and deep thaumarchaeal clades to the overall signal (e.g., JIA et al., 2012;
KIM et al., 2015). The observed spatial patterns of TEX86 and the wealth of regional
calibration lines challenge the universal paleogeographical and temporal applicability
of the TEX86 paleothermometer.
Additional, largely unconstrained variables are the highly debated contributions of
other planktonic archaeal groups, such as MG-II Euryarchaeota (e.g., LINCOLN et al.,
2014a,b; SCHOUTEN et al., 2014), and benthic archaea (e.g., LIPP and HINRICHS,
2009; SCHOUTEN et al., 2010; LIU, 2011; LENGGER et al., 2014) to the water column
and sedimentary TEX86 signals, respectively. A contribution of these organisms to the
environmental signal seems likely, given the wide distribution of GDGT biosynthesis
in the Archaea (cf. PEARSON and INGALLS, 2013) and the abundance of uncultivated
lineages of Cren- and Euryarchaeota in the water column and sediments (e.g., SCHLEPER
et al., 2005; TESKE and SØRENSEN, 2008; AUGUET et al., 2010).
The systematic investigation of the influences of physiological and environmental
parameters on lipid composition in cultivated Thaumarchaeota may provide a starting
point for understanding the formation of thaumarchaeal biomarker signals both in
the modern ocean and in ancient environments, in particular of TEX86 . Overcoming
the impediment of only one available and investigated planktonic thaumarchaeal
strain by the isolation and lipid analysis of novel planktonic Thaumarchaeota would
provide an opportunity to test for the existence of a universal membrane lipid response
to temperature and the applicability of currently used empirical TEX86 –temperature
relationships. Collectively, these experiments could provide a mechanistic basis for
the TEX86 paleothermometer and thus enhance our ability to reliably reconstruct past
environments based on the geologic record.
1.5.3. Potential of respiratory quinones as microbial biomarkers

Besides polar lipids, cytoplasmic membranes also contain respiratory quinones bound
to proteins as well as free within the lipid membrane (LENAZ et al., 2007). Respiratory
quinones are an essential component of the respiratory chains in almost all organisms,
except fermenting bacteria and methanogens, which shuttle electrons and protons
between membrane-bound protein complexes (ANRAKU, 1988; GRAY and ELLIS, 1994).
Respiratory quinones consist of a polar cyclic headgroup bearing two keto-groups and
a head-to-tail linked, saturated or polyunsaturated isoprenoid side chain (Figure 1.8
COLLINS and JONES, 1981; HIRAISHI, 1999). The polar headgroup enables interaction
with enzymes, while the apolar side chain facilitates rapid diffusion through the
apolar core region of the membrane (LENAZ et al., 2007; NOWICKA and KRUK, 2010).
The transfer of electrons and protons from quinones to enzymes is facilitated by the
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reversible two-step reduction of the oxidized form, quinone, to the reduced form,
quinol, via the free-radical intermediate semi-quinone and vice versa (Figure 1.9;
LENAZ et al., 2007; NOWICKA and KRUK, 2010).

Figure 1.8. Structures and midpoint redox potentials (E’0 at pH 7) of selected respiratory
quinone classes detected in cultivated archaea (CQ, MK, MP) and bacteria/eukaryotes
(MK, UQ, Vitamin K1, PQ). Caldariellaquinones (CQ) are specific for aerobic archaea of
the order Sulfolobales, while menaquinones (MK) have been detected in a number of
eury- and crenarchaeal species and anaerobic bacteria (COLLINS et al., 1981; COLLINS
and JONES, 1981; HIRAISHI, 1999). Methanophenazine is a functional quinone analogue
in the methanogenic archaeon Methanosarcina mazei (ABKEN et al., 1998). Ubiquinones
(UQ) are essential in aerobic respiration of bacteria and mitochondria (NOWICKA and
KRUK, 2010). Vitamin K1 (also known as phylloquinone) and plastoquinones (PQ) occur
in photosystems I and II, respectively, of plants, algae, and cyanobacteria (NOWICKA and
KRUK, 2010). The lengths and degrees of unsaturation of the isoprenoid side chains of
quinones are chemotaxonomically significant and may vary from 4 to 14 and completely
saturated to fully unsaturated, respectively (COLLINS and JONES, 1981). Chain lengths
of Vitamin K1, PQ, and MP are fixed at 4, 8/9 and 5 isoprenoid units, respectively
(ABKEN et al., 1998; NOWICKA and KRUK, 2010).

For proper functioning of quinones in respiratory chains, their redox potentials
must be tuned to those of the interacting enzymes and thus, to the specific metabolic
process of the organism and overall redox conditions of the environment (COLLINS
and JONES, 1981; HIRAISHI, 1999). Therefore, a large variety quinone structural
types has been detected among cultivated organisms (Figure 1.8 COLLINS and JONES,
1981; COLLINS, 1985; HIRAISHI, 1999). In all three domains of life, the distribution of
respiratory quinone types depends both on metabolism as well as phylogeny and may
therefore be used to i) constrain chemotaxnomy (COLLINS and JONES, 1981), ii) to
delineate evolutionary relationships (NITSCHKE et al., 1995; ZHI et al., 2014), and iii)
to elucidate microbial metabolisms and community composition in the environment
(HEDRICK and WHITE, 1986; URAKAWA et al., 2000; VILLANUEVA et al., 2010).
In addition to their function in electron transport chains, quinones might contribute
to membrane adaptation to physiological stresses similar to membrane lipids. For

23

CHAPTER 1. INTRODUCTION
instance, (SÉVIN and SAUER, 2014) observed that sustained osmotic-stress tolerance
in the bacterium Escherichia coli depended on accumulation of ubiquinone. Therefore, characterization of the cellular quinone pool appears essential for a holistic
understanding of membrane properties in microorganisms.

Figure 1.9. Redox transformations between the quinone, semi-quinone intermediate
and the quinol forms of respiratory quinones (based on NOWICKA and KRUK, 2010).

However, the knowledge on the distribution of quinone structural types particularly
in Archaea remains fragmentary (cf. HIRAISHI, 1999; NOWICKA and KRUK, 2010).
For example, the quinone composition of Thaumarchaeota has not been investigated
despite the presumed central role of quinones in current models of the respiratory pathway for ammonia oxidation (WALKER et al., 2010; STAHL and DE LA TORRE, 2012). Still,
there is considerable diversity of quinone types with distinct redox potentials among
investigated archaeal species (Figure 1.8). For instance, the obligately aerobic Sulfolobales synthesize characteristic sulfur-containing quinones such as caldariellaquinone
(Figure 1.8; DE ROSA et al., 1977), while halophilic archaea of the order Halobateriales
contain exclusively polyunsaturated menaquinones and menaquinone derivatives
(COLLINS et al., 1981). Similarly, the thermoacidophile Thermoplasma acidophilum
synthesizes characteristic polyunsaturated methylated menaquinones (SHIMADA et
al., 2001). In contrast, methanogenic archaea lack quinones but Methanosarcina
mazei and potentially other representatives of the order Methanosarcinales synthesize
methanophenazine as a substitute electron carrier (Figure 1.8 ABKEN et al., 1998).
Based on the large structural diversity of respiratory quinones and their distinct
redox-potentials, quinones have a high potential as process-specific biomarkers in
environmental studies that remains largely unassessed for Archaea.
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Scope and Outline

Archaeal GDGT membrane lipids are used both as biomarkers for the abundance of living planktonic Thaumarchaeota and for the reconstruction of past SST using the TEX86
paleothermometer. However, it is generally known that archaeal membrane lipid composition responds and thus reflects a wealth of environmental (stress) factors. While
TEX86 -reconstructed temperatures of surface ocean water- and core-top sediment
samples correlate with SST, TEX86 does not reflect in situ temperatures throughout the
water column. Investigating the response of thaumarchaeal membrane lipid composition to changes in physiological and environmental parameters, in particular other
than temperature, may therefore yield important insights into the functioning of the
TEX86 proxy. Furthermore, comprehensive analysis of Thaumarchaeota cultivated from
diverse environments may reveal novel lipid biomarkers for tracing Thaumarchaeota
independently from GDGTs. In this way, studying the membrane lipid composition
of cultivated Thaumarchaeota will enhance our ability to reliably reconstruct past
environments based on the geologic record.
This thesis is divided into two parts: In Part I (Chapters 3 to 5), I investigate the
influences of physiological and environmental parameters on the membrane lipid
composition of planktonic Thaumarchaeota and compare the lipidomes of planktonic,
thermophilic and soil Thaumarchaeota. Part I (Chapters 6 and 7) explores the distribution of respiratory quinones in cultivated Archaea and their potential as biomarkers
for archaeal and bacterial community structure in a case study from the Black Sea.
Part I contains three first-authored manuscripts (one published, two prepared for
publication) and Part II comprises two co-first-authored manuscripts (one submitted,
one prepared for publication).
The main findings of this thesis are summarized in Chapter 8. Chapter 9 contains
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abstracts of 7 manuscripts on microbial membrane lipids, currently in preparation (3),
submitted (2), or published (2), which I contributed to as a co-author.
Part I: Membrane lipid adaptation in Thaumarchaeota
In Chapter 3, I demonstrate that the intact polar lipid composition and TEX86 are
strongly influenced by growth phase, and therefore likely electron donor availability, in
the marine planktonic thaumarchaeon Nitrosopumilus maritimus. These observations
have important implications for the use of intact polar GDGTs as biomarkers for
Thaumarchaeota and interpretation of environmental TEX86 signals. Furthermore, I
show that individual polar GDGT classes have distinct TEX86 values. This indicates that
differences in degradation rates of intact polar GDGTs may influence TEX86 because
the intact polar lipid precursors differ for individual core GDGTs. Additionally, a range
of novel membrane lipids including the apolar lipid methoxy archaeol are described
for the first time.
In Chapter 4, I demonstrate that N. maritimus and two novel thaumarchaeal strains
isolated from the South Atlantic Ocean have distinct intact polar lipid compositions and
disparate relationships of TEX86 and growth temperature. This indicates that TEX86
signals in the environment may be strongly influenced by community composition
and questions the temporal and spatial applicability of TEX86 paleothermometry.
Additionally, I show that pH has a minor, but significant influence on TEX86 and lipid
composition in N. maritimus while there are no such effects of salinity.
In Chapter 5, I characterize the lipid composition of 11 thaumarchaeal pure and
enrichment cultures and show that these organisms contain an unprecedented diversity
of membrane lipids. While the core lipid composition of the different strains reflects
thaumarchaeal phylogeny, the intact polar lipid composition is related to the habitat.
Complementary analysis of >20 euryarchaeal and crenarchaeal species shows that
methoxy archaeol is found exclusively in Thaumarchaeota. I further demonstrate in
a case study from the equatorial North Pacific Ocean that methoxy archaeol can be
used as a biomarker for Thaumarchaeota in the environment.
Part II: Respiratory quinones as chemotaxonomic biomarkers
In Chapter 6, we describe the respiratory quinone composition of 25 archaeal
species based on novel chromatographic protocols that enable the rapid characterization of archaeal respiratory quinones and membrane lipids in a single analysis. We
show that respiratory quinone compositions can be used to distinguish environmentally
relevant archaeal clades and metabolisms. Based on these results, we suggest that the
distribution of respiratory quinone types among extant archaeal species results from a
combination of vertical inheritance, gene loss, and lateral gene transfer. Furthermore,
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we demonstrate in a case study from the Black Sea water column that specific respiratory quinones trace thaumarchaeal distribution and abundance, suggesting a high
potential for archaeal respiratory quinones as biomarkers in the marine environment.
In Chapter 7, we demonstrate that combined membrane lipid and respiratory
quinone profiling can be used to trace abundances and metabolic processes of bacterial,
archaeal, and eukaryotal clades involved in the cycling of carbon, nitrogen, and
sulfur and thus resolve the microbial stratification in the chemocline, anoxic waters
and sediments of the Black Sea. Therefore, the simultaneous analysis of membrane
lipids and respiratory quinones appears as a promising technique for enhancing the
quantitative aspect of membrane lipid analyses with process-related information from
respiratory quinones.

27

CHAPTER 2. SCOPE AND OUTLINE

Contributions to publications
Chapter 3: Effects of growth phase on the membrane lipid composition of the thaumarchaeon Nitrosopumilus maritimus and their implications for archaeal lipid distributions
in the marine environment.
Felix J. Elling, Martin Könneke, Julius S. Lipp, Kevin W. Becker, Emma J. Gagen, Kai-Uwe
Hinrichs
Published in Geochimica et Cosmochimica Acta, 2014, Vol. 141, pages 579-597.
F.J.E, M.K., J.S.L., and K.-U.H. designed the research; F.J.E. and E.J.G. performed lab
work; F.J.E. analyzed data with help from M.K., J.S.L., K.W.B, and K.-U.H.; F.J.E., M.K.,
and K.-U.H. wrote the manuscript with contributions from all co-authors.
Chapter 4: Differential response of membrane lipid composition to temperature,
pH, and salinity in marine planktonic Thaumarchaeota.
Felix J. Elling, Martin Könneke, Marc Mußmann, Andreas Greve, Kai-Uwe Hinrichs
In preparation for Geochimica et Cosmochimica Acta
F.J.E, M.K., and K.-U.H. designed the research; F.J.E. and A.G. performed lab work;
F.J.E. analyzed data with contributions of M.K., M.M., A.G., and K.-U.H.; F.J.E. and
M.K. wrote the manuscript with contributions from all co-authors.
Chapter 5: Comparative analysis of the thaumarchaeal lipidome.
Felix J. Elling, Martin Könneke, Kevin W. Becker, Michaela Stieglmeier, Graeme W. Nicol,
Eva Spieck, José R. de la Torre, Gerhard Herndl, Christa Schleper, Kai-Uwe Hinrichs
In preparation for Applied and Environmental Microbiology
F.J.E, M.K., and K.-U.H. designed the research; M.S., G.W.N, E.S., J.R.d.l.T., G.H., and
C.S. provided samples; F.J.E. performed lab work; F.J.E. analyzed data with contributions from M.K., K.W.B., and K.-U.H.; F.J.E. wrote the manuscript with contributions
from M.K. and K.W.B.
Chapter 6: Respiratory quinones in Archaea: phylogenetic distribution and application
as biomarkers in the marine environment.
Felix J. Elling*, Kevin W. Becker*, Martin Könneke, Jan M. Schröder, Matthias Y. Kellermann, Michael Thomm, Kai-Uwe Hinrichs
*equal contribution

28

Under review for Environmental Microbiology
F.J.E., K.W.B., and K.-U.H. designed the research; M.T. provided samples; F.J.E., K.W.B.,
J.M.S., and M.Y.K. performed lab work; F.J.E. and K.W.B. analyzed data with contributions from J.M.S., M.Y.K., M.K., and K.-U.H.; F.J.E., K.W.B. and M.K. wrote the
manuscript with contributions from all co-authors.
Chapter 7: Sources, distribution and fate of respiratory quinones in the water column
and sediments of the Black Sea.
Kevin W. Becker*, Felix J. Elling*, Jan M. Schröder, Julius S. Lipp, Matthias Zabel, Kai-Uwe
Hinrichs
*equal contribution
In preparation for Geochimica et Cosmochimica Acta
K.W.B., F.J.E., and K.-U.H. designed the research; K.W.B., F.J.E., and J.M.S performed
lab work; M.Z. provided data; K.W.B., F.J.E., and J.M.S. analyzed data with contributions from J.S.L., M.Z., and K.-U.H.; K.W.B. and F.J.E. wrote the manuscript with
contributions from all co-authors.

29

Part I.
Membrane lipid adaptation in Thaumarchaeota

31

CHAPTER

3

Effects of growth phase on the membrane lipid
composition of the thaumarchaeon Nitrosopumilus
maritimus and their implications for archaeal lipid
distributions in the marine environment

Felix J. Ellinga , Martin Könnekea, , Julius S. Lippa , Kevin W. Beckera , Emma J. Gagen b †
and Kai-Uwe Hinrichsa

Published in Geochimica et Cosmochimica Acta
2014
Vol. 141, pages 579-597. doi: 10.1016/j.gca.2014.07.005

a

Organic Geochemistry Group, MARUM - Center for Marine Environmental Sciences

& Department of Geosciences, University of Bremen, 28359 Bremen, Germany
b

Lehrstuhl für Mikrobiologie und Archaeenzentrum, Universität Regensburg, 93053

Regensburg, Germany
† Present address: E.J. Gagen, School of Earth Sciences, The University of Queensland,
St. Lucia, Australia
Corresponding author. E-mail: mkoenneke@marum.de

33

CHAPTER 3. EFFECTS OF GROWTH PHASE ON LIPID COMPOSITION

Abstract
The characteristic glycerol dibiphytanyl glycerol tetraether membrane lipids (GDGTs)
of marine ammonia-oxidizing archaea (AOA) are widely used as biomarkers for studying their occurrence and distribution in marine environments and for reconstructing
past sea surface temperatures using the TEX86 index. Despite an increasing use of
GDGT biomarkers in microbial ecology and paleoceanography, the physiological and
environmental factors influencing lipid composition in AOA, in particular the cyclization of GDGTs, remain unconstrained. We investigated the effect of metabolic state
on the composition of intact polar and core lipids and the resulting TEX86 paleothermometer in pure cultures of the marine AOA Nitrosopumilus maritimus as a function of
growth phase. The cellular lipid content ranged from 0.9 to 1.9 fg cell

1

and increased

during growth but was lower in the stationary phases, indicating changes in average
cell size in response to metabolic status. The relative abundances of monoglycosidic
GDGTs increased from 27% in early growth phase to 60% in late stationary phase,
while monohydroxylated GDGTs increased only slightly. The proportions of characteristic hexose-phosphohexose GDGTs were up to 7-fold higher during growth than
in stationary phase, suggesting that they are valuable biomarkers for the metabolically active fraction of AOA assemblages in the environment. Methoxy archaeol was
identified as a novel, genuine archaeal lipid of yet unknown function; it is one of the
most abundant single compounds in the lipidome of N. maritimus. TEX86 values of
individual intact GDGTs and total GDGTs differed substantially, were generally lower
during early and late growth phases than in stationary phase, and did not reflect
growth temperature. Consequently, our results strongly suggest that biosynthesis is at
least partially responsible for the systematic offsets in TEX86 values between different
intact polar GDGT classes observed previously in environmental samples. Nevertheless, differences in degradation rates of intact polar GDGTs may influence the TEX86
index because the intact polar lipid precursors differ for individual core GDGTs and
moreover their relative abundances change with growth stage, which may result in
distinct release rates of core GDGTs from their polar precursors. Overall, our findings
stress the need to accurately describe the factors influencing GDGT cyclization in
thaumarchaea and thus paleotemperature reconstructions.
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3.1. Introduction
Marine ammonia-oxidizing archaea (AOA) are a cosmopolitan and abundant group of
microorganisms in the oceans (KARNER et al., 2001; SCHATTENHOFER et al., 2009).
They play a key role in the marine nitrogen cycle by catalyzing the first and ratelimiting step of nitrification, the oxidation of ammonia to nitrite, and are well adapted
to the oligotrophic conditions commonly found in the open ocean (MARTENS-HABBENA
et al., 2009; STAHL and DE LA TORRE, 2012; KÖNNEKE et al., 2014). The marine AOA
(formerly Marine Group I Crenarchaeota) as well as terrestrial and thermophilic AOA
are affiliated with the Thaumarchaeota, a recently proposed novel phylum of the
domain Archaea (BROCHIER-ARMANET et al., 2008; SPANG et al., 2010).
The cytoplasmic membranes of Archaea consist of glycerol diphytanyl diether
lipids (archaeols) and membrane-spanning glycerol dibiphytanyl glycerol tetraethers
(GDGTs) containing up to four cyclopentyl moieties in their core structures (Fig. 3.1;
DE ROSA and GAMBACORTA, 1988). A distinct feature of the Thaumarchaeota is the presence and relatively high proportion of crenarchaeol, a core lipid with one cyclohexyl
and four cyclopentyl moieties (e.g., SINNINGHE DAMSTÉ et al., 2002b; DE LA TORRE
et al., 2008; SCHOUTEN et al., 2008; PITCHER et al., 2010, 2011a, Fig. 3.1). In live
thaumarchaeal cells, lipids occur primarily as intact polar lipids (IPLs), i.e., core lipids
with one to two phosphatidic, glycosidic or glycophosphatidic headgroups attached
(e.g., SCHOUTEN et al., 2008; PITCHER et al., 2011a, Fig. 3.1).
GDGTs in their core lipid form, crenarchaeol in particular, have frequently been
used as biomarkers in microbial ecology to study the occurrence and distribution of
thaumarchaea in the marine water column (e.g., SCHOUTEN et al., 2000; SINNINGHE
DAMSTÉ et al., 2002a; INGALLS et al., 2006; HERFORT et al., 2007; WAKEHAM et al.,
2007). However, core GDGTs are not suitable for tracing live cells as they predominantly
represent a fossil signal. Based on the assumption of rapid degradation of intact polar
to core lipids after cell death, intact polar GDGTs have recently been introduced as
biomarkers for tracing and quantifying living AOA in the marine water column (e.g.,
SCHUBOTZ et al., 2009; PITCHER et al., 2011c; INGALLS et al., 2012; SCHOUTEN et al.,
2012; WAKEHAM et al., 2012; BASSE et al., 2014; XIE et al., 2014).
The characterization of IPLs in AOA cultures facilitates the interpretation of IPLs
abundantly detected in environmental studies and their assignment to phylogenetic
clades. The membrane lipid composition of Nitrosopumilus maritimus, a cultivated
marine group I.1a thaumarchaeon (KÖNNEKE et al., 2005; STAHL and DE LA TORRE,
2012) closely related to abundant phylotypes found in the open ocean, is similar
to that observed in cultured and enriched sedimentary, soil and thermophilic AOA
(DE LA TORRE et al., 2008; SCHOUTEN et al., 2008; PITCHER et al., 2011a). The
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membranes of AOA are dominated by monoglycosidic (1G-GDGTs) and diglycosidic
GDGTs (2G-GDGTs) as well as hexose-phosphohexose-GDGTs (HPH-GDGTs). Within
the Thaumarchaeota, 1G- and 2G-GDGTs containing a hydroxylation in one of the side
chains (1G- and 2G-OH-GDGTs; LIPP and HINRICHS, 2009; LIU et al., 2012b) have so
far only been observed in marine group I.1a Thaumarchaeota (SCHOUTEN et al., 2008;
PITCHER et al., 2011a) and thus appear to be a characteristic IPL of this clade.
The crenarchaeol derivatives of HPH- and 2G-GDGTs have been shown to correlate
with thaumarchaeal 16S rRNA and amoA (ammonia monooxygenase subunit A) gene
copy numbers in the Arabian Sea water column (PITCHER et al., 2011b; SCHOUTEN
et al., 2012), suggesting a causal relationship between HPH- and 2G-crenarchaeol
abundance and active AOA. Moreover, it has been suggested that glycosidic IPLs are
more slowly degraded than phosphatidic IPLs (e.g., SCHOUTEN et al., 2010; XIE et al.,
2013), thereby raising the question which IPLs can be utilized for indicating live AOA
in the marine water column. However, with respect to archaeal lipids, which are
present exclusively as ether lipids, conclusive evidence for more rapid degradation of
phosphate-based IPLs than glycosidic IPLs is still lacking (cf. LOGEMANN et al., 2011).
Fossil core GDGTs originating from planktonic AOA are ubiquitously found in
marine and lacustrine sediments of up to Cretaceous age and are frequently used
in paleoceanography as a proxy for past surface water temperatures (indexed as
TEX86 ; SCHOUTEN et al., 2002; for reviews refer to PEARSON and INGALLS, 2013 and
SCHOUTEN et al., 2013). The TEX86 paleothermometer is based on the observation
that the degree of cyclization of GDGTs found in surface sediments is correlated
to sea surface temperature (SST; SCHOUTEN et al., 2002). Temperature sensitivity
experiments on marine enrichment cultures by WUCHTER et al. (2004) and SCHOUTEN
et al. (2007a) as well as core-top calibration studies (KIM et al., 2008, 2010) indicated
that the differences in relative abundance of core GDGTs, and specifically those
containing one to three cyclizations and the crenarchaeol regioisomer, as indexed
in the TEX86 , are strongly correlated to sea surface temperature. The influence of
physiological and environmental parameters on TEX86 has not been systematically
studied in cultures of AOA. This represents a major caveat in TEX86 -based temperature
reconstructions, since parameters like growth phase, salinity and pH are known to
substantially influence lipid composition in other archaea (e.g., MACALADY et al.,
2004; MATSUNO et al., 2009; B OYD et al., 2011; DAWSON et al., 2012). In fact, the
exact physiological and ecological controls on GDGT cyclization in living AOA remain
enigmatic in the face of widely observed discrepancies between in situ and TEX86
temperatures in mesopelagic AOA assemblages (e.g., TURICH et al., 2007; SCHOUTEN
et al., 2012). Thus, constraining the influence of physiological and environmental
parameters on membrane lipid composition in marine planktonic AOA is crucial for
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known for N. maritimus by using innovative analytical protocols (cf. BECKER et al.,
2013; ZHU et al., 2013). Furthermore, we determined the cellular lipid content of
N. maritimus during different growth phases to facilitate the lipid-based quantification
of thaumarchaeal biomass in water column studies. The influence of growth phase on
composition and cyclization of the intact and core GDGT pools of N. maritimus was
investigated and discussed in the context of environmental lipid signatures and the
TEX86 paleothermometer.

3.2. Materials and Methods
3.2.1. Cultivation and lipid extraction

N. maritimus strain SCM1 was grown aerobically at 28 C in four separate 8.5-l batch
cultures in pH 7.5 HEPES-buffered Synthetic Crenarchaeota Medium (SCM) as described previously (KÖNNEKE et al., 2005; MARTENS-HABBENA et al., 2009; KÖNNEKE
et al., 2012). The medium was amended with 1.5 mM ammonium chloride and each
bottle was inoculated with 450 ml of an N. maritimus culture being in the middle of
the growth phase as indicated by the consumption of 0.4 mM ammonia. Cell concentrations after inoculation were between 7.0 and 8.3 105 cells ml

1

and corresponding

nitrite concentrations were between 0.024 and 0.027 mM. Cultures were gently shaken
by hand twice a day when they reached nitrite concentrations of about 0.1 mM. Purity
of the culture was checked daily by phase contrast microscopy. Growth was monitored
by measuring nitrite formation daily and by counting SYBR Green I stained cells at
the beginning and the end of the experiment.
Cells were enumerated by epifluorescence microscopy of 2% formaldehyde-fixed
samples using SYBR Green I staining solution as described by (LUNAU et al., 2005).
Nitrite concentration was determined using diazo-colorimetry with photo- metric
detection at 545 nm (STICKLAND and PARSONS, 1972). Cells were harvested at four
time-points (one batch for each time-point; Fig. 3.2) using a Sartocon Slice cross-flow
filtration system (Sartorius, Göttingen, Germany). In order to estimate reproducibility,
samples for the early stationary phase time point were grown in triplicate batches. The
cell pellets (ca. 3 1010 to 1.5 1011 cells, cf. Table 3.1) were stored at 20 C until extraction. Lipids from each batch were extracted with dichloromethane:methanol:buffer
(1:2:0.8, v:v:v) following a modified Bligh & Dyer protocol (STURT et al., 2004) using
phosphate and trichloroacetic acid (CCl3 CO2 H) buffers (each 2 ) and an ultrasonic
probe (15 min sonication; HD2200, Bandelin electronic, Germany). The total lipid
extract (TLE) was dried under a stream of N2 and stored at 20 C until measurement.
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Figure 3.2. Growth of N. maritimus in four individual batch cultures monitored by
nitrite formation. Cells were harvested in early (A) and late growth phase (B) as well
as in early (C) and late (D) stationary phases.

3.2.2. Intact polar and core lipid analysis

Intact polar and core lipids were quantified by injecting 10% of the TLE dissolved in
methanol on a Dionex Ultimate 3000 high performance liquid chromatography (HPLC)
system connected to a Bruker maXis Ultra-High Resolution quadrupole time-of-flight
tandem mass spectrometer (qTOF-MS) equipped with an ESI ion source operating in
positive mode (Bruker Daltonik, Bremen, Germany). The mass spectrometer was set
to a resolving power of 27,000 at m/z 1222 and every analysis was mass-calibrated
by loop injections of a calibration standard and correction by lock mass, leading to
a mass accuracy of better than 1-3 ppm. Ion source and other MS parameters were
optimized by infusion of standards (GDGT-0, 1G-GDGT-0, 2G-GDGT-0) into the eluent
flow from the LC system using a T-piece.
Analyte separation was achieved using reversed phase (RP) HPLC on an ACE3 C18
column (2.1

150 mm, 3 m particle size, Advanced Chromatography Technologies,

Aberdeen, Scotland) maintained at 45 C as described by ZHU et al. (2013). In brief,
analytes were eluted at a flow rate of 0.2 ml min
eluent A (methanol:formic acid:14.8 M

NH+4 ,

1

isocratically for 10 min with 100%

100:0.04:0.10, v:v:v), followed by a

linear gradient to 24% eluent B (2-propanol:formic acid:14.8 M NH+4 , 100:0.04:0.10,
v:v:v) in 5 min, followed by a gradient to 65% B in 55 min. The column was then
flushed with 90% B for 10 min and re-equilibrated with 100% A for 10 min.
Additionally, core lipids were analyzed in duplicate on the same system under
different chromatographic conditions using normal phase (NP) HPLC and an APCI-II
ion source operated in positive mode, as described by BECKER et al. (2013). Briefly,
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5% TLE aliquots were dissolved in n-hexane:2-propanol (99.5:0.5, v:v) and injected
onto two coupled Acquity BEH Amide columns (2.1

150 mm, 1.7 m particle size,

Waters, Eschborn, Germany) maintained at 50 C. Lipids were eluted using linear
gradients of n-hexane (eluent A) to n-hexane:2-propanol (90:10, v:v; eluent B) at a
flow rate of 0.5 ml min 1 . The initial gradient was 3% B to 5% B in 2 min, followed
by increasing B to 10% in 8 min, to 20% in 10 min, to 50% in 15 min and 100% in 10
min, followed by 6 min at 100% B to flush and 9 min at 3% B to re-equilibrate the
columns.
To determine the TEX86 of total GDGTs and cellular lipid content, 10% of the TLE
was hydrolyzed with 1 M HCl in methanol for 3 h at 70 C to yield core GDGTs.
Tests with varying acid strengths, reaction times and temperatures revealed a high
efficiency (<5% IPLs left) and minimal formation of artifacts (<2%, e.g., unsaturated
or methylated GDGTs), using these conditions. The hydrolyzed TLE was dried under a
flow of N2 at 35 C and then analyzed as described above for the core lipids.
Lipids were identified by retention time as well as by accurate molecular mass and
isotope pattern match of proposed sum formulas in full scan mode and MS2 fragment
spectra. Integration of peaks was performed on extracted ion chromatograms of

10

+

mDa width and included the [M+H] ions for NP-HPLC-MS and additionally [M+NH4 ]+
and [M+Na]+ ions for RP-HPLC-MS. Where applicable, double charged ions were
included in the integration. The areas of 1G-, 2G-, and HPH-GDGT-4 were corrected
for co-elution with the respective crenarchaeol regioisomer (Cren’) by subtracting the
area of the +2 Da isotope peak of Cren’, which was calculated from natural isotope
abundances (ZHANG et al., 2006).
Lipid quantification was achieved by injecting an internal standard (HUGUET et al.,
2006, C46 -GTGT;) along with the samples. Lipid abundances were corrected for response factors of commercially available as well as purified standards. Archaeol was
purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Phosphatidylglycerolhexose GDGT was obtained from Matreya LLC (Pleasant Gap, PA, USA). GDGT-0,
1G-GDGT-0, 2G-GDGT-0, monoglycosidic archaeol (1G-AR), and diglycosidic archaeol
(2G-AR) were purified from extracts of Archaeoglobus fulgidus by orthogonal preparative liquid chromatography as described by ZHU et al. (2013). The abundances of
core GDGTs, methoxy archaeol and archaeol were averaged from duplicate measurements and corrected for the response factors of purified GDGT-0 and core archaeol
standards versus the C46 -GTGT standard. The relative discrepancy of duplicate measurements from the average was below 9%. The abundances of glycerol trialkyl glycerol
tetraethers (GTGTs), hydroxy GDGTs (OH-GDGTs), glycerol dialkanol diethers (GDDs)
and hydroxy GDDs (OH-GDDs) were corrected for the response factor of GDGT-0.
Similarly, the abundances of IPLs were corrected for the response factors of purified
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1G-AR, 1G-GDGT-0 (for 1G-, 1G-OH-, deoxy-1G-GDGTs, 1G-GDDs), and 2G-GDGT-0
(for 2G-, 2G-OH, 2G-2OH-GDGTs) standards versus the C46 -GTGT standard. Due to a
lack of appropriate standards, the abundances of phosphohexose- and HPH-GDGTs
were corrected for the response of a phosphatidylglycerol-hexose GDGT standard,
respectively. For phosphohexose archaeol (PH-AR), we assumed the response factor
of 2G-AR. We assumed the same response factor of GDGT-0 and MeO-GDGTs due to
a lack of an authentic MeO-GDGT standard. However, the presence of the methoxy
group might influence the response of MeO-GDGTs relative to GDGT-0. The relative
abundance of MeO-AR was corrected by its response factor relative to AR by comparing
the relative abundance of MeO-AR and AR analyzed by GC-FID; assuming unity of
their FID-based response factors, we found that RP-HPLC-MS analysis resulted in
a 1.6 times higher response of MeO-AR relative to AR and corrected the calculated
concentrations accordingly. The C46 -GTGT injection standard was then used to correct
for matrix effects (assuming the same ion suppression effect for all compounds of
interest) and the calibration was used to correct for individual response.
The TEX86 index was calculated after SCHOUTEN et al. (2002) using the peak areas
of GDGT-1, GDGT-2, GDGT-3 and Cren’, with the number indicating the number of
cyclizations within the molecule:
TEX86 =

[GDGT-2] + [GDGT-3] + [Cren’]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren’]

(Eq. 1)

TEX86 reconstructed temperatures were calculated using the core-top calibration of
KIM et al. (2010):
SST ( C) = 68.4

log(TEX86 ) + 38.6

(Eq. 2)

To evaluate GDGT cyclization we calculated the ring index (RI) according to PEARSON

RI =

et al. (2004):
[GDGT-1] + 2 [GDGT-2] + 3 [GDGT-3] + 4 [GDGT-4] + 5 [Cren + Cren’]
[GDGT-0] + [GDGT-1] + [GDGT-2] + [GDGT-3] + [GDGT-4] + [Cren + Cren’]
(Eq. 3)

3.2.3. Identification of novel lipids

Samples were screened for novel lipids using NP- and RP-HPLC-MS2 . For further
analysis of a novel group of compounds, methoxy archaeol and methoxy GDGTs, a
core lipid fraction was prepared from a N. maritimus extract by semi-preparative liquid
chromatography using an Agilent 1200 series HPLC system connected to an Agilent
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1200 series fraction collector. Core and intact polar lipids were separated on an Inertsil
diol column (10

150 mm, 5 m particle size, GL Sciences, Tokyo, Japan) maintained

at 30 C and using linear gradients of n-hexane:2-propanol (85:15, v:v; eluent A) and
2-propanol:water (90:10, v:v; eluent B) at a flow rate of 3 ml min 1 . The gradient
program consisted of 0% B to 10% B in 5 min, increasing B to 85% at 6 min, hold at
85% B for 9 min followed by re-equilibration with 100% A for 10 min.The core lipids
were collected within the time window of 0 to 5 min.
The core lipid fraction was then acetylated according to the protocol of ALUWIHARE
et al. (2002) to check for the absence of primary hydroxyl groups in the tentatively
assigned methoxy archaeol and GDGTs. In brief, the core lipid fraction was mixed
with 100 l of acetic anhydride and 20 l of 1-methyl imidazole and left at room
temperature. After 15 min, excess reagent was quenched with 0.5 ml of water and
the mixture was left at room temperature for 10 min. The acetylated lipids were then
extracted 5 times with 0.5 ml of dichloromethane. The extracts were combined, dried
and dissolved in n-hexane:2-propanol (99.5:0.5, v:v) for NP-HPLC-MS analysis. An
archaeol standard was acetylated and analyzed under the same conditions as a positive
control. An aliquot of the core lipid fraction was analyzed directly by coupled gas
chromatography-mass spectrometry (GC-MS) using an Agilent 7890A GC coupled to
an Agilent 5975c VL MSD. A further aliquot was derivatized using bis-(trimethylsilyl)
trifluoroacetamide in pyridine at 70 C for 1 h and analyzed on the same system. The
mass spectrometer was operated in electron impact mode at 70 eV with a full scan
mass range of m/z 50-800. Analyte separation was achieved on an Optima 5 MS Accent
capillary column (30 m 250 m 0.25 m, Macherey-Nagel, Duren, Germany) using
an oven temperature program of 60 C (held 1 min) to 150 C at 10 C min

1

and

then to 320 C (held 30 min) at 4 C min 1 . The linear retention index (LRI) was
determined relative to n-alkane standards according to VAN DEN DOOL and KRATZ
(1963).
To assess artificial production of methoxy archaeol and GDGTs by methylation of
core archaeol and core GDGTs during extraction or sample preparation, one half
of a N. maritimus cell pellet was extracted using methanol:dichloromethane:buffer
(2:1:0.8, v:v:v) as described above. The remaining half was extracted with ethanol
substituted for methanol in the extraction mixture. Trace impurities of methanol in
the ethanol (<100 ppm) contributed less than 5 l of methanol to the extraction mix
in this experiment. The TLEs were then analyzed by NP-HPLC-MS.
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3.2.4. Reproducibility assessment

Reproducibility of lipid composition was evaluated on triplicate batch cultures of
N. maritimus harvested in early stationary phase. The standard deviation of cell
counts based on replicate filtration and counting was below 2%. Lipid yield per cell
determined for hydrolyzed samples in these triplicates varied by up to 0.4 fg cell

1

(24%, including propagated errors from cell counting). The standard deviation of IPL
abundance was 7.9% for 1G-GDGTs, 1.2% for 1G-OH-GDGTs, 5.9% for 2G-GDGTs,
6.8% for 2G-OH-GDGTs, and 0.3% for HPH-GDGTs (Supp. Table 3.2). The standard
deviation of TEX86 values was 0.03 for 1G-GDGTs,<0.01 for 2G-GDGTs, 0.01 for HPHGDGTs and 0.04 for core GDGTs and hydrolysis-derived core GDGTs (Supp. Table 3.3).
Duplicate hydrolysis revealed variations of up to 0.02 in TEX86 of core GDGTs.

3.3. Results
3.3.1. Cellular lipid content

Growth of N. maritimus among independent cultures as monitored by nitrite formation
was very similar (Fig. 3.2). Cell counts at the point of harvest were 3.7 106 cells ml
for early growth phase, 9.5

106 cells ml

1

for late growth phase, 2.4

for early stationary phase and 1.8 107 cells ml

1

107 cells ml

1
1

for late stationary phase (Table 3.1).

The absolute abundances of GDGTs, OH-GDGTs, and archaeols were quantified before
and after hydrolysis, yield- ing the abundance of IPLs by subtraction. The cellular lipid
content calculated from cell counts and lipid abundance comprised nearly exclusively
IPLs and changed during growth (Table 3.1). The cellular lipid content increased from
0.9 fg cell

1

in early growth phase to 1.6 fg cell

1

in late growth phase and 1.9 fg cell

1

in early stationary phase. In late stationary phase, cellular lipid content decreased to
0.9 fg cell 1 . Lipid carryover from the inoculum (equivalent to 7-8

105 cells ml 1 )

comprised <20% of the extract in early growth phase and <10% in the later time
points.
3.3.2. Intact polar lipids

Intact polar GDGTs and IPL archaeols comprised 85-92% of the total lipids of N. maritimus (Table 3.2). The major IPLs were 1G-GDGT, 2G-GDGT and HPH-GDGT, as well
as GDGTs with mono- and dihexose headgroups and monohydroxylated core structures (1G-OH-GDGT, 2G-OH-GDGT; Fig. 3.3a). IPLs of minor abundance (i.e., <1%,
Table 3.2) comprised dihydroxylated 2G-GDGTs (2G-2OH-GDGT; cf. LIU et al., 2012b),
phosphohexose GDGTs (PH-GDGT; cf. SCHOUTEN et al., 2008), and mono-glycosidic
GDDs (1G-GDD; cf. MEADOR et al., 2014b). Furthermore, we detected a sequence of
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Table 3.1. Cell densities, NO2 formation and cellular lipid contents in growth phases and
stationary phase. Total lipids were determined on hydrolyzed samples. IPL content was
determined by subtracting abundances of core lipids in the TLE from total lipids. GDGT
content includes GDGTs and OH-GDGTs, archaeol content includes AR and MeO-AR.
Time interval

Early growth
phase

Late growth
phase

Early
stationary
phase

Late stationary
phase

Cell density (cells ml 1 )
NO2 formed (mM)
Specific cell yield
(cells/mol NH+
4)
Total lipids (fg cell 1 )
Total IPLs (fg cell 1 )
Intact polar GDGTs (fg
cell 1 )
Intact polar archaeols
(fg cell 1 )
Total core lipids (fg
cell 1 )
Core GDGTs (fg cell 1 )
Core archaeols (fg
cell 1 )
Total GDGTs (fg cell 1 )
Total archaeols (fg
cell 1 )

3.7 106
0.28
9.57 1012

9.5 106
0.86
9.86 1012

2.4 107
1.46
1.23 1013

1.8 107
1.53
1.11 1013

0.86
0.83
0.82

1.55
1.52
1.52

1.85
1.81
1.81

0.92
0.91
0.91

<0.02

<0.01

<0.01

<0.01

0.03

0.03

0.04

0.01

0.01
0.02

0.01
0.02

0.01
0.03

<0.01
<0.01

0.83
0.03

1.52
0.03

1.82
0.03

0.91
0.01

compounds with identical molecular mass and MS2 spectra as 2G-GDGTs but eluting
4 min earlier in RP-HPLC; their highest abundance among IPLs was during the early
stationary phase (2.8%). We tentatively identified a series of GDGTs eluting after
1G-GDGT showing a neutral loss of 147.1 as deoxy hexose GDGTs (deoxy-1G-GDGT)
based on their exact mass and proposed sum formula. Finally, we identified archaeols
bearing a hexose headgroup (1G-AR, m/z 832.8 [M+NH4 ]+ ) and a phosphohexose or
phosphoinositol headgroup (PH-AR, m/z 895.7 [M+H]+ ; cf. YOSHINAGA et al., 2011)
based on diagnostic losses of 179.1 (hexose plus NH3 ) and 261.0 (phosphohexose or
phosphoinositol), respectively. Intact polar archaeols were of low abundance in all
extracts with the exception of PH-AR that accounted for 4.4% of IPLs during early
growth phase.
3.3.3. Intact polar lipid composition in different growth phases

The relative abundances of major IPLs changed strongly between different growth
phases and stationary phase (Fig. 3.3a). The abundance of 1G-GDGTs increased from
27% in early growth phase to 60% of total IPLs in late sta- tionary phase, while
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Table 3.2. Relative abundances (in %) of intact polar and core membrane lipids in total
lipid extracts of N. maritimus in different growth and stationary phases as determined by
reversed phase HPLC-MS (b.d. = below detection). GDGT-# refers to the GDGT/GTGT
core structures. Numbers in brackets refer to the abundance (in %) relative to total IPLs.
IPL names in italics indicate compounds summarized under ‘Other IPLs’ in Fig. 3.3a.
MeO-AR was grouped with core lipids as it represents an intact but apolar lipid.
Early growth
phase

Late growth
phase

Early
stationary
phase

Late
stationary
phase

GDGT#

Intact polar
lipids
1G-GDGT

23.2 (27.2)

42.5 (49.1)

46.8 (51.0)

51.2 (60.3)

1G-OH-GDGT
2G-GDGT

1.9 (2.3)
9.1 (10.6)

3.4 (3.9)
5.4 (6.2)

2.5 (2.8)
10.0 (10.7)

3.4 (4.0)
4.1 (4.8)

2G-OH-GDGT
2G-2OH-GDGT
HPH-GDGT

27.9 (32.6)
0.5 (0.6)
18.1 (21.1)

23.6 (27.2)
1.1 (1.2)
8.6 (9.9)

20.7 (22.8)
1.9 (2.1)
6.3 (6.8)

20.2 (23.8)
0.9 (1.1)
2.7 (3.2)

0.4 (0.5)
0.1 (0.2)

0.2 (0.3)
0.5 (0.6)

0.1 (0.1)
2.6 (2.8)

0.3 (0.3)
0.4 (0.5)

0-5,
5‘
0-5
0-5,
5‘
0-4
0-2
0-5,
5‘
0-2, 5
0-3, 5

0.2 (0.2)

0.6 (0.7)

0.4 (0.5)

1.0 (1.2)

0-5

b.d.
0.3 (0.4)
3.8 (4.4)
85.6

0.1 (0.1)
0.2 (0.2)
0.5 (0.5)
86.5

<0.1 (<0.1)
0.2 (0.2)
0.2 (0.3)
91.8

0.3 (0.3)
0.3 (0.3)
0.2 (0.2)
85

0-5
-

Core/apolar
lipids
GDGT

4.6

4.9

3.1

6.8

OH-GDGT
MeO-GDGT
GTGT
GDD
OH-GDD

0.1
0.1
0.3
b.d.
b.d.

0.1
0.1
0.1
<0.1
<0.1

0.1
0.2
0.2
<0.1
<0.1

0.2
0.2
0.3
0.1
0.1

5.2
4.1
<0.1
<0.1
14.4

4.4
3.7
<0.1
<0.1
13.5

1.7
2.8
<0.1
<0.1
8.2

3
4.2
<0.1
<0.1
15

PH-GDGT
early-2GGDGT*
deoxy-1GGDGT*
1G-GDD
1G-AR
PH-AR
Total intact
polar lipids

AR
MeO-AR
1uns-AR
2uns-AR
Total core lipids

0-5,
5‘
0-2
0-3
0, 0:1
0-5
1, 2,
4, 5
-

*see section 3.3
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Figure 3.3. (A) Relative abundances of intact polar lipids in N. maritimus extracts in
growth and stationary phases. (B) Relative abundance of core GDGTs in the total GDGT
pool (hydrolyzed TLE). (C) Ring indices of the total GDGTs derived from hydrolysis
and core GDGTs in the TLE. Cren’ indicates the crenarchaeol regioisomer.

the abundance of 1G-OH-GDGTs did not change significantly. Both 2G-GDGTs and
2G-OH-GDGTs abundance decreased slightly during growth. HPH-GDGT abundance
showed a strong and continuous decrease during growth from 21% in early growth
phase to 3% in late stationary phase. 1G-GDDs were not detected in early growth
phase but appeared in low abundance in late growth phase and increased slightly in
late stationary phase. Deoxy-1G-GDGTs occurred in all growth phases and increased
in abundance towards late stationary phase. PH-AR abundance decreased strongly
towards late growth phase from 4.4% in early growth phase to 0.2% in late stationary
phase. The abundance of 1G-AR showed no relationship with growth phase.
We hydrolyzed the TLE for all samples to investigate the changes of relative distributions and cyclization patterns of core lipids in the total GDGT pool (Fig. 3.3b).
Crenarchaeol was the dominant core structure in all growth phases but decreased
towards late stationary phase. Similarly, GDGT-0 continuously decreased in abundance
during growth. In contrast, GDGT-2 became increasingly abundant towards late stationary phase. GDGT-1, -3, and -4 were of low abundance and did not correlate with
growth phase. These changes are reflected in the ring index (Eq. 3, which indicates
a decrease in overall cyclization from early growth to early stationary phase and no
further change in late stationary phase (Fig. 3.3c). The ratio of GDGT-2 to GDGT-3
(TAYLOR et al., 2013) increased strongly during growth and in stationary phase for both
total GDGTs and individual IPL classes (Supp. Table 3.4); the ratio of crenarchaeol to
GDGT-0 (PEARSON and INGALLS, 2013) showed no apparent relationship with growth
phase (Supp. Table 3.4). The abundance of the crenarchaeol regioisomer was less
than 1% in all samples. Other GDGT-isomers occurred as shoulder peaks of the regular
GDGT peaks and were of low abundance (Fig. 3.4).
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Figure 3.4. Extracted ion chromatograms of m/z 1290–1304 obtained by NP-HPLCAPCI-MS analysis showing distribution of GDGTs 0 to 4, crenarchaeol (Cren), the
crenarchaeol regioisomer (Cren’) and corresponding shoulder peaks (appended ‘a’ and
‘b’) in core GDGT (left) and total GDGT (right) pools.

3.3.4. Identification of novel archaeal core lipids

Several novel compounds were identified in extracts of N. maritimus based on elution
time, accurate mass/proposed sum formula, MS2 fragmentation in NP-HPLC-APCI-MS,
and partly also chemical derivatization experiments.
3.3.4.1. Methoxy archaeol (MeO-AR)

We tentatively identified an abundant compound at m/z 667.7 [M+H]+ which eluted 5
min earlier than archaeol during NP-HPLC analysis (Fig. 3.5a-c and Table 3.2). With its
relative contribution of 2.8-4.2% of total glycerol-based lipids, this compound is one of
the most abundant single compounds in the lipidome of N. maritimus. Considering the
variation of core structures of intact polar GDGTs, only 2G-OH-GDGT-2 (14.9-19.3%),
1G-crenarchaeol (6.9-10.9%) and 2G-GDGT-2 (3.2-6.0%) are more abundant than
MeO-AR, but these values still represent mixtures of several compounds that possess
different sugars as headgroups (cf. KÖNNEKE et al., 2012). This compound was also
observed in similar abundance when methanol was substituted by ethanol during
extraction and sample preparation, while an ethoxy derivative was not detected, and
is therefore considered to be a biosynthetic product of N. maritimus. Sum formula
calculation from accurate mass and isotope pattern match indicated the stoichiometric
formula C44 H91 O+3 for the protonated molecule. Based on mass spectrometric evidence
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and chromatographic behavior during both HPLC and GC analysis we tentatively
identify this compound as an sn-1 methylether derivative of archaeol, termed methoxy
archaeol (MeO-AR).
The dominant product ion of MeO-AR during NP-HPLC-APCI-MS2 analysis was 387.4,
indicative of monophytanyl glycerol ether with an additional methylene (C24 H51 O+3 ;
Fig. 3.5b). In comparison, archaeol exhibited a major product ion at m/z 373.4,
corresponding to monophytanyl glycerol ether (C23 H49 O+3 ; Fig. 3.5c). The absence of
the 373.4 fragment in the spectrum of MeO-AR indicates that the additional methylene
is located in the glycerol unit rather than one of the phytanyl chains. MeO-AR exhibited
minor product ions at m/z 369.4, 355.4, and 339.4. The product ion at m/z 369.4
(C24 H49 O+2 ) was likely generated by the loss of water and phytanyl from the molecular
ion. The product ion at m/z 355.4 (C23 H47 O+2 ) is consistent with a loss of methanol
from the methoxy monophytanyl glycerol ether fragment or a loss of methanol and
phytanyl from the molecular ion. This strongly suggested that the additional methylene
can be explained by the presence of a methoxy group at sn-1 position of the glycerol
moiety. The product ion at m/z 355.4 was also abundant in the MS2 spectrum of
archaeol, but, in contrast to MeO-AR, was likely derived by a loss of water from the
monophytanyl glycerol ether fragment. The product ion at m/z 339.4 (C23 H47 O+ ) was
possibly related to a loss of CH2 O by rearrangement from methoxy monophytanyl
glycerol ether. A range of minor abundant product ions (e.g., at m/z 225.3 and 183.2)
likely resulted from fragmentation of the phytanyl chains both in archaeol and MeOAR. Acetylated archaeol (m/z 695.7 [M+H]+ ), analyzed in the core lipid fraction and
as standard, eluted before archaeol during NP-HPLC and showed diagnostic losses of
42 Da (acetyl group) and 397.4 Da (acetylated phytanyl-glycerol monoether) in MS2 .
An acetylation product of MeO-AR was not observed.
During EI GC-MS analysis, MeO-AR had a linear retention index, LRI, of 3913
(Fig. 3.5d and f) while the TMS-derivative of archaeol eluted slightly later (LRI 3929;
Fig. 3.5e and g). Both compounds exhibited a fragment ion at m/z 278.3 (phytanyl)
as well as smaller fragments related to the fragmentation of the phytanyl chains (e.g.,
at m/z 57.1). Unlike TMS archaeol with its prominent fragments at m/z 426.4 and
130.1 related to the loss of one and two O-phytanyl chains from the molecular ion,
respectively (cf. TEIXIDOR et al., 1993), MeO-AR was characterized by fragment ions
at m/z 387.4 (loss of phytanyl), 354.4 (loss of phytanyl and CH3 O) and 343.2 (loss of
phytanyl and CH3 OCH2 ).
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Figure 3.5. (A) Reconstructed base peak chromatogram of a late growth phase extract of
N. maritimus showing elution of the novel compounds (stars) methoxy archaeol (MeOAR), methoxy GTGT-0, methoxy GDGTs and OH-GTGT-0 in normal phase HPLC-APCI-MS.
Panels (B) and (C) show MS2 spectra of protonated molecules of MeO-AR (m/z 667.7)
and archaeol (AR; m/z 653.7), respectively. Total ion chromatograms obtained using EI
GC–MS of underivatized and trimethylsilyl-derivatized apolar fractions of N. maritimus
extracts are shown in panels (D) and (E), respectively. Mass spectra of MeO-AR and
trimethylsilyl archaeol (TMS-AR) obtained using EI GC–MS are shown in panels (F)
and (G), respectively (asterisk: column contaminant).
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3.3.4.2. Methoxy GDGTs (MeO-GDGTs), MeO-GTGT, and unsaturated GTGT

In addition to MeO-AR, we detected a series of three isoprenoidal GDGTs in the m/z
range 1310-1316 [M+H]+ that eluted earlier than core GDGTs in NP-HPLC (Fig. 3.5a
and Supp. Fig. 3.1) and showed mass spectrometric behavior analogous to MeO-AR.
We tentatively identified these compounds based on exact mass information, retention
time and fragmentation pattern as sn-1 MeO-GDGTs with 0 to 3 cycloalkyl moieties. As
in the case of MeO-AR, these compounds were present independent of the extraction
solvent used. The compound at m/z 1316.3 exhibited major product ions related to
the loss of a biphytanyl moiety at m/z 757.7 and glycerol biphytanyl ether plus two
molecules of water at m/z 615.6 (Fig. 3.6a). A minor abundant product ion at m/z
1284.3 was likely related to the loss of methanol. This indicated the presence of one
methoxy group at the sn-1 position of glycerol moiety; doubly methoxylated GDGTs
on the other hand were not detected. MeO-AR and MeO-GDGTs were also detected
using the RP-HPLC-MS protocol of (ZHU et al., 2013).
Analogously to MeO-GDGTs we detected a methoxy derivative of GTGT-0 at m/z
1318.3 (Fig. 3.5a and 3.6b). This compound generated major product ions at m/z
373.4 and 387.4, relating to monophytanyl glycerol ether and methoxy monophytanyl
glycerol ether. This indicated that the methylation did not occur in the biphytanyl chain
of GTGT-0 but rather in one of the glycerol moieties or phytanyl chains. Furthermore,
product ions at m/z 1038.0 (loss of one phytanyl moiety) and 757.3 (loss of two
phytanyl moieties) indicated that the additional methylene was not located in one
of the phytanyl chains. Finally, a product ion at m/z 355.4 was related to the loss
of methanol from a methoxy monophytanyl glycerol, confirming a methoxy ether
structure of this compound. Mono- and di-acetylated MeO-GDGTs were not detected,
likely owing to their low concentrations in the core lipid fraction.
Additionally, we tentatively identified a monounsaturated phytane-containing glycerol trialkyl glycerol tetraether (GTGT-0:1) with m/z 1302.3 [M+H]+ (C86 H173 O+6 ) that
eluted shortly after GTGT-0 in NP-HPLC analysis (Fig. 3.5a). As GTGT-0, the compound
exhibited a major product ion at m/z 373.4 (Supp. Fig. 3.2a, b). Additional peaks
at m/z 371.4 and 929.9 suggested the presence of a ring- or double bond-bearing
phytanyl side chain (Supp. Fig. 3.2b, d). The peak disappeared after hydrogenation of
the TLE, confirming the presence of a double bond. However, since the loss of signal
due to hydrogenation was generally very high, it is possible that monocyclic GTGT was
still present but below the detection limit after hydrogenation. We also detected OHGTGT-0, the hydroxylated analogue of GTGT-0, at m/z 1320.3 (C86 H175 O+7 ; Fig. 3.5a
and 3.2c). The compound exhibited in-source fragmentation to m/z 1302.3 [M+H]+
(C86 H173 O+6 ), related to a loss of water from the molecule and subsequent formation
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Figure 3.6. MS2 spectra of protonated molecules of (A) methoxy GDGT-0 (m/z 1316.3)
and (B) methoxy GTGT-0 (m/z 1318.3) in late growth phase extract of N. maritimus.

of a double bond, as described previously for OH-GDGTs (cf. LIU et al., 2012b). The
fragmentation pattern of the in-source fragment was highly similar to that of GTGT-0:1
(Supp. Fig. 3.2d). The occurrence of product ions at m/z 371.4 and 929.9 as well as
the absence of product ions indicative of an additional double bond in the biphytane
moiety suggested that the additional OH-moiety was located in one of the phytanyl
chains prior to in-source dehydration.
3.3.5. Core lipid composition during growth

Core and apolar lipids, including methoxylated compounds, comprised 8-15% of the
total lipids of N. maritimus (Table 3.2). The most abundant core and apolar lipids
were GDGTs, MeO-AR and archaeol. Minor compounds (i.e., <1%) comprised mono(1uns-AR) and di-unsaturated archaeol (2uns-AR), MeO-GDGTs with 0-3 rings, GTGTs
with 0-1 rings or double bonds, MeO-GTGT-0, OH-GTGT-0, GDDs as well as alkylhydroxylated GDDs (OH-GDDs; cf. LIU et al., 2012a,b) and GDGTs (OH-GDGTs). AR
decreased in relative abundance with growth, while the abundance of MeO-AR was
similar in all growth phases. Core GDGTs increased slightly from 5% in early growth
phase to 7% in late stationary phase. In contrast, MeO-GDGT and GTGT abundance
showed no apparent relationship with growth phase. GDDs were not detected in early
growth phase but appeared in low abundance in late growth phase and stationary
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phase. The cyclization of core GDGTs increased strongly during growth, reflected by
an increase in the ring index from

2 to 3, reaching equivalence with the ring index of

the total GDGTs in early stationary phase (Fig. 3.3c). In early growth phase, GDGT-0
and GDGT-1 were the most abundant core GDGTs; towards stationary phase, the GDGT
distribution gradually transformed to a predominance of GDGT-2 and crenarchaeol
(Fig. 3.4 and Supp. Table 3.4). Shoulder peaks were of high abundance relative to
the regular GDGT peaks during early growth phase but decreased significantly during
growth. In late stationary phase, the abundance of shoulder peaks was similar to that
of total GDGTs (Fig. 3.4).
Table 3.3. TEX86 values of major lipid classes of N. maritimus in different growth phases
and stationary phase.

1G-GDGTs
2G-GDGTs
HPH-GDGTs
Core GDGTs
Core GDGTs incl.
shoulders
Total GDGTs
Total GDGTs incl.
shoulders

Early growth
phase

Late growth
phase

Early
stationary
phase

Late stationary
phase

0.59
0.95
0.49
0.56
0.59

0.62
0.97
0.62
0.67
0.64

0.66
0.97
0.63
0.69
0.63

0.64
0.98
0.67
0.72
0.68

0.62
0.62

0.69
0.7

0.75
0.76

0.75
0.76

3.3.6. Relation of core GDGTs to their polar precursors and IPL-specific TEX86

TEX86 values were calculated for all compounds with non-hydroxylated GDGT core
structure, i.e., 1G-GDGTs, 2G-GDGTs, HPH-GDGTs and core GDGTs in the TLE and total GDGTs in the hydrolyzed TLE, representing the integrated signal of intact polar and
core GDGTs (Table 3.3). The TEX86 of total GDGTs increased gradually with growth
phase, peaking in early stationary phase and remaining constant in late stationary
phase (Fig. 3.7). The TEX86 values of core, 1G- and 2G-GDGTs followed this trend,
while TEX86 of HPH-GDGTs also increased in late stationary phase. The temperatures
reconstructed from TEX86 showed marked differences from actual incubation temperature (28 C; Fig. 3.7). The temperatures reconstructed for total GDGTs were up to
4 C below incubation temperature during growth and up to 2 C above incubation
temperature in stationary phase. The TEX86 temperatures calculated from 1G- and
HPH-GDGTs were by 2-5 and 1-11 C lower than incubation temperature, respectively,
while 2G-GDGTs indicated temperatures that were
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TEX86 temperatures derived from core GDGTs were up to 7 C lower than incubation
temperature during growth but matched incubation temperature in stationary phase.
Including the GDGT shoulder peaks in the calculation did not significantly alter TEX86
values of total GDGTs ( 0.01 TEX86 ) and core GDGTs ( 0.04 TEX86 , Table 3.3).
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Figure 3.7. Reconstructed TEX86 temperatures for individual IPLs (diamonds) and core
GDGTs in the TLE and total GDGTs derived by hydrolysis (squares) showing temperature
increase during batch growth compared to the actual incubation temperature (28 C,
dashed line). Error bars represent the deviation of the mean for triplicate cultures
harvested in early stationary phase. EG: Early growth phase; LG: Late growth phase;
ES: Early stationary phase; LS: Late stationary phase.

Since established GDGT-based paleo proxies are exclusively based on core GDGTs,
we examined the distribution of individual core GDGTs as a function of their affiliation
with the major IPLs and growth stage (Fig. 3.8 and Supp. Table 3.1). The major polar
precursors of non-hydroxylated core GDGTs in N. maritimus, accounting for

99% of

the total intact polar GDGTs, are 1G-GDGTs, 2G-GDGTs and HPH-GDGTs (Table 3.2).
The two major core GDGTs, GDGT-0 and crenarchaeol, were primarily associated
with the major IPL type 1G-GDGT, even though especially in early growth phase their
occurrence as HPH derivatives was substantial. GDGT-1 behaved similarly, i.e., its
major sources were monoglycosides with the exception of early growth phase. The
situation was more complex for the other minor GDGTs that are included in the TEX86
ratio, i.e., GDGT-2, GDGT-3, and crenarchaeol regioisomer, as well as for GDGT-4.
These compounds were to a substantial degree also associated with the diglycosidic
IPL 2G-GDGT. For GDGT-2, GDGT-3 and GDGT-4, the contribution of 2G-GDGT and
HPH-GDGT declined with growth in favor of higher proportions of 1G-GDGT. For the
crenarchaeol regioisomer, on the other hand, 2G-GDGT was the major polar derivative
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Figure 3.8. Relative contribution of the intact polar lipids 1G-, 2G- and HPH-GDGTs
to specific core GDGT classes during growth and stationary phases of N. maritimus.
Values were calculated using IPL abundances (Table 3.2) and IPL-specific core GDGT
compositions (Supp. Table 3.4). Cren’ indicates the crenarchaeol regioisomer. EG: Early
growth phase; LG: Late growth phase; ES: Early stationary phase; LS: Late stationary
phase.

with the exception of late growth phase. For all GDGTs, the association with HPH
declined strongly towards stationary phase.

3.4. Discussion
3.4.1. Cellular lipid content

Membrane lipid analysis has been utilized to assess cell numbers and quantify microbial
biomass in sedimentary and aquatic systems (e.g., BIDDLE et al., 2006; LIPP et al., 2008;
ZINK et al., 2008; HUGUET et al., 2010). Due to a paucity of direct measurements on
pure cultures, the conversion of archaeal lipid abundance into cells or biomass relies
on assumptions of cell size and theoretical conversion factors of cell volume to lipid
abundance. To enhance membrane lipid-based biomass quantification of planktonic
archaea, we determined the cellular lipid content of N. maritimus experimentally by
relating bulk lipid concentrations to cell counts.
The lipid content of N. maritimus of 0.9-1.9 fg cell

1

is in the lower range of previous

estimates derived from archaeal gene abundances in correlation with intact polar
GDGT concentrations in marine suspended organic matter and N. maritimus (0.1-8.5 fg
cell 1 ; HUGUET et al., 2010). Assuming a dry mass of 20 fg cell

1

(MARTENS-HABBENA

et al., 2009), GDGTs accounted for 4-9% of the dry mass in our experiment, which is
within the range of cellular lipid quota reported from other archaea (e.g., LANGWORTHY
et al., 1974; TORNABENE et al., 1979; FERRANTE et al., 1990).
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For further evaluation of our results, we calculated the theoretical lipid content of
N. maritimus cells using the model of SIMON and AZAM (1989) modified for the cell
geometry of N. maritimus (rods of 0.5-0.9 m length, 0.2 m width; KÖNNEKE et al.,
2005), a protein content of 50% (MARTENS-HABBENA et al., 2009) and a membrane
thickness of 5 nm (HEINZ et al., 2013). Our experimentally determined cellular lipid
abundances of 0.9-1.9 fg cell
and 1.5 fg cell

1

1

deviate only slightly from the modeled values of 0.9

for rods sized 0.5

0.2 and 0.9

0.2 m, respectively. However, our

experimental and modeled values are high in comparison to theoretical estimates for
larger thaumarchaeal cells by SINNINGHE DAMSTÉ et al. (2002a, 1 fg cell 1 , 0.8 0.5 m
rod) and those calculated by (SCHOUTEN et al., 2012) of 0.25 fg cell

1

(0.5

0.15 m

rod) for a similar cell geometry using the model of See SINNINGHE DAMSTÉ et al. (2002a,
based on GABRIEL and CHONG, 2000). To further compare our results with existing
environmental data, we estimated cell volumes of 0.02-0.06 m3 for N. maritimus
based on cellular lipid content. These fit closely to cell volumes of 0.03-0.06 m3
determined for marine group I archaea in the Atlantic Ocean (SCHATTENHOFER et al.,
2009). The agreement of experimentally and theoretically determined lipid content in
N. maritimus suggests that our model is a robust representation of the relation of cell
size to lipid content.
The slow growth rates characteristic for N. maritimus (cf. KÖNNEKE et al., 2005;
MARTENS-HABBENA et al., 2009) may lead to the accumulation of several effects
during batch growth, e.g., the accumulation of core lipids via degradation of IPLs
due to cell lysis. While core lipids were abundant during growth and in stationary
phase, no accumulation during the course of the experiment was observed. Indeed,
core lipid abundance and intact polar lipid composition did not change significantly
during 20 days of stationary conditions between early and late stationary phase
(Table 3.1 and 3.2). Furthermore, the abundant GDGT isomers in the TLE were not
observed in the hydrolyzed extract and changed in abundance during the course of
the experiment (Fig. 3.4). Therefore, core GDGTs are not reflecting the IPL pool and
were therefore likely not directly derived from IPLs in N. maritimus. Collectively, this
suggests that the contribution of lysed cells to the total GDGT pool was generally low
and therefore did not significantly affect our cellular GDGT estimates (Table 3.1).
In contrast, high cellular GDGT contents (analyzed as core GDGTs) of up to 30 fg
cell

1

in environmental samples and enrichment cultures (e.g., WUCHTER, 2006;

HERFORT et al., 2007; PITCHER et al., 2009) vastly exceed the range of cellular lipid
quota anticipated from variations in cell size and lipid packing (cf. SIMON and AZAM,
1989; GABRIEL and CHONG, 2000). Estimates based on core GDGTs may instead have
included a contribution of fossil core GDGTs relative to IPL-derived GDGTs (cf. LIPP
and HINRICHS, 2009).

55

CHAPTER 3. EFFECTS OF GROWTH PHASE ON LIPID COMPOSITION
The abundance of lipids per cell was highest in late growth and early stationary
phases compared to early growth phase and late stationary phase. These differences
are likely caused by larger average cell size during growth and early stationary phase,
which decreased in stationary phase due to substrate-depletion (e.g., KJELLEBERG
et al., 1987; NYSTRÖM, 2004). Analogously, variations in cell size and therefore cellular
lipid content are likely to be constrained by nutrient dynamics in the typically energylimited marine environment (e.g., SCHUT et al., 1997). Assuming one copy of the 16S
rDNA gene per cell (WALKER et al., 2010), the variation in cell size with metabolic
status may therefore explain discrepancies between thaumarchaeal 16S rDNA and
intact polar GDGTs in water column profiles (PITCHER et al., 2011b; SCHOUTEN et al.,
2012). In addition, these discrepancies may also be attributed to employment of filters
with different pore sizes for genetic (0.2 m) and lipid biomarker analyses (0.7 m) as
previously suggested by INGALLS et al. (2012). Therefore, our results support previous
suggestions that cellular GDGT content may be used as an indicator of metabolic
status (cf. HUGUET et al., 2010).
3.4.2. Intact polar GDGTs as biomarkers for live thaumarchaea

The significant changes in the membrane lipid composition in N. maritimus during
growth have implications for the use of intact polar GDGTs in tracing live thaumarchaea
in the marine environment.
The abundance of HPH-crenarchaeol is thought to be the best indicator for live
thaumarchaea in the marine environment due to its specificity to the phylum Thaumarchaeota and the assumed reactivity of its phosphorous ester bond relative to glycosidic
bonds (e.g., SCHOUTEN et al., 2008; PITCHER et al., 2011a). The high abundance of
HPH-GDGT during growth and its decrease to near absence in late stationary phase in
our experiment indicates its capacity for tracing not only live but especially growing
thaumarchaea (Fig. 3.3).
In contrast to HPH-GDGTs, glycosidic GDGTs are assumed to be more refractory and
may therefore overestimate the living biomass (e.g., HARVEY et al., 1986; SCHOUTEN
et al., 2010). This notion can be challenged on the basis of results by LOGEMANN et al.
(2011) which suggested about equal degradation rates of phospho- and glycosidic
archaeal diethers. Nevertheless, SCHOUTEN et al. (2012) attributed peaks in 1G-GDGT
abundance in the Arabian Sea water column that were not correlated to HPH-GDGT
abundance to preferential degradation of HPH-GDGTs. Our results demonstrate that
low HPH-GDGT abundance does not correspond to low thaumarchaeal biomass. On
the basis of our experiments (cf. Fig. 3.3), we suggest that varying ratios of the
abundance of HPH-GDGTs over 1G-GDGTs in environmental samples are reflective of
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the metabolic status of the thaumarchaeal community rather than being solely caused
by selective degradation.
We anticipate that a dormant thaumarchaeal population has a higher ratio of 1GGDGTs to HPH-GDGTs compared to a metabolically active community. Indeed, PITCHER
et al. (2011b) showed that HPH-crenarchaeol abundance correlated more strongly
with transcribed 16S rRNA and amoA mRNA than with 16S rDNA and amoA gene
copy numbers. This observation is consistent with our argument that an absence of
HPH-crenarchaeol does not necessarily imply an absence of living thaumarchaeal
biomass but corresponds to lower metabolic activity. Therefore, we propose that HPHcrenarchaeol abundance is linked to growing and metabolically active cells rather
than to abundance of viable cells. Based on our experiments, we propose that lipids
that do not change significantly in abundance during growth, e.g., 2G-and 2G-OHGDGTs (Fig. 3.3a), have the highest suitability for quantification of live thaumarchaeal
biomass in aquatic (non-sedimentary) samples.
3.4.3. Influence of growth phase and core structure distribution in IPLs on the
TEX86 paleotemperature proxy

The inverse correlation of in situ TEX86 and water temperature observed in several
water column studies (e.g., TURICH et al., 2007; SCHOUTEN et al., 2012) is in contrast
to the positive correlation of SST and TEX86 in core-top sediments (SCHOUTEN et al.,
2002; KIM et al., 2008), suggesting the influence of additional parameters on the TEX86
proxy. In environmental systems, the entanglement of environmental and physiological
parameters (e.g., temperature, salinity, metabolic status) hampers the evaluation of
their separate influence on TEX86 (PEARSON and INGALLS, 2013). N. maritimus may
serve as a useful model for studying the influence of growth parameters on lipid
composition and the TEX86 proxy since most planktonic thaumarchaeal sequences
found in the Global Ocean Sampling database are closely related to N. maritimus
(WALKER et al., 2010; STAHL and DE LA TORRE, 2012), although environmental lipid
distributions might be influenced by parameters that are not captured in pure culture
experiments.
Under the controlled conditions of our pure culture experiment, we observed a
dependence of TEX86 on growth phase, resulting in an increase in TEX86 temperature
of 6 C in the total GDGT pool and 1-9 C for individual IPLs from early growth to
stationary phase (Fig. 3.7). The total GDGTs (96-99% IPL-derived, Table 3.1) show a
TEX86 temperature of 30 C in stationary phase, while the core GDGTs in the TLE match
the incubation temperature of 28 C. A similar offset of TEX86 between IPL-derived
and core GDGTs has been observed in water column and sediment profiles (LIPP and
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HINRICHS, 2009; LIU et al., 2011; LENGGER et al., 2012; SCHOUTEN et al., 2012). LIPP
and HINRICHS (2009) and LIU et al. (2011) explained this offset in sediments by GDGT
production by benthic archaea, while others suggested that this offset was caused by
selective degradation of IPLs (LENGGER et al., 2012; SCHOUTEN et al., 2012; LENGGER
et al., 2013). However, both explanations do not apply to our pure culture experiment
and therefore the observed offset, along with the remark- able differences in the GDGT
shoulder compounds, is likely a biosynthetic signature. In the present study, this offset
is also not an artifact caused by co-elution of core GDGTs with unsaturated GDGTs
that may have been formed by dehydration of OH-GDGTs during hydrolysis (cf. LIU
et al., 2012b) because unsaturated GDGTs were not detected in the hydrolyzed extract
when analyzed using the RP-HPLC-MS protocol of ZHU et al. (2013, 2014b).
LENGGER et al. (2012) showed that 1G- and 2G-GDGTs exhibited higher TEX86
values compared to HPH-GDGTs in sediment from the Arabian Sea, and speculated
that preferential degradation of HPH-GDGTs caused elevated IPL-derived TEX86 values.
We found that TEX86 values are inherently variable between different IPLs (Table 3.3; cf.
BASSE et al., 2014) but the specific stratification of TEX86 values is only observed during
early growth while during the other examined growth phases 1G- and HPH-GDGTs
exhibited similar values. When converted to temperatures, the TEX86 of 2G-GDGTs
indicates

38 C, overestimating incubation temperature by 10 C, while 1G- and

HPH-GDGTs underestimate incubation temperature by 2-5 and 1-11 C, respectively
(Fig. 3.7). This divergence indicates that the correlation of TEX86 with temperature is
distinct for specific IPLs and different from that of total GDGTs, which overestimate
incubation temperature by 2 C in stationary phase.
Overall, the strong increase of TEX86 values from growth to stationary phase suggests
that growth phase exerts substantial influence on GDGT ring distribution. Since growth
phase corresponds to conditions of higher ammonia availability and stationary phase
to ammonia depletion, our results imply that nutrient conditions may influence the
TEX86 signal in the environment. Therefore, our findings suggest that the seasonality
of TEX86 values of marine AOA assemblages may not only reflect seasonal temperature
variability (e.g., WUCHTER et al., 2005; LEIDER et al., 2010; TURICH et al., 2013) but
also nutrient availability (cf. TURICH et al., 2007).
The 6 C variability of TEX86 temperatures observed for different growth phases of
N. maritimus is significantly higher than the analytical error of the TEX86 temperature proxy of 0.7 C (SCHOUTEN et al., 2007b). Assuming that N. maritimus serves
as a useful model for environmental planktonic communities, nutrient dynamics are
likely recorded in TEX86 -paleotemperature records and need to be considered for
confidently interpreting the TEX86 signal. For example, TEX86 values obtained from
nutrient-replete near-shore and oceanic upwelling environments systematically un-
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derestimate water temperature (HUGUET et al., 2007; LEE et al., 2008; LEIDER et al.,
2010; WEI et al., 2011). This bias towards colder temperatures has been interpreted
as a shift in the depth of GDGT production (KIM et al., 2008; cf. TAYLOR et al., 2013).
This interpretation may need to be revised in light of several more recent reports
of increasing TEX86 values with water depth (SCHOUTEN et al., 2012; HERNÁNDEZSÁNCHEZ et al., 2014; XIE et al., 2014). In contrast, the cold bias observed during
growth of N. maritimus suggests a potential causal link between low TEX86 values and
high nutrient availability in upwelling systems and reconciles these contradictions.
This notion is further supported by strongly increasing ratios of GDGT-2 to GDGT-3 in
N. maritimus between early growth and late stationary phase (Supp. Table 3.4). An
increase of similar magnitude with water depth has been observed in water column
suspended particulate matter (cf. TAYLOR et al., 2013), indicating that deep-water
thaumarchaea might be increasingly nutrient-limited or non- growing compared to
shallow-water assemblages.
The TEX86 SST proxy is based on the distributions of core GDGTs in sediments;
these compounds are presumably released from their IPL precursors during early
diagenesis. Our data show that the four compounds used for calculation of the TEX86
derive from three principal IPL precursors, whose relative importance changes with
growth (Fig. 3.8). Even though the differences in reactivity of the various glycosidic
and phosphatidic bonds that need to be cleaved to release the respective core GDGTs
from these IPLs are not constrained (cf. LOGEMANN et al., 2011), it is plausible that
their diagenetic fates in the environment differ given their differences in chemical
structure and polarity. For example, the low abundance of the crenarchaeol regioisomer
in N. maritimus and similar observations in enrichment cultures and mesocosms
(WUCHTER et al., 2004; SCHOUTEN et al., 2007a; PITCHER et al., 2011a) are in contrast
to higher abundances observed in marine suspended particulate matter and sediments
(e.g., INGALLS et al., 2012; SCHOUTEN et al., 2012). The fact that the crenarchaeol
regioisomer (Cren’) originates from a different distribution of IPL precursors than the
other three compounds (GDGT-1 to -3; Fig. 3.8) raises the possibility that inclusion
of the former compound in the TEX86 may complicate its utility as a SST proxy and
endorses the use of TEX86 derivatives such as the TEXL86 that omit this compound (cf.
SHAH et al., 2008; KIM et al., 2010).
3.4.4. Identification of methoxy diether and tetraether lipids in N. maritimus

Diether lipids have hitherto not been reported in cultivated representatives of the
Thaumarchaeota except for minor abundances in N. maritimus (SCHOUTEN et al.,
2008). In contrast, we observed that archaeols account for up to 13% of the total

59

CHAPTER 3. EFFECTS OF GROWTH PHASE ON LIPID COMPOSITION
glycerol-based lipids in N. maritimus. However, archaeols were only a minor fraction
of the IPLs and were predominantly present as apolar MeO-AR and core archaeol.
These two compounds each comprised about 4% of the total glycerol-based membrane
lipids of N. maritimus, respectively.
Similar methoxy di- and tetraether lipids have previously been observed as artifacts
arising from acid methanolysis of archaeal lipids (FERRANTE et al., 1988; EKIEL and
SPROTT, 1992; KNAPPY et al., 2009). However, the presence of these compounds in nonhydrolyzed, ethanol extracted TLE of N. maritimus and the distinct ring distribution of
MeO-GDGTs in comparison to core GDGTs strongly suggest that these methoxylated
ether lipids are of biosynthetic origin. The retention times, mass spectra and acetylation
products of methoxy GDGTs are also distinct from those of the butanetriol tetraethers
recently identified by ZHU et al. (2014a) and the alkyl-methylated GDGTs observed by
KNAPPY et al. (2009) and GALLIKER et al. (1998).
Methoxy di- and tetraether lipids are equally abundant in all growth phases of
N. maritimus, while the ratio of methoxy archaeol to archaeol increases throughout
growth due to a relative decrease in archaeol abundance. This indicates that methoxy
archaeol may be required in similar amounts irrespective of growth phase and may
serve a different biological function than archaeol. Elucidating the exact function of
these methoxy ether lipids in physiological and/or biosynthetic process will require
more research. The biosynthesis of methoxy di- and tetraether lipids has not been
previously reported from other archaea. Thus, it seems possible that these novel lipids
are restricted to planktonic archaea. Given the high abundance of Nitrosopumilus-like
thaumarchaea in the ocean, a considerable fraction of the intact and core archaeols
found in environmental samples might in fact be derived from thaumarchaea. Likewise,
we expect that MeO-AR and MeO-GDGTs may also be found in the marine water
column and surface sediments. Therefore, this suite of lipids might have a high
potential to serve as novel biomarkers in the marine environment.

3.5. Conclusions
In summary, the present study demonstrates that the lipid composition of N. maritimus
changes markedly with growth phase. This observation likely applies to other marine
AOA and impacts both the use of GDGTs and the corresponding IPLs as biomarkers for
thaumarchaea and of GDGTs in TEX86 paleothermometry. While results from batch
culture experiments might not be directly transferable to the environment, the ability to
perform reproducible batch culture experiments with N. maritimus opens new avenues
towards a mechanistic understanding of the formation of archaeal lipid signatures
in the environment. Our data do not support the notion that high abundances of
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1G-GDGTs relative to HPH-GDGTs in the water column indicate “fossil” intact polar
lipids originating from unviable biomass. Instead, HPH-GDGT abundance seems to
be linked to growing and metabolically active cells rather than to the abundance of
viable cells. We therefore propose that a high ratio of 1G- to HPH-GDGTs indicates
thaumarchaeal communities at steady state, e.g., under oligotrophic conditions (cf.
KJELLEBERG et al., 1987; NYSTRÖM, 2004), while relatively high HPH proportions
indicate metabolically active AOA assemblages, for example at the onset of seasonal
blooms. Consequently, lipids such as 2G- and 2G-OH-GDGTs, i.e., compounds whose
relative proportions do not change significantly during growth, have the greatest
potential for quantification of viable thaumarchaeal biomass in aquatic samples. The
novel methoxy derivatives of archaeol and GDGTs may serve as additional biomarkers
for marine thaumarchaea; studies of their occurrence among archaeal taxa as well as
their distribution in the environment will shed light on their taxonomic specificity and
relevance.
The TEX86 -temperatures of specific IPLs and total GDGTs increased by up to 9 C
between growth and stationary phase. This shows that metabolic state has a profound effect on GDGT cyclization and thus TEX86 -derived temperatures. Moreover,
the relative contributions of individual IPLs as potential sources of individual core
GDGTs change during growth, and the four core GDGTs included in the TEX86 are
generally sourced in different proportions from the principal IPL precursors. Consequently, diagenetic processes (cf. LIPP and HINRICHS, 2009; LENGGER et al., 2012;
SCHOUTEN et al., 2012; LENGGER et al., 2013) may distinctly affect the individual core
GDGTs during their hydrolytic release from polar precursors. Collectively, our results
suggest that a complex interplay of processes independent of temperature influences
the formation of the TEX86 signal. Our observations emphasize the need to accurately
describe the factors influencing GDGT cyclization in thaumarchaea and potentially
affecting TEX86 paleotemperature reconstructions.

Acknowledgements
We thank L. Wörmer for supporting HPLC-MS analysis. The study was funded by
the European Research Council under the European Union’s Seventh Framework
Programme–’Ideas’ Specific Programme, ERC Grant agreement No. 247153 (Advanced
Grant DARCLIFE; PI: K.-U.H.) and by the Deutsche Forschungsgemeinschaft through
the Gottfried Wilhelm Leibniz Prize awarded to Kai-Uwe Hinrichs and instrument
grant Inst 144/300-1 (LC-qTOF system) and the DFG-Research Center/Cluster of
Excellence MARUM.

61

CHAPTER 3. EFFECTS OF GROWTH PHASE ON LIPID COMPOSITION

3.6. Supporting Information
3.6.1. Hydrogenation

Presence of double bonds in GTGT-1 was assessed by performing platinum oxide
catalyzed hydrogenation on a N. maritimus TLE aliquot with squalene as an internal
standard (cf. BECKER et al., 2013). A standard mix containing cis- and trans-phytol as
well as squalene was hydrogenated in parallel to serve as a control. In brief, 10 mg
of PtO2 were filled into a self-made glass ampoule, 100 l of n-hexane were added
and the mixture was purged with hydrogen gas. The sample was dissolved in 50 l
n-hexane and added to the ampoule. Subsequently, the ampoule was flushed with
hydrogen and sealed. After 1 hour at 60 C, the samples were evaporated to dryness
and prepared for GC-MS and NP-HPLC-APCI-MS analysis.
3.6.2. Theoretical cell volume

We assumed a power-law relationship of cellular lipid content and cell volume based
on Simon and Azam (1989): Cell volume ( m3 ) = 0.027 x1.48 with x = lipid/cell in fg.
Supplementary Table 3.1 Affiliation of GDGT core structures to the three major lipid
classes of N. maritimus (in %) in different growth and stationary phases.
Time interval
Early growth phase
1G-GDGTs
2G-GDGTs
HPH-GDGTs
Late growth phase
1G-GDGTs
2G-GDGTs
HPH-GDGTs
Early stationary phase
1G-GDGTs
2G-GDGTs
HPH-GDGTs
Late stationary phase
1G-GDGTs
2G-GDGTs
HPH-GDGTs

62

GDGT-0

GDGT-1

GDGT-2

GDGT-3

GDGT-4

Cren

Cren’

51.1
0.3
48.5

50
5.3
44.7

33.2
42.1
24.7

38.6
51.7
9.7

43.8
44.7
11.5

55.4
0.3
44.3

35.3
53
11.7

84.4
0.1
15.4

84
1.2
14.8

64.9
22.4
12.7

71.8
20.5
7.7

65.7
32.4
1.9

75.4
0.1
24.5

55
36
8.9

82
0.4
17.6

86.2
2.3
11.6

62.5
28.1
9.4

65.5
32.3
2.2

57.1
41.2
1.7

88.5
0.4
11.2

47.2
51.5
1.3

95.5
0.1
4.4

95.2
0.7
4.1

78.3
17.2
4.5

85.7
12.1
2.3

79.2
20
0.8

92.1
0.1
7.8

33.8
64.4
1.8
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Supplementary Table 3.2 Means and standard deviations of relative lipid abundances
determined for extracts of N. maritimus grown in triplicate and harvested in early
stationary phase.

Intact polar lipids
1G-GDGT
1G-OH-GDGT
2G-GDGT
2G-OH-GDGT
2G-2OH-GDGT
HPH-GDGT
PH-GDGT
early-2G-GDGT
deoxy-1G-GDGT
1G-GDD
1G-AR
PH-AR
Total intact polar lipids

Mean abundance (%)

Standard deviation (%)

46.8 (51.0)
2.5 (2.8)
10.0 (10.7)
20.7 (22.8)
1.9 (2.1)
6.3 (6.8)
0.1 (0.1)
2.6 (2.8)
0.4 (0.5)
<0.1 (<0.1)
0.2 (0.2)
0.2 (0.3)
91.8

8.1 (7.9)
0.9 (1.2)
5.9 (5.9)
5.1 (6.8)
0.7 (0.7)
0.5 (0.3)
0.1 (0.2)
2.0 (2.0)
0.3 (0.4)
<0.1 (<0.1)
<0.1 (<0.1)
0.3 (0.3)
5.5

3.1
0.1
0.2
0.2
<0.1
<0.1
1.7
2.8
<0.1
<0.1
8.2

2.8
0.1
0.2
0.2
<0.1
<0.1
1.3
1.2
<0.1
<0.1
5.5

Core/apolar lipids
C-GDGT
C-OH-GDGT
Me-C-GDGT
GTGT
GDD
OH-GDD
C-AR
Me-AR
1uns-C-AR
2uns-C-AR
Total core lipids

Supplementary Table 3.3 Means and standard deviations of TEX86 values determined
for extracts of N. maritimus grown in triplicate and harvested in early stationary phase.

1G-GDGTs
2G-GDGTs
HPH-GDGTs
C-GDGTs
C-GDGTs incl. shoulders
Total GDGTs
Total GDGTs incl. shoulders

Mean TEX86

Standard deviation

0.66
0.97
0.63
0.69
0.63
0.75
0.76

0.03
<0.01
0.01
0.04
0.01
0.04
0.05
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Supplementary Table 3.4 Relative abundance of GDGT core structures of major lipid
classes of N. maritimus (in %) in different growth and stationary phases.
Time interval

GDGT- GDGT- GDGT- GDGT- GDGT- Cren Cren’ GDGT-2/
0
1
2
3
4
GDGT-3

Early growth phase
1G-GDGTs
23.7
2G-GDGTs
0.4
HPH-GDGTs
29
C-GDGTs
29.3
C-GDGTs incl.
26.2
shoulders
Total GDGTs
18
Total GDGTs
16.9
incl. shoulders
Late growth phase
1G-GDGTs
25.8
2G-GDGTs
0.3
HPH-GDGTs
23.21
C-GDGTs
19.5
C-GDGTs incl.
17.3
shoulders
Total GDGTs
15.1
Total GDGTs
14.4
incl. shoulders
Early stationary phase
1G-GDGTs
18
2G-GDGTs
0.4
HPH-GDGTs
29
C-GDGTs
15.3
C-GDGTs incl.
16.8
shoulders
Total GDGTs
14.2
Total GDGTs
13.2
incl. shoulders
Late stationary phase
24.5
1G-GDGTs
2G-GDGTs
0.4
HPH-GDGTs
21.18
C-GDGTs
12.9
C-GDGTs incl.
11.9
shoulders
Total GDGTs
12.7
Total GDGTs
11.9
incl. shoulders
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17.2
4.7
19.8
19.3
19.9

17.3
56.3
16.6
9
13.5

6.5
22.3
2.1
15.5
14.5

5
13.1
1.7
15.4
15.4

9.9
10.2

11.5
12.2

3.7
4.1

0.3
2.1

17.7
2
15.4
15.1
18.2

21.5
59
20.7
18.7
21.4

7.2
16.3
3.8
12
11

5
19.6
0.7
15.6
14.8

10.3
10.6

19.2
20.7

3.5
3.8

16.6
2.1
16.7
11.9
16.4

23.1
49.5
26
20.9
20.9

11.2
11.5

29.6
0.4
30.5
11.2
10.3

Cren/(Cren
+ GDGT-0)

0.7
2.7
0.3
0.3
0.2

2.7
2.5
7.9
0.6
0.9

0.6
0.5
0.5
0.3
0.3

55.9 0.7
53.9 0.6

3.1
3

0.8
0.8

22.3
0.3
35.7
18.6
16.8

0.5
2.6
0.4
0.6
0.5

3
3.6
5.4
1.6
1.9

0.5
0.5
0.6
0.5
0.5

3
3.4

48.3 0.7
46.3 0.7

5.5
5.4

0.8
0.8

8.9
20.9
2.2
5
6.3

7
24.1
1.6
6.9
8.3

25.9
0.5
24.5
39.3
30.9

0.5
2.6
b.d.
0.6
0.5

2.6
2.4
11.8
4.2
3.3

0.6
0.6
0.5
0.7
0.6

24.3
26

7.4
7.7

3.8
4.3

38.2 0.9
36.4 0.9

3.3
3.4

0.7
0.7

17.8
1.6
14.4
10.5
13

23.4
64.8
25.6
21.7
23

7.6
13.5
3.8
4.2
4.3

5.4
17.2
1
5.9
6

21.2
0.2
33.9
44.3
41.3

3.1
4.8
6.7
5.2
5.3

0.5
0.3
0.6
0.8
0.8

9.6
9.8

24.5
25.9

3.5
3.7

1.5
1.9

47.5 0.7
46.1 0.6

7
7

0.8
0.8

0.1
2.4
b.d.
0.6
0.5
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A

MeO-GDGTs

Intensity

2/3a
0/1b

1/2b
2a

1a

3

B
1320

1315

1310

m/z
12
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Retention time (min)

C

MeO-GDGT-1

557.6019
555.5875

Intensity

613.6302
755.7147
[M+H]+
1314.3278

193.1975
663.6740
289.2896

1283.2964
1226.2979

485.5097
871.8893

200

D

400

600

800

960.9299

1000

1200

1400

557.6007 613.6278

MeO-GDGT-2

Intensity
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755.7109
+

[M+H]
1312.3083

737.6999

193.1967
459.4932

1281.2969
200

400
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800

1000

1200

1400

m/z

Supplementary Figure 3.1 Reconstructed base peak chromatogram (A) and density
map (B) of late growth phase extract of N. maritimus obtained by normal phase HPLCMS showing elution of methoxy GDGTs (MeO-GDGTs) with 0 to 3 rings and associated
isomers 1a, 1b, 2a, 2b, and 3a. Panels (C) and (D) show MS2 spectra of MeO-GDGT-1
(m/z 1314.3 [M+H]+ ) and MeO-GDGT-2 (m/z 1312.3 [M+H]+ ), respectively.
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Supplementary Figure 3.2 MS2 spectra of (A) GTGT-0 (m/z 1304.3 [M+H]+ ), (B)
GTGT-1 (m/z 1302.3 [M+H]+ ) and (C) the in-source fragment (m/z 1302.3 [M+H]+ )
of OH-GTGT-0 (m/z 1320.3 [M+H]+ ) obtained by normal phase HPLC-APCI-MS of
late growth phase extract of N. maritimus. Lower panels in (D) show detailed views of
fragments containing only biphytane as side chain (m/z 669.7 and 743.7), fragments
containing either phytane (m/z 373.4), monocyclic phytane or phytene (m/z 371.4;
RDBE = ring or double bond equivalent), as well as fragments containing biphytane
plus phytane (m/z 931.4) and biphytane plus monocyclic phytane or phytene (m/z
929.9). Please note that the exact position of the ring in GTGT-1 and the double bond
(hydroxyl group) in OH-GTGT-0 cannot be inferred from the spectra.
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Abstract
Marine ammonia-oxidizing archaea of the phylum Thaumarchaeota are a cosmopolitan
group of microorganisms representing a major fraction of the picoplankton in the
ocean. The cytoplasmic membranes of Thaumarchaeota consist predominantly of intact
polar isoprenoid glycerol dibiphytanyl glycerol tetraether (GDGT) lipids, which may
be used as biomarkers for living Thaumarchaeota. Thaumarchaeal GDGTs accumulate
as core lipids in marine sediments and serve as the basis for geochemical proxies
such as the TEX86 paleothermometer, which is based on the empirical correlation of
the degree of GDGT cyclization in core-top sediments and sea surface temperature.
However, discrepancies between in situ and TEX86 -reconstructed temperatures in the
marine water column indicate that the physiological and ecological controls on GDGT
composition in Thaumarchaeota remain poorly understood. Here, we demonstrate
that the responses of membrane lipid compositions and resulting TEX86 values to
growth temperature strongly diverge in three closely related thaumarchaeal pure
cultures, including Nitrosopumilus maritimus and two novel strains isolated from
South Atlantic surface water. While the intact polar and core lipid inventories of the
three strains were overall similar, N. maritimus and the closest related strain NAOA6
showed linear relationships of TEX86 and growth temperature in comparison to nonlinear temperature response in the more distantly related strain NAOA2. This disparate
relationship of TEX86 to growth temperature among closely related Thaumarchaeota
suggests that the TEX86 signal in natural samples may include an ecological component
that requires further attention. In contrast, differences in salinity between 27h and
51h had no significant effect on intact polar GDGT composition and TEX86 values

in N. maritimus. Similarly, variations of pH from 7.3 to 7.9 showed little influence

on intact polar GDGT composition but slightly elevated TEX86 values at lower pH.
In sum, our pure culture studies promote the understanding of intact polar GDGTs
as biomarkers of Thaumarchaeota in the marine water column and suggest that
the TEX86 paleotemperature proxy is not solely dependent on growth temperature,
but amalgamates several physiological and environmental factors such as metabolic
state, pH, and phylogenetic composition of marine thaumarchaeal assemblages. The
disparate relationships of TEX86 -derived and actual growth temperature among closely
related Thaumarchaeota suggests that changes in community composition may exert
a strong control on TEX86 signatures.
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4.1. Introduction
Archaeal membrane lipids are found ubiquitously in the environment. In particular,
glycerol dibiphytanyl glycerol tetraether lipids (GDGTs) are abundant in the marine
water column and sediments and are thought to originate primarily from planktonic
Thaumarchaeota (HOEFS et al., 1997; DELONG et al., 1998; SCHOUTEN et al., 2000).
Archaea of the recently established phylum Thaumarchaeota (formerly Marine Group
I Crenarchaeota, BROCHIER-ARMANET et al., 2008; SPANG et al., 2010) are globally
abundant aerobic chemolithoautotrophs that generate energy by oxidizing ammonia
to nitrite (KÖNNEKE et al., 2005; WALKER et al., 2010; KÖNNEKE et al., 2014) and
account for up to 20 % of the total picoplankton in the ocean (KARNER et al., 2001;
SCHATTENHOFER et al., 2009). Similarly, ammonia-oxidizing Thaumarchaeota have
been recognized as the predominant nitrifiers in a wide range of terrestrial habitats
(FRANCIS et al., 2005; LEININGER et al., 2006; AUGUET and CASAMAYOR, 2008; DE LA
TORRE et al., 2008) and their GDGTs are abundant in soils, lakes, and hydrothermal
springs (e.g. PEARSON et al., 2004; POWERS et al., 2004; LEININGER et al., 2006).
Physiological, genetic, and biochemical studies of the first thaumarchaeal isolate,
Nitrosopumilus maritimus, revealed that marine planktonic Thaumarchaeota are well
adapted to the oligotrophic conditions typically encountered in the pelagic ocean by
having high substrate-affinities and using an energy-efficient carbon fixation pathway
(MARTENS-HABBENA et al., 2009; WALKER et al., 2010; KÖNNEKE et al., 2014). In
addition, their GDGT monolayer membranes have been suggested to be particularly
adapted for minimized ion and proton permeability, thus reducing maintenance energy
and maximizing proton motive force (VAN DE VOSSENBERG et al., 1998; MATHAI et al.,
2001; KONINGS et al., 2002; VALENTINE, 2007).
In living Thaumarchaeota, GDGTs occur as intact polar lipids (IPLs), i.e., with a
polar headgroup attached to the GDGT core lipid. Typical IPLs of cultivated Thaumarchaeota comprise monoglycosidic, diglycosidic or glycophosphatidic headgroups
attached to GDGTs with zero to four cyclopentyl rings and crenarchaeol, a GDGT
with four cyclopentyl and one cyclohexane ring that has been exclusively found in
Thaumarchaeota (SINNINGHE DAMSTÉ et al., 2002b; SCHOUTEN et al., 2008; PITCHER
et al., 2011a; ELLING et al., 2014).
Intact polar GDGTs, particularly with crenarchaeol as the core lipid, are commonly
used as biomarkers for thaumarchaeal abundance and archaeal community structure
in the water column (e.g. SCHUBOTZ et al., 2009; SCHOUTEN et al., 2012; BASSE et al.,
2014). After loss of the polar headgroup following cell lysis, GDGTs of planktonic
archaea accumulate as core lipids in sediments and may be preserved over geologic
timescales (e.g. CARRILLO HERNANDEZ, 2004; JENKYNS et al., 2012). Sedimentary
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core GDGTs thus represent molecular fossils indicative of past archaeal activity and
membrane lipid adaptation. In particular, the degree of cyclization of GDGTs in marine
surface sediments, especially of the GDGTs with one to three cyclizations and the
crenarchaeol regioisomer (Fig. 4.1) as indexed in the TEX86 ratio, was found to
correlate with sea surface temperature (SST; SCHOUTEN et al., 2002). The calibration
of the TEX86 ratio in globally distributed core-top sediments with satellite-derived SSTs
(SCHOUTEN et al., 2002; KIM et al., 2008, 2010) subsequently laid the foundation of
the TEX86 paleothermometer. While TEX86 paleothermometry has been widely applied
for reconstructing past SSTs reaching back as far as the Cretaceous and Middle Jurassic
(e.g. JENKYNS et al., 2012; LINNERT et al., 2014), it has become evident that the
simple assumptions underlying this paleothermometer, i.e., a sole dependence of
GDGT cyclization on temperature and the provenance of sedimentary GDGTs from
surface waters, are inconsistent with the current understanding of thaumarchaeal
physiology and ecology (reviewed in PEARSON and INGALLS, 2013).
While the general concept of GDGT cyclization as a means of temperature adaptation is well established for cultivated thermophilic archaea (CHONG, 2010; KOGA,
2012; OGER and CARIO, 2013), direct evidence for a physiological basis of the TEX86
paleothermometer from planktonic thaumarchaeal cultures is still lacking. Indeed,
the sole dependence of TEX86 on growth temperature seems unlikely given the fact
that multiple additional factors such as pH (SHIMADA et al., 2008; B OYD et al., 2011),
salinity (DAWSON et al., 2012) and pressure (KANESHIRO and CLARK, 1995) have been
shown to affect lipid composition in other archaea. So far, observational evidence has
only documented the significant influence of growth phase and thus energy limitation
on lipid composition and TEX86 in cultivated Thaumarchaeota (ELLING et al., 2014).
Recent analyses of intact polar and core GDGT compositions of in situ planktonic
assemblages show that TEX86 values of both fossil and living subsurface archaeal
biomass do not reflect in situ water temperatures in various oceanic provinces, neither
in trend nor magnitude (WUCHTER et al., 2005; INGALLS et al., 2006; TURICH et
al., 2007; SCHOUTEN et al., 2012; BASSE et al., 2014; HERNÁNDEZ-SÁNCHEZ et al.,
2014; XIE et al., 2014). The discrepancies between in situ and TEX86 temperatures
in the marine water column indicate that both the export depth of the TEX86 signal
as well as the physiological and ecological controls on GDGT composition in living
Thaumarchaeota remain poorly understood.
In particular, the mechanism coupling TEX86 to sea surface temperature remains
elusive given the fact that Thaumarchaeota are most abundant and active in subsurface waters broadly coinciding with the deep chlorophyll maximum (MASSANA
et al., 1997; KARNER et al., 2001; FRANCIS et al., 2005; CHURCH et al., 2010). Moreover,
thaumarchaeal shallow (0-200 m) and deep water (>200 m) ecotypes live under
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Figure 4.1. Structures of thaumarchaeal glycerol dibiphytanyl glycerol tetraether
(GDGT) and glycerol diphytanyl diether (archaeol) core lipids. GDGTs may contain up to
four cyclopentane rings or one cyclohexane and four cyclopentane rings (crenarchaeol).
Derivatives of basic lipid structures comprise GDGTs containing one (OH-GDGT) or
two (2OH-GDGT) additional hydroxyl groups and zero to four cyclopentane rings in
the biphytanyl side chain, acyclic or monocyclic glycerol trialkyl glycerol tetraether
(GTGT), zero to five ring bearing glycerol dialkanol diethers (GDDs) as well as GDGT
and archaeol containing a methoxy group at the sn-1 position of the glycerol moiety
(MeO-GDGT and MeO-AR). Thaumarchaeal intact polar lipids consist of one or two glycosidic or glycophosphatidic headgroups attached to the glycerol sn-1 hydroxyl position
of a diether or tetraether core lipid.

contrasting nutrient regimes (FRANCIS et al., 2005; YAKIMOV et al., 2011; SINTES et al.,
2013), which may increase or decrease TEX86 under nutrient-limited or nutrient-replete
conditions, respectively, as suggested by culture experiments (ELLING et al., 2014).
Surface and deep thaumarchaeal ecotypes have also distinct GDGT biosynthetic genes
(VILLANUEVA et al., 2014a), which might be associated with preferential occurrence
of bicyclic over tricyclic GDGTs in deep compared to shallow waters (TAYLOR et al.,
2013; KIM et al., 2015). In addition to vertical ecological differences, thaumarchaeal
assemblages in the Arctic and Antarctic oceans and the Red Sea are phylogenetically
distinct from tropical and temperate planktonic Thaumarchaeota (BANO et al., 2004;
GALAND et al., 2009a; IONESCU et al., 2009). Samples from these regions deviate
strongly from the global TEX86 calibration line (KIM et al., 2008; TROMMER et al.,
2009; KIM et al., 2010), indicating that phylogenetically distinct archaeal communities
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may have diverging TEX86 –temperature relationships. This observation as well as
regionally distinct thaumarchaeal seasonality inferred from core-top analyses have
resulted in a plethora of regional TEX86 regression lines (TROMMER et al., 2009; LEIDER
et al., 2010; HO et al., 2014; SEKI et al., 2014) which challenge the paleogeographical
and temporal applicability of the TEX86 paleothermometer
In order to better understand the influence of environmental and physiological
parameters on thaumarchaeal lipid composition and to enhance our ability to reliably
reconstruct past environments based on the geologic record, we assessed the influence
of temperature, salinity, and pH on intact polar and core lipid composition of the
first ammonia-oxidizing pure culture Nitrosopumilus maritimus. We demonstrate that
membrane lipid composition in N. maritimus responds to changes in temperature and
pH, but not to salinity, and thus forms a part of thaumarchaeal homeostasis. Moreover,
we report the isolation of two novel thaumarchaeal ammonia oxidizers from the
southern Atlantic Ocean that share close relatedness to N. maritimus with respect
to their 16S rRNA and amoA genes as well as their membrane lipid compositions.
Disparate responses of membrane lipid composition to temperature in N. maritimus
and the closely related strains suggest that thaumarchaeal community composition
may have a profound impact on TEX86 signatures.

4.2. Experimental procedures
4.2.1. Isolation of ammonia-oxidizing archaea from marine surface water

Two strains of ammonia-oxidizing archaea were isolated from surface water samples
from the Benguela upwelling system (Fig. 4.2) at stations GeoB 12802 (NAOA2; 5
m water depth; in situ temperature (14.9 C; 25 30’S, 13 27’E) and GeoB 12806
(NAOA6; 5 m; 13.6 C; 25 S, 14 23’E) taken during R/V Meteor cruise M76/1 in
2008 (ZABEL et al., 2008). Surface ocean water (200 ml) was passed through a
0.45 m pore size filter to exclude particles and larger biota. The filtered water was
supplemented with 0.5 mM NH+4 and 100 mg l

1

streptomycin to select for archaeal

ammonia-oxidizers. After incubation at 15 C for 3 years, significant amounts of nitrite
had accumulated in the samples. The enrichments were transferred to Synthetic
Crenarchaeota Medium (SCM, KÖNNEKE et al., 2005) containing 1 mM NH+4 as well
as 100 mg l

1

streptomycin. The enrichment was then incubated at 28 C and purified

by filtration through a 0.45 m pore size filter followed by serial dilutions in SCM
using 10 % inoculum for each transfer. Purity of the cultures was checked using phase
contrast microscopy and plating on agar SCM medium containing 1 g l

1

yeast extract,

glucose, and peptone incubated at 28 C. Remaining bacterial contaminations (<1 %
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of total cells) were removed using serial dilutions in SCM with 100 mg l

1

gentamicin

(NAOA2) or kanamycin (NAOA6).

Figure 4.2. Annual mean sea surface temperatures in the Benguela upwelling region
(World Ocean Atlas 2009; LOCARNINI et al., 2010). Diamonds indicate sampling sites of
surface water samples and used for isolating the novel strains NOA2 (GeoB 12802) and
NAOA6 (GeoB 12806) R/V Meteor cruise M76/1 in 2008.

The growth temperature range of the isolated strains was determined at 12 equally
spaced temperature intervals in the range of 12 to 40 C by using a temperature
gradient block (KALLMEYER et al., 2003). For this purpose, 8 ml aliquots of freshly
inoculated (10 % exponential-phase cells) SCM media were distributed into screwcapped hungate tubes, leaving 8 ml headspace. Nitrite concentrations were then
monitored for up to 40 days.
4.2.2. DNA extraction, gene amplification and phylogenetic reconstructions

Cell pellets for 16S rRNA and ammonia monooxygenase subunit A (amoA) gene
sequencing were collected by centrifugation (20,000 x g, 30 min) of 100 ml culture aliquots. Cells were lysed in 40 l MilliQ H2 O using micropistils and stored at
20 C. The archaeal 16S rRNA and amoA genes were amplified using the primers
Arch20F/Univ1492 (KANE et al., 1993; ALM et al., 1996) and amoA19F/616r (PESTER
et al., 2012), respectively. PCR reactions (100 l) were set up as follows: 10 l 10x
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reaction buffer (5 Prime GmbH, Hamburg), 10 l desoxynucleotides, 2.5 mM each
(Roche Diagnostic GmbH, Mannheim), 0.25 l Taq Polymerase, 5 u/ l (5 Prime GmbH,
Hamburg), 1 l of each primer (0 M), 1 l template, and 100 l with PCR-grade water.
Amplification of the 16S rRNA genes was performed under the following conditions:
initial denaturation at 94 C for 5 min, 30 cycles of 94 C for 1 min, 58 C for 1 min
and 72 C for 3 min, and a final extension of 72 C for 10 minutes. Likewise, amoA
genes were amplified with the following modifications: annealing at 53 C for 1 min
and extension at 73 C for 1 min.
For phylogenetic analyses of amoA and 16S rRNA gene sequences the ARB program
package was used (LUDWIG et al., 2004). For the amoA gene a termini-filter considering 576 nucleotide positions and for the 16S rRNA gene a 50 % conservation filter
were used. After manual refinement of the sequence alignment maximum parsimony,
distance-matrix (ARB Neighbour-Joining with the Jukes-Cantor factor) and maximumlikelihood calculations (Rax-ML) were calculated and consensus trees were generated
manually.
4.2.3. Cultivation and lipid extraction

For lipid analysis, N. maritimus strain SCM1 as well as strains NAOA2 and NAOA6
were grown aerobically in 8.5-l batch cultures of pH 7.5 HEPES-buffered Synthetic
Crenarchaeota Medium (SCM; 1.5 mM NH4 Cl, 5 % inoculum) as described previously
(KÖNNEKE et al., 2005; MARTENS-HABBENA et al., 2009; KÖNNEKE et al., 2012; ELLING
et al., 2014). For the temperature experiment, cultures were grown in duplicate or
triplicate at incubation temperatures of 2 C, 25 C, 28 C for N. maritimus, 18 C, 22 C,
28 C, 35 C for strain NAOA2 and 18 C, 22 C, 28 C for strain NAOA6. For the salinity
experiment, N. maritimus was grown at 28 C in a modified medium containing the
same proportions of inorganic salts as SCM at total salt concentrations of 27h, 37h,

44h, and 51h (44h and 51h in duplicate). For the pH experiment, N. maritimus

was grown at 28 C and pH 7.3, 7.6 and 7.9 (pH 7.3 and 7.9 in duplicate). The pH of
each bottle was checked daily and adjusted with sterile 1 M HCl or NaOH when pH
changed by more than 0.05.
Purity of the cultures was checked daily by phase contrast microscopy. Growth was
monitored by measuring nitrite formation. Nitrite concentrations were determined using diazo-colorimetry with photometric detection at 545 nm (STICKLAND and PARSONS,

1972).
Cells were harvested in early stationary phase (temperature and pH experiments)
or mid to late growth phase (salinity experiment) using a Sartocon Slice cross-flow

74

4.2. EXPERIMENTAL PROCEDURES
filtration system (Sartorius, Göttingen, Germany). The cell pellets (ca. 1010 to 1011
cells) were stored at

20 C until extraction. Lipids from each batch were extracted

following a modified Bligh & Dyer protocol (STURT et al., 2004) using phosphate and
trichloroacetic acid (CCl3 CO2 H) buffers (each 2x) and an ultrasonic probe (15 min
sonication; HD2200, Bandelin Electronic, Berlin, Germany). The total lipid extract
(TLE) was dried under a stream of N2 and stored at

20 C until measurement.

4.2.4. Intact polar and core lipid analysis

Intact polar and core lipids were quantified by injecting 5 to 10 % of the TLE dissolved
in methanol on a Dionex Ultimate 3000 high performance liquid chromatography
(HPLC) system connected to a Bruker maXis Ultra-High Resolution quadrupole time-offlight tandem mass spectrometer (qToF-MS) equipped with an ESI ion source operating
in positive mode (Bruker Daltonik, Bremen, Germany). The mass spectrometer was
set to a resolving power of 27000 at m/z 1222 and every analysis was mass-calibrated
by loop injections of a calibration standard and correction by lock mass, leading to
a mass accuracy of better than 1-3 ppm. Ion source and other MS parameters were
optimized by infusion of standards (GDGT-0, 1G-GDGT-0, 2G-GDGT-0) into the eluent
flow from the LC system using a T-piece.
Analyte separation was achieved using reversed phase (RP) HPLC on an ACE3 C18
column (2.1 x 150 mm, 3 m particle size, Advanced Chromatography Technologies,
Aberdeen, Scotland) maintained at 45 C as described by (ZHU et al., 2013). In brief,
analytes were eluted at a flow rate of 0.2 ml min

1

isocratically for 10 min with 100 %

eluent A (methanol:formic acid:14.8 M NH4 , 100:0.04:0.10, v:v:v), followed by a
linear gradient to 24 % eluent B (2-propanol:formic acid:14.8 M NH+4 , 100:0.04:0.10,
v:v:v) in 5 min, followed by a gradient to 65 % B in 55 min. The column was then
flushed with 90 % B for 10 min and re-equilibrated with 100 % A for 10 min.
To determine the TEX86 and ring indices of total GDGTs, 10 % of the TLE was
hydrolyzed with 1 M HCl in methanol for 3 h at 70 C to yield core GDGTs (ELLING
et al., 2014). The hydrolyzed TLE was then analyzed on the same system under
different chromatographic conditions using normal phase (NP) HPLC and an APCI-II
ion source operated in positive mode, as described by (BECKER et al., 2013). Briefly,
5 % TLE aliquots were dissolved in n-hexane:2-propanol (99.5:0.5, v:v) and injected
onto two coupled Acquity BEH Amide columns (2.1 x 150 mm, 1.7 m particle size,
Waters, Eschborn, Germany) maintained at 50 C. Lipids were eluted using linear
gradients of n-hexane (eluent A) to n-hexane:2-propanol (90:10, v:v; eluent B) at a
flow rate of 0.5 ml min 1 . The initial gradient was 3 % B to 5 % B in 2 min, followed
by increasing B to 10 % in 8 min, to 20 % in 10 min, to 50 % in 15 min and 100 % in
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10 min, followed by 6 min at 100 % B to flush and 9 min at 3 % B to re-equilibrate the
columns.
Lipids were identified by retention time as well as accurate molecular mass and
isotope pattern match of proposed sum formulas in full scan mode and MS2 fragment
spectra. Integration of peaks was performed on extracted ion chromatograms of

10

mDa width and included the [M+H]+ ions for NP-HPLC-MS and additionally [M+NH4 ]+
and [M+Na]+ ions for RP-HPLC-MS. Where applicable, double charged ions were
included in the integration. The areas of 1G-, 2G-, and HPH-GDGT-4 were corrected
for co-elution with the respective crenarchaeol regioisomer (Cren’) by subtracting the
area of the +2 Da isotope peak of Cren’, which was calculated from natural isotope
abundances (ZHANG et al., 2006).
Lipid abundances were corrected for response factors of commercially available as
well as purified standards as described in (ELLING et al., 2014). Archaeol was purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Phosphatidylglycerol-hexose
GDGT was obtained from Matreya LLC (Pleasant Gap, PA, USA). GDGT-0, 1G-GDGT-0,
2G-GDGT-0, monoglycosidic archaeol (1G-AR), and diglycosidic archaeol (2G-AR)
were purified from extracts of Archaeoglobus fulgidus by orthogonal preparative liquid
chromatography as described by (ZHU et al., 2013). The abundances of core GDGTs,
methoxy archaeol and archaeol were averaged from duplicate measurements and corrected for the response factors of purified GDGT-0 and core archaeol standards versus
the C46-GTGT standard. The relative discrepancy of duplicate measurements from
the average was below 5 %. The abundances of glycerol trialkyl glycerol tetraethers
(GTGTs), hydroxy GDGTs (OH-GDGTs), glycerol dialkanol diethers (GDDs) and hydroxy GDDs (OH-GDDs) were corrected for the response factor of GDGT-0. Similarly,
the abundances of IPLs were corrected for the response factors of purified 1G-AR,
1G-GDGT-0 (for 1G-, 1G-OH-, deoxy-1G-GDGTs, 1G-GDDs), and 2G-GDGT-0 (for 2G-,
2G-OH, 2G-2OH-GDGTs) standards versus the C46-GTGT standard. Due to a lack of
appropriate standards, the abundances of phosphohexose-GDGTs (PH-GDGTs) and
HPH-GDGTs were corrected for the response of a phosphatidylglycerol-hexose GDGT
standard, respectively. For phosphohexose archaeol (PH-AR), we assumed the response
factor of 2G-AR. We assumed the response factor of GDGT-0 for MeO-GDGTs due to
a lack of an authentic standard. However, the presence of the methoxy group might
influence the response of MeO-GDGTs relative to GDGT-0. The relative abundance of
MeO-AR was corrected by its response factor relative to AR by comparing the relative
abundance of MeO-AR and AR analyzed by GC-FID (ELLING et al., 2014).
The TEX86 index was calculated after SCHOUTEN et al. (2002) using the peak areas
of GDGT-1, GDGT-2, GDGT-3 and Cren’, with the number indicating the number of
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cyclizations within the molecule:
TEX86 =

[GDGT-2] + [GDGT-3] + [Cren’]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren’]

(Eq. 1)

TEX86 reconstructed temperatures were calculated using the core-top calibration of
KIM et al. (2010) recommended for temperatures above 15 C (TEXH86 ):
SST ( C) = 68.4

log(TEX86 ) + 38.6

(Eq. 2)

To evaluate GDGT cyclization we calculated the ring index (RI) according to PEARSON

RI =

et al. (2004):
[GDGT-1] + 2 [GDGT-2] + 3 [GDGT-3] + 4 [GDGT-4] + 5 [Cren + Cren’]
[GDGT-0] + [GDGT-1] + [GDGT-2] + [GDGT-3] + [GDGT-4] + [Cren + Cren’]
(Eq. 3)

4.3. Results
4.3.1. Isolation and characterization of novel thaumarchaeal strains

Enrichment cultures of marine ammonia-oxidizing archaea were inoculated with
from surface water from the Benguela upwelling system and showed significant
nitrite formation after three years of incubation in the dark at 15 C. Stable ammoniaoxidizing cultures were obtained by transferring the initial enrichments to synthetic
medium containing 1 mM NH+4 and incubating at 28 C. After repeated serial dilutions
by a factor of 108 for about two years, only one morphotype per enrichment was
observed by phase-contrast microscopy. Bacterial contaminants were not observed
during microscopy but evident on solid medium for heterotrophs incubated at 28 C
for two weeks. These contaminants accounted for <1 % of cells and were subsequently
removed from the enrichments using additional serial dilutions with SCM containing
100 mg l

1

gentamicin (NAOA2) or kanamycin (NAOA6).

The morphology of strains NAOA2 and NAOA6 was similar to N. maritimus occurring
as rods of approximately 0.5 to 1 m length and 0.2 m width. Growth of the isolates
was not stimulated by addition of 100 to 250 M of organic carbon in the form of
glyoxylate, oxaloacetate, or -ketoglutarate to the medium. Nitrite production and
growth of the novel strains was not observed when grown in media containing urea
as the sole energy source. Nitrite was formed by the strains NAOA2 and NAOA6
between 14 and 37 C, but significant growth occurred only between 17 and 35 C
for strain NAOA2 and 17 and 32 C for strain NAOA6. The highest nitrite production
rates were achieved at 22 C for strain NAOA2 and at 27 C for strain NAOA6. In
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comparison,N. maritimus strain SCM1 exhibited nitrite production between 12 and
40 C, with an optimum between 25 and 32 C, but significant growth occurred only
between 22 and 32 C.

Figure 4.3. 16S rRNA (A) and ammonia-monooxygenase subunit A (amoA; B) gene
consensus phylogeny of the novel thaumarchaeal isolates NAOA2 and NAOA6 (red),
representative cultivated thaumarchaeal strains and selected environmental sequences
showing close relationship of the isolates with N. maritimus and the thaumarchaeal
group I.1a. The scale bars represent 10% estimated sequence divergence.

Phylogenetic analysis of the amoA and 16S rRNA genes of strains NAOA2 and NAOA6
indicated that both strains are phylogenetically affiliated with the thaumarchaeal group
I.1a. Strain NAOA2 shares 98 % 16S rRNA and 92 % amoA gene sequence identity
withN. maritimus SCM1, indicating that this strain may represent a novel species of
the genus Nitrosopumilus (Fig. 4.3). Strain NAOA6 shares 100 % 16S rRNA and 98 %
amoA gene sequence identity with N. maritimus SCM1 as well as 98 % 16S rRNA
and 92 % amoA gene sequence identity with strain NAOA2. This indicates that strain
NAOA6 represents a novel strain of the species N. maritimus.
The 16S rRNA and amoA genes of the novel strains are also distinct from those of
the group I.1a Thaumarchaeota Nitrosoarchaeum limnia (97 % and 87 %, respectively)
and Cenarchaeum symbiosum (94 % and 78 %, respectively), supporting the affiliation
with the genus Nitrosopumilus. Similarly, the 16S rRNA and amoA genes are distinct
from those of cultivated representatives of major thaumarchaeal groups from soil and
hydrothermal environments (Fig. 4.3), sharing less than 90 % 16S rRNA and <77 %
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amoA sequence identity with the genes of Nitrosotalea devanaterra (SAGMCG-I/Group
I.1a associated), Nitrososphaera viennensis (group I.1b), and Nitrosocaldus yellowstonii
(HWCG-III/ThAOA).
4.3.2. Lipid composition of Nitrosopumilus maritimus and strains NAOA2 and
NAOA6 at different growth temperatures

The novel strains NAOA2 and NAOA6 contained a similar suite of core lipids and IPLs
as N. maritimus but the relative abundances of IPL classes and core lipid structures
varied between the three strains (Fig. 4.4). The dominant IPLs in N. maritimus grown
at 28 C were 1G-GDGTs, 2G-GDGTs and 2G-OH-GDGTs while HPH-GDGTs were less
abundant (Fig. 4.4a). Strain NAOA6 (28 C) had a different IPL composition with about
equal proportions of 1G-, 2G-, 2G-OH- and HPH-GDGTs (Fig. 4.4b). In contrast, the
IPL pool of strain NAOA2 consisted of about equal parts 2G-, 2G-OH- and HPH-GDGTs
at 28 C while 1G-GDGTs abundances were minor. Other lipids detected in all strains
were the IPL-archaeols 1G-AR and PH-AR as well as 1G-OH-GDGTs, PH-GDGTs, core,
hydroxylated, and monoglycosidic GDDs (cf. LIU et al., 2012b; MEADOR et al., 2014b),
core GDGTs, core archaeol and methoxy archaeol (MeO-AR, Table 4.1).

Figure 4.4. Relative abundances of intact polar lipids in extracts of N. maritimus (A)
and the novel thaumarchaeal isolates NAOA6 (B) and NAOA2 (C) grown at different
temperatures.

The lipid composition of all three strains varied considerably with incubation temperature. An increase in incubation temperature resulted in an increase of the relative
abundance of HPH-GDGTs at the expense of 1G-GDGTs and minor increase or decrease
of other IPL classes in all strains (Fig. 4.4). In strain NAOA2, decreasing growth temperature additionally resulted in increase in 2G-and 2G-OH-GDGTs. The ring indices
of individual IPL classes were positively correlated with growth temperature while the
abundance of MeO-AR relative to total lipids was inversely correlated with growth
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temperature in strain NAOA2 but did not change significantly in strain NAOA6 and
N. maritimus. The TEX86 values of IPLs were positively correlated with growth temperature in N. maritimus and strain NAOA6 but showed different slopes. In contrast,
TEX86 of IPLs showed no correlation with growth temperature in strain NAOA2.
Table 4.1. Abundances of archaeol (AR) and methoxy archaeol (MeO-AR) in thaumarchaeal cultures relative to total lipids derived by acid hydrolysis as well as ring index
(RI), TEX86 and TEXH
86 -temperature in total hydrolysis-derived GDGTs (measured using
normal phase HPLC-APCI-MS).
Growth temp.
( C)

AR
(%)

MeO-AR
(%)

RI

TEX86

TEXH
86 -temp.
( C)

22

1.4

3.5

2.4

0.60

23.2

25
28
18
22
28
35
18
22
28

2.3
0.2
3.3
3.4
1.5
4.1
2.4
2.7
0.4

3.9
2.1
13.2
4.7
2.3
0.6
5.5
4.2
4.5

2.9
3.4
2.9
2.8
3.1
4.0
2.2
3.2
3.4

0.70
0.86
0.80
0.83
0.86
0.78
0.54
0.83
0.89

28.0
34.0
32.0
33.2
34.4
31.2
20.3
33.1
35.3

Nitrosopumilus
maritimus

Strain NAOA2

Strain NAOA6

The relative abundances of core GDGT types in the hydrolysis-derived total GDGT
pool were overall similar between the three strains (Fig. 4.5). Crenarchaeol was the
most abundant GDGT in all strains at 28 C but was less abundant in strain NAOA2
( 30 % of GDGTs) compared to strain NAOA6 ( 45 %) and N. maritimus ( 50 %).
The relative abundances of GDGT-2 and GDGT-3 were significantly higher in strain
NAOA2 than in strain NAOA6 and N. maritimus. The relative abundances of core
GDGTs changed with growth temperature in all three strains. An increase in growth
temperature was associated with an increase in crenarchaeol abundance and a decrease
in GDGT-0 and GDGT-1. The influence of growth temperature on the abundance of
other GDGTs was different between the three strains. In N. maritimus and strain
NAOA6, the abundance of GDGT-2 increased with increasing growth temperature,
while GDGT-4 abundance remained similar and GDGT-3 abundance decreased. In
strain NAOA2, the abundances of GDGT-3 and GDGT-4 decreased with increasing
growth temperature while the abundance of GDGT-2 increased from 18 to 28 C but
decreased at 35 C. The crenarchaeol regioisomer increased in abundance in strain
NAOA2 from 0.7 % at 18 C to 2.8 % at 35 C but was generally below 1 % in strain
NAOA6 and N. maritimus and did not change significantly with growth temperature
in these strains (Fig. 4.5).
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Figure 4.5. Relative abundances of hydrolysis-derived total GDGTs in extracts of N.
maritimus (A) and the novel thaumarchaeal isolates NAOA6 (B) and NAOA2 (C) grown
at different temperatures.

The ring index of the total GDGT pool increased with growth temperature in all
strains, but each strain exhibited a different relationship between temperature and
GDGT cyclization (Fig. 4.6). Changes in ring index were primarily driven by the
relative abundances of crenarchaeol and GDGT-0 in all investigated strains. TEX86
values increased linearly with increasing growth temperature in N. maritimus and
strain NAOA6 though following different slopes. In contrast, TEX86 values in strain
NAOA2 increased between 18 and 28 C and decreased again at 35 C, indicating a
quadratic polynomial relationship with temperature (Fig. 4.6).

Figure 4.6. (A) Ring indices and (B) TEX86 temperatures reconstructed from hydrolysisderived total GDGTs of N. maritimus and the novel thaumarchaeal isolates NAOA2
and NAOA6 grown at different temperatures. The dashed line (1:1) indicates identity
between TEX86 -reconstructed temperatures and the global core-top calibration model
for temperatures over 15 C (TEXH
86 ) by K IM et al. (2010).
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4.3.3. Growth and lipid composition of Nitrosopumilus maritimus at different
salinities

Growth of N. maritimus SCM1 was observed over a wide range of growth medium
salinities from 16h to 96h. The highest nitrite production and optimal growth rate

was achieved at a growth medium salinity of 37h and was only slightly lower at

26h. Growth rates decreased gradually towards higher salinities but more rapidly
towards lower salinities. Growth was partially inhibited below 16h and above 96h
but completely inhibited at 3h.

The intact polar and core lipid composition of N. maritimus was reproducible in

duplicate cultures but did not differ significantly between various salinities (Fig. 4.7a).
The main components were 1G- and 2G-GDGTs and their hydroxylated derivatives.
Minor lipids were HPH-GDGTs and intact polar archaeols with PH and 1G headgroups
as well as core archaeol and MeO-AR. The relative abundance of 2G-GDGTs was slightly
elevated at 37h salinity compared to 27h, 44h and 51h at the expense of 1G-

GDGT abundance. The TEX86 temperatures reconstructed from individual intact polar
GDGTs were either lower (1G-, HPH-GDGTs) or higher (2G-GDGTs) than incubation

temperature by up to 10 C. The TEX86 -temperatures calculated from total hydrolysisderived GDGTs underestimated incubation temperature only slightly by 0.5 to 2 C.
However, the TEX86 -temperatures derived from total and individual intact polar GDGTs
as well as their ring indices did not vary significantly between different growth medium
salinities (Fig. 4.7b).

Figure 4.7. (A) Relative abundances of intact polar lipids in extracts of N. maritimus
grown at different growth medium salinities and harvested in late growth stage. (B)
Reconstructed TEX86 temperatures for individual IPLs (diamonds) and total GDGTs
derived by hydrolysis (squares) at different growth medium salinities. Dashed line
indicates actual incubation temperature of 28 C.
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4.3.4. Growth and lipid composition of Nitrosopumilus maritimus at different growth
medium pH

Growth of N. maritimus was observed at growth medium pH of 6.8 to 8.2 with an
optimum between pH 7.4 and 7.9. However, the lag phase was significantly longer
with up to 10 days below pH 7.4 and above pH 8.
Similar to the other experiments, the major IPLs were 1G- and 2G-, and HPH-GDGTs
and their hydroxylated derivatives (Fig. 4.8a). Minor IPLs were intact polar archaeols
with PH and 1G headgroups and early eluting isomers of 2G- and 2G-OH-GDGTs.
These isomers have similar MS2 fragmentation spectra as the respective later eluting
compounds and may represent constitutional isomers, e.g., having one monoglycosidic
headgroup connected to each glycerol moiety versus a diglycosidic moiety linked to
only one of the glycerols. Intact polar lipid composition changed between different
growth medium pH in the range 7.3 to 7.9. The abundances of PH-AR, HPH-, 2Gand 2G-OH-GDGTs as well as their early eluting isomers decreased with increasing
pH. In contrast, the abundances of 1G-GDGTs, 1G-AR and early eluting 2G-GDGTs
increased with increasing pH (Fig. 4.1a). The ring indices of individual intact polar
GDGT classes and total GDGTs did not change significantly. The TEX86 -temperatures
reconstructed from individual intact polar and hydrolysis-derived total GDGTs showed
patterns of lower and higher TEX86 -temperatures similar to the other experiments. The
TEX86 -temperatures derived from total GDGTs varied by up to 2 C between different
growth medium pH (Fig. 4.8b). TEX86 temperatures derived from total GDGTs were
highest at pH 7.3 (31.5 to 32.5 C) and lower at pH 7.6 and 7.9 (30.5 to 30.7 C).
TEX86 -temperatures of 2G-GDGTs were constant but those of 1G-GDGTs increased
slightly at pH 7.3. TEX86 -temperatures of HPH-GDGTs were minimal at pH 7.6 and
elevated at pH 7.3 and 7.9 (Fig. 4.8b).

4.4. Discussion
4.4.1. Novel thaumarchaeal isolates from the temperate Atlantic Ocean

The cultivation of the thaumarchaeal ammonia oxidizer N. maritimus was essential for
unraveling the physiology and ecology as well as the lipid inventory of this globally
abundant archaeal clade (STAHL and DE LA TORRE, 2012). While N. maritimus was first
discovered in a tropical aquarium (KÖNNEKE et al., 2005), the thaumarchaeal strains
reported here were isolated from temperate surface water sampled from the South
Atlantic Ocean, off the coast of Namibia. The strains NAOA2 and NAOA6 share high
phylogenetic relatedness with N. maritimus and numerous environmental 16S rRNA
and amoA sequences (Fig. 4.3), thus confirming the ubiquitous distribution of the genus
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Figure 4.8. (A) Relative abundances of intact polar lipids in extracts of N. maritimus
grown at different growth medium pH and harvested in early stationary phase. (B)
Reconstructed TEX86 temperatures for individual IPLs (diamonds) and total GDGTs
derived by hydrolysis (squares) at different growth medium pH. Dashed line indicates
actual incubation temperature of 28 C.

Nitrosopumilus and its use as a model organism for studying marine Thaumarchaeota.
In contrast to N. maritimus, both strains grew over a broader temperature range and
thus were well suited to investigate the response of lipid composition to temperature
in marine planktonic Thaumarchaeota.
4.4.2. Lipid composition at different growth temperatures and implications for
TEX86

The dominant membrane lipids in N. maritimus, the novel strains NAOA2 and NAOA6
as well as all other characterized Thaumarchaeota are crenarchaeol and GDGTs with
zero to four cyclizations in the biphytanyl side chains (PITCHER et al., 2011a; SINNINGHE

DAMSTÉ et al., 2012; ELLING et al., 2014). Similar to thermophilic Crenar-

chaeota and Euryarchaeota, the three mesophilic Thaumarchaeota adapt their membranes to increasing growth temperatures by increasing the average number of cyclopentane rings in GDGTs (e.g. DE ROSA et al., 1980; UDA et al., 2001; CHONG, 2010;
KOGA, 2012; OGER and CARIO, 2013). The introduction of cyclopentane rings into
GDGTs has been suggested to promote dense packing of the monolayer membrane,
thus maintaining optimal membrane fluidity and lowering proton permeability at
high temperatures (GLIOZZI et al., 1983; GABRIEL and CHONG, 2000; ZHAI et al.,
2012). The additional cyclohexyl moiety of crenarchaeol, on the other hand, has been
suggested to cause loose packing of GDGT membranes based on molecular dynamics
simulations, thus allowing Thaumarchaeota to adapt to low temperature habitats
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(SINNINGHE DAMSTÉ et al., 2002b). However, the pronounced increase in relative
abundance of crenarchaeol with increasing growth temperature (Fig. 4.5) in all three
investigated strains suggests that crenarchaeol is involved in membrane lipid adaptation to high instead of low temperatures. This observation is supported by the fact that
crenarchaeol is the most abundant GDGT in cultivated thermophilic Thaumarchaeota
(DE LA TORRE et al., 2008; PITCHER et al., 2010) and occurs in terrestrial hot springs
(PEARSON et al., 2004; ZHANG et al., 2006).
In contrast to core lipid structure, the effect of polar headgroups on membrane
properties and fluidity in archaea is less constrained. The three thaumarchaeal isolates N. maritimus, strain NAOA2 and strain NAOA6 share the same suite of polar
headgroups (Fig. 4.4). In these strains, membrane lipid adaptation to higher temperatures involves increased relative abundances of HPH- and 2G-GDGTs compared to
1G-GDGTs. Additionally, HPH-GDGT abundances show the same trend in strain NAOA2
but the abundances of the other IPLs do not seem to vary systematically, but there is a
maximum of 2G-GDGT and 2G-OH-GDGT abundances at 18 C (Fig. 4.4). The increase
in phospholipid over glycolipid abundances with increasing temperature in the three
thaumarchaeal strains contrasts with the inverse observation in the thermoacidophilic
euryarchaeon Thermoplasma acidophilum (SHIMADA et al., 2008), indicating that the
roles of headgroups in membrane lipid adaptation may diverge between different
archaea.
Similar to crenarchaeal and euryarchaeal species, ring index of total GDGTs is linearly correlated with growth temperature in N. maritimus and strain NAOA6 (Fig. 4.6).
In contrast, the ring index in strain NAOA2 increases only above 22 C, suggesting
that changes in GDGT cyclization as a mode of homeoviscous adaptation in Thaumarchaeota might be limited to a certain temperature range and species-specific.
The slopes of the ring index-temperature function diverge between N. maritimus
(0.16 C 1 ), strain NAOA6 (0.12 C 1 ) and strain NAOA2 (22-35 C: 0.09 C 1 ), which
is in agreement with species-specific relationships of ring index and temperature in
cultivated thermophilic Crenarchaeota and Euryarchaeota (e.g. DE ROSA et al., 1980;
UDA et al., 2004). Our results therefore suggest that the distinct relationships between
GDGT cyclization and temperature observed in different oceanic provinces may in fact
be related to variations in archaeal community composition (cf. PEARSON and INGALLS,
2013). However, the significantly higher slopes of the ring index versus temperature
relationship in N. maritimus and strain NAOA6 compared to most thermophiles (cf.
OGER and CARIO, 2013) indicate that GDGT cyclization in marine Thaumarchaeota is
very sensitive to changes in growth temperature, which is in agreement with previous
observations from mesocosm studies (WUCHTER et al., 2004; SCHOUTEN et al., 2007a)
and environmental data (SCHOUTEN et al., 2002).

85

CHAPTER 4. INFLUENCES OF TEMPERATURE, SALINITY AND PH ON LIPID COMPOSITION
While the cyclization of most IPL-GDGTs increases with growth temperature, the
ring indices also differ between the various IPL classes at a given growth temperature.
Therefore, shifts in the relative abundances of IPL-GDGTs appear to be additional
drivers of increasing cyclization in total GDGTs. The dependency of core GDGT cyclization on the attached polar headgroups might be related to interactions of the
hydrophilic headgroups with the hydrophobic core regions. These may influence membrane density and proton permeability by controlling the overall conformation of the
lipid molecule and the orientation of headgroups relative to the membrane surface
(cf. GABRIEL and CHONG, 2000). Overall, the individual IPL profiles of the three
thaumarchaeal strains indicate that the membranes of planktonic Thaumarchaeota
grown at the same temperature are composed of the same suite of IPLs but differ in
the relative abundances of these IPLs and their core GDGT compositions.
In addition to regular and hydroxylated GDGTs, N. maritimus contains multiple
additional lipids that are also present in the strains NAOA2 and NAOA6. The abundance
of most of these compounds, except MeO-AR (cf. ELLING et al., 2014), is relatively
low and their function in archaeal cells and influence on membrane structure remain
unconstrained (ELLING et al., 2014; MEADOR et al., 2014a). These lipids comprise,
among others, archaeol with 1G and PH headgroups as well as core, hydroxylated,
and monoglycosidic GDDs (Fig. 4.1). The abundances of these compounds were not
correlated with growth temperatures, salinity or pH in all three strains, suggesting
that they are not primarily involved in membrane lipid homeostasis. The apolar lipid
MeO-AR (Fig. 4.1), a sn-1 methylether derivative of archaeol that has so far only
been observed in N. maritimus (ELLING et al., 2014), is also present in strain NAOA2
and strain NAOA6. The abundance of MeO-AR relative to total lipids did not change
significantly with growth temperature in strain NAOA6 and N. maritimus. However,
MeO-AR abundance decreased with increasing growth temperature in strain NAOA2
from 13 % to 0.6 % between 18 and 35 C (Table 4.1). This suggests that MeO-AR
is involved in homeoviscous adaptation at least in some Thaumarchaeota. While the
exact function of this lipid remains unknown, MeO-AR might be involved in increasing
membrane fluidity at low temperatures in a similar way as squalene may increase
membrane fluidity in halophilic archaea by spacing polar lipids further apart (LANYI
et al., 1974; LANYI, 1974).
4.4.3. Influence of community composition on TEX86 -temperature relationships
and implications for paleoenvironmental reconstructions

The systematic change in GDGT cyclization and TEX86 values in response to growth
temperature in the three studied thaumarchaeal strains N. maritimus, strain NAOA2,
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and strain NAOA6 confirms a physiological basis of the TEX86 paleothermometer, i.e.,
temperature-dependent adjustment of membrane fluidity by altering GDGT cyclization
(SCHOUTEN et al., 2002). However, the disparate relationships of TEX86 with growth
temperature among these closely related thaumarchaeal strains contrast with the
global calibration curves that form the basis of most published TEX86 temperature
records (SCHOUTEN et al., 2002; KIM et al., 2008, 2010). This suggests that multiple physiological and ecological factors (cf. PEARSON and INGALLS, 2013) might
amalgamate into the global calibration.
The diverging TEX86 –temperature responses of N. maritimus and strains NAOA2
and NAOA6 imply that community composition may exert an important control on
the TEX86 signal in the environment. Non-linearity of TEX86 functions has been shown
before in mesocosm incubations of North Sea water (WUCHTER et al., 2004) incubated
at 5 to 35 C. In these experiments, the form of the TEX86 –temperature function was
dependent on whether the mesocosms were pre-incubated at 13 C (concave up)
or 27 C (concave down). While this trend was neither described nor discussed by
WUCHTER et al. (2004), it suggests that pre-incubation conditions were selective for
different thaumarchaeal ecotypes and thus distinct temperature responses. Given
that planktonic Thaumarchaeota exhibit considerable diversity (FERNÀNDEZ-GUERRA
and CASAMAYOR, 2012) and that multiple thaumarchaeal phylotypes coexist in the
environment (e.g. TULLY et al., 2012; HOLLIBAUGH et al., 2014), it seems likely that
the TEX86 signal recorded in sediments integrates activities of a mixture of different
thaumarchaeal eco-/phylotypes with different responses to temperature.
To illustrate this ecological effect, we devised a simple model describing the TEX86
signal of a hypothetical mixed community composed of N. maritimus, strain NAOA2
and strain NAOA6 (Fig. 4.9). Hereby, we varied the relative abundance of each
strain in 10 %-intervals relative to the other two strains and calculated the integrated
TEX86 temperature as a fractional contribution of the three strains to the total TEX86
signal. The results from the mixing model indicate that numerous combinations of the
three thaumarchaeal strains may explain a broad range of TEX86 signals (Fig. 4.9).
However, the closest approximation of the model for the range 21 to 33 C exceeds
incubation temperatures by up to 5 C. This deviation may in part be explained by
sensitivity of TEX86 to growth phase, which has been shown to account for deviations
of TEX86 temperatures from growth temperatures of up to 6 C (-4 to +2 C, ELLING
et al., 2014). As illustrated in Fig. 4.9, changes in community composition could
additionally account for positive TEX86 -temperature deviations of up to 10 to 15 C
(Fig. 4.9), suggesting that these may override temperature signals and the influence
of growth phase. Therefore, environmental TEX86 signals likely integrate the effects
of temperature adaptation and community dynamics, which might also explain the
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subsurface decoupling of TEX86 and in situ temperature observed in marine water
column profiles (e.g. TURICH et al., 2007; SCHOUTEN et al., 2012; HERNÁNDEZSÁNCHEZ et al., 2014; XIE et al., 2014).

Figure 4.9. Influence of community composition on TEX86 -temperatures as estimated
by a three end-member mixing model assuming a hypothetical community composed of
N. maritimus and strains NAOA2 and NAOA6 (varying relative abundance in 10%-steps).
The dashed line (1:1) indicates identity between TEX86 -reconstructed temperatures
and the global core-top calibration model for temperatures over 15 C (TEXH
86 ) by K IM
et al. (2010). Bold lines indicate integrated TEX86 functions for selected community
compositions.

The absence of a common membrane lipid response to growth temperature in
cultivated Thaumarchaeota has important implications for the applicability of the
TEX86 paleothermometer in the geologic record. Similar to other paleoceanographic
proxies TEX86 relies on the actualism principle, i.e., the applicability of modern
observations/core-top calibrations to ancient environments. As other paleotemperK
ature proxies such as U37
are often affected by diagenesis or absent from ancient

sediments (BRASSELL, 2014), TEX86 paleothermometry has been frequently applied
for reconstructing Mesozoic and Paleogene SSTs (e.g. HOLLIS et al., 2009; JENKYNS
et al., 2012; LINNERT et al., 2014). A remarkably consistent feature of these ancient
TEX86 records are extraordinarily high sea surface temperatures and very weak meridional temperature gradients, e.g., for the Eocene, that are not supported by

18

O,

planktonic foraminifer Mg/Ca and modeling data (HUBER and CABALLERO, 2011;
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TAYLOR et al., 2013; TIERNEY and TINGLEY, 2014). TEX86 –temperature relationships
of thaumarchaeal assemblages from the Eocene and other epochs may have differed
from those of modern assemblages, resulting in an underestimation of meridional
temperature gradients and suggesting overestimation of regional SST.
Given the inferred influence of community composition on TEX86 , the applicability
of modern global calibrations for reconstructing paleotemperatures using TEX86 in
ancient, e.g., Mesozoic and early Cenozoic, environments seems questionable. However, our observations imply that specifically adapted archaeal communities may be
recognizable by distinct GDGT distributions. Knowledge of the ecological significance
of distinct GDGT signatures may then be used to develop alternative calibration models
using modern analogue environments as suggested by (TIERNEY and TINGLEY, 2014).
4.4.4. Influence of salinity on TEX86

In contrast to temperature, varying growth medium salinity in the range of 27h to

51h did not systematically affect cyclization of total GDGTs in N. maritimus, consistent

with previous observations in the range 27h to 35h in mesocosm experiments

(WUCHTER et al., 2004). Indeed, the salinity range studied here is much larger than the
spatial and vertical variability of salinity in the modern open ocean between ca. 33h
and 38h (ANTONOV et al., 2010) as well as reconstructed changes for the deep ocean

over the last glacial-interglacial cycle (<3h; ADKINS et al., 2002). Therefore, our
observations indicate that TEX86 -based paleotemperature reconstructions in pelagic
environments are likely not compromised by changes in paleosalinity if phenotypes
similar to N. maritimus prevailed during the geologic past.
Furthermore, IPL composition showed no systematic relationship with growth
medium salinity, indicating that the lipid membrane of N. maritimus is per se adapted
to low ion permeability. Therefore, the supposedly low permeability of the thaumarchaeal membrane in addition to the potential for biosynthesis of the osmolyte
hydroxyectoine (WALKER et al., 2010) may explain the large growth range (ca. 16
to 96h) observed here for N. maritimus. Furthermore, the S-layer of N. maritimus

and other Thaumarchaeota (KÖNNEKE et al., 2005; STIEGLMEIER et al., 2014b) might
confer additional osmoprotection as hypothesized by ENGELHARDT (2007). However,
salinity was implicated as one of the most important factors governing the niche
partitioning of thaumarchaeal lineages (BILLER et al., 2012; B OUSKILL et al., 2012;

CAO et al., 2013). Indeed, specially adapted thaumarchaeal ecotypes have been described for extremely hypersaline (NGUGI et al., 2015), brackish (BLAINEY et al., 2011;
MOSIER et al., 2012), and freshwater environments (AUGUET et al., 2012; FRENCH
et al., 2012). These ecotypes may possess different physiology, such as the lack of
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osmolyte biosynthesis in the low-salinity thaumarchaeon Candidatus Nitrosoarchaeum
limnia, and therefore may also express different IPL composition and GDGT cyclization. This notion is supported by anomalous TEX86 -temperatures of

0.6 C in the

low salinity group I.1a thaumarchaeon Ca. Nitrosoarchaeum limnia grown at 22 C
(PITCHER et al., 2011a). An ecological effect rather than a direct effect of salinity has
also been implicated to explain the unique GDGT cyclization systematics in Red Sea
sediments (TROMMER et al., 2009), which might be related to a local, phylogenetically
distinct I.1a Thaumarchaeota population (cf. IONESCU et al., 2009). Therefore, any
influence of salinity on GDGT composition in environmental samples may be related
to ecological rather than physiological factors.
4.4.5. Influence of pH on TEX86

Thaumarchaeota live at neutral to basic pH in the ocean, which may vary spatially and
vertically between ca. 7.5 and 8.2 (MILLERO, 2007). Indeed, N. maritimus grows in
the range of pH 6.8 to 8.2, indicating that it is capable of growing in the full pH range
observed in the ocean. Acidophilic archaea, i.e., archaea that have a growth optimum
below pH 3, adjust membrane permeability to protons by either increasing (B OYD
et al., 2011) or decreasing (SHIMADA et al., 2008) GDGT cyclization in response to
decreasing pH. In contrast, the ring index of total GDGTs in the three thaumarchaeal
strains studied here did not vary significantly between pH 7.3 and 7.9. However,
an increase in the relative abundances of glycosidic over glycophosphatidic GDGTs
with decreasing pH (Fig. 4.8a) is consistent with observations from T. acidophilum
(SHIMADA et al., 2008) and might confer enhanced stability to the membrane by
increasing hydrogen bonding between outward-facing glycosidic headgroups (MORII
and KOGA, 1994; GABRIEL and CHONG, 2000; SHIMADA et al., 2008). Overall, the small
influence of pH on lipid composition in the three strains studied here suggests that
Thaumarchaeota are able to adapt to the full pH range observed in the ocean by making
subtle modifications to their membrane composition. However, pH might influence
environmental GDGT distribution indirectly by selecting for specific thaumarchaeal
lineages with distinct lipid compositions, which might be of particular importance in
environments that exhibit large variability in pH such as lakes, soils or hydrothermal
springs (NICOL et al., 2008; ZHANG et al., 2008; GUBRY-RANGIN et al., 2011; AUGUET
et al., 2012).
We observed an increase of 2 C in TEX86 temperatures over the range of pH 7.3
to 7.9 in N. maritimus (Fig. 4.8). This increase in TEX86 can be attributed to a slight
increase in relative abundance of GDGT-2 caused by an increase in abundance of 1GGDGT-2 and 2G-GDGTs, which contain predominantly GDGT-2 as core lipid (ELLING
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et al., 2014). While the surface ocean has a pH of ca. 8.2, organic carbon respiration
causes pH to decrease by up to 0.5 pH units over a depth of ca. 500-1000 m (MILLERO,
2007). This effect is especially pronounced in oxygen-deficient waters such as oxygen
minimum zones associated with coastal upwelling (CAPONE and HUTCHINS, 2013).
The decrease in pH broadly coincides with the depth interval of TEX86 subsurface
warming observed in water column profiles, most of which are from OMZs (e.g.
SCHOUTEN et al., 2012; BASSE et al., 2014; XIE et al., 2014). However, the magnitude
of TEX86 increase observed in the water column (up to 5 to 10 C; e.g. SCHOUTEN
et al., 2012; HERNÁNDEZ-SÁNCHEZ et al., 2014) is larger than the increase in TEX86
observed at low pH in N. maritimus (Fig. 4.8), suggesting that the contribution of
water column pH variations to observed increases in subsurface TEX86 temperatures
may be low.
In the Phanerozoic, pH varied by not more than one unit (PALMER et al., 1998;
HÖNISCH et al., 2012) while events such as the Paleocene-Eocene Thermal Maximum
(PETM) have been suggested to be accompanied by strong ocean acidification by up
to 0.5 pH units (ZACHOS et al., 2008; HÖNISCH et al., 2012). Since these variations
in ocean pH are within the range tested for N. maritimus, pH likely only had a small
direct effect on TEX86 in these settings. However, the influence of strong changes in
pH on marine thaumarchaeal community composition remains unconstrained. Similar
to salinity, pH might be a strong discriminator determining niche differentiation of
Thaumarchaeota as suggested for lakes (AUGUET and CASAMAYOR, 2013) and soils
(NICOL et al., 2008; GUBRY-RANGIN et al., 2011) and may thus indirectly influence
TEX86 signatures.

4.5. Conclusions
Our pure culture study demonstrates that marine planktonic Thaumarchaeota respond
sensitively to changing growth temperatures by adjusting their membrane lipid composition, in particular the content of crenarchaeol, while influences of salinity and pH
are less pronounced. In contrast to previous hypotheses suggesting that crenarchaeol
increases membrane fluidity and might therefore be an adaptation to cold environments, we observed higher crenarchaeol abundances at higher growth temperatures.
We conclude that crenarchaeol likely increases the phase transition temperature of
thaumarchaeal lipid membranes and thus appears essential in maintaining membrane
functioning at elevated temperatures. Significantly different IPL compositions in the
three closely related marine thaumarchaeal isolates imply that the IPL composition of
environmental samples might be driven not only by physiological and environmental
factors but also by thaumarchaeal diversity.
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In the three studied thaumarchaeal strains, changes of TEX86 signatures with temperature result primarily from changes in the relative abundances of the major IPL
classes 1G-, HPH- and 2G-GDGTs, each of which are affiliated with distinct core
GDGT compositions. The disparate relationships of TEX86 and growth temperature
that we observed among the three closely related thaumarchaeal strains suggests that
changes in community composition may exert a strong control on TEX86 . Therefore,
environmental TEX86 signals may represent a mixture of temperature adaptation,
nutrient conditions and community dynamics, which might account for the subsurface
decoupling of TEX86 and in situ temperature observed in marine water column profiles.
Comprehensive investigations of TEX86 –temperature relationships in yet to be cultivated Thaumarchaeota from a wide range of environments are needed to enhance
our mechanistic understanding of the influence of community composition on TEX86
signals and to reliably interpret the geologic GDGT record. Our results further imply
that specifically adapted archaeal communities may be recognizable by distinct GDGT
distributions. Careful investigation of these patterns might allow delineating archaeal
community structure from characteristic GDGT signatures and might ultimately lead
to improved, ecosystem-specific calibration models.
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Abstract
Archaea of the phylum Thaumarchaeota are globally distributed and abundant microorganisms mediating the oxidation of ammonia to nitrite in the ocean, soil, as well as in
geothermal systems and represent a major source of archaeal lipids in these environments. However, interpretation of environmental lipid profiles is mainly hindered by
the lack of comparative and quantitative studies on the membrane lipid composition of
cultivated representatives of this phylum. Here, we describe the core and intact polar
lipid (IPL) composition of 11 thaumarchaeal pure and enrichment cultures representing all four characterized thaumarchaeal clades. In general, all thaumarchaeal strains
synthesize similar lipid types conFsisting of consisting mainly of glycerol dibiphytanyl
glycerol tetraethers with monoglycosidic, diglycosidic, phosphoxehose and hexosephosphoxose headgroups. However, the relative abundances of these lipids as well as
their core lipid composition differ significantly among the thaumarchaeal phylogenetic
subgroups. While the core lipid composition of cultivated Thaumarchaeota, such as
the content of the characteristic biomarker crenarchaeol, appears to be determined by
their phylogenetic affiliation, the IPL composition reflects their habitat or growth conditions. Based on comparison of the thaumarchaeal lipidome with analyses of 21 euryand crenarchaeal strains and environmental samples from the equatorial North Pacific
Ocean, we further demonstrate that the apolar lipid methoxy archaeol is synthesized
exclusively by Thaumarchaeota and thus represents a diagnostic chemotaxonomic
biomarker for this archaeal phylum. The description of the thaumarchaeal lipidome
comprised of 100 structurally different lipid types supports the interpretation of archaeal lipid signatures in environmental samples and provides useful characteristics
to identify distinct thaumarchaeal clades.
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5.1. Introduction
Archaea of the recently proposed phylum Thaumarchaeota are globally distributed
microorganisms accounting for up to 20 to 40 % of the picoplankton in the oceans
and 1 to 5 % of the prokaryotes in soil (KARNER et al., 2001; OCHSENREITER et al.,
2003; BROCHIER-ARMANET et al., 2008; LEHTOVIRTA et al., 2009; SCHATTENHOFER
et al., 2009; STAHL and DE LA TORRE, 2012). Since the isolation of the first representative Nitrosopumilus maritimus (KÖNNEKE et al., 2005), Thaumarchaeota have
been recognized as major ammonia-oxidizers in a wide range of habitats including
the marine water column and sediment as well as soil, lakes, and geothermal systems
(FRANCIS et al., 2005; LEININGER et al., 2006; AUGUET and CASAMAYOR, 2008; DE LA
TORRE et al., 2008; PROSSER and NICOL, 2008; REIGSTAD et al., 2008; DODSWORTH
et al., 2011; LEHTOVIRTA-MORLEY et al., 2011). The phylum Thaumarchaeota is commonly subdivided into several subgroups based on concatenated ribosomal protein
sequence alignments as well as ammonia-monooxygenase subunit A and 16S rRNA
gene phylogenies that broadly correlate with habitat types (e.g., BROCHIER-ARMANET
et al., 2008; SPANG et al., 2010; PESTER et al., 2011; STAHL and DE LA TORRE, 2012).
N. maritimus as well as most marine thaumarchaeal sequences, and to a lesser extent
also soil and lacustrine sequences, are affiliated with Group I.1a (FRANCIS et al.,
2005; KÖNNEKE et al., 2005; PESTER et al., 2012; STAHL and DE LA TORRE, 2012).
The SAGMCG-1/Nitrosotalea cluster represents a sister group of the Group I.1a Thaumarchaeota comprising environmental sequences from soils and lakes as well as a
single, acidophilic enrichment culture from soil, Nitrosotalea devanaterra (LEHTOVIRTAMORLEY et al., 2011; STAHL and DE LA TORRE, 2012; AUGUET and CASAMAYOR, 2013).
While Group I.1a Thaumarchaeota are also found in soils (e.g., PESTER et al., 2011),
most sequences from soils and other terrestrial environments as well as the isolate
Nitrososphaera viennensis (TOURNA et al., 2011; STIEGLMEIER et al., 2014b) are affiliated with Group I.1b (BINTRIM et al., 1997; DELONG, 1998; STAHL and DE LA TORRE,
2012). Additionally, Group I.1a and I.1b both contain moderate thermophiles such as
Candidatus Nitrosotenuis uzonensis and Nitrososphaera gargensis, which have upper
temperature limits for growth of 52 C and 46 C, respectively (HATZENPICHLER et al.,
2008; LEBEDEVA et al., 2013). However, the only cultivated obligate thermophile is
Nitrosocaldus yellowstonii (ThAOA/HWCG-III cluster), which was enriched from a Yellowstone hot spring and grows in the temperature range of 60 to 74 C (DE LA TORRE
et al., 2008). Furthermore, cultivation-independent surveys indicate that several additional lineages of Thaumarchaeota occur in the environment for which no cultivated
representatives and limited observational data exist (SCHLEPER et al., 2005; NICOL
and SCHLEPER, 2006; STAHL and DE LA TORRE, 2012).
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Detection of Thaumarchaeota in the environment is commonly achieved by PCRbased marker gene surveys or metagenomic approaches and the analysis of characteristic glycerol dibiphytanyl glycerol tetraether (GDGT, Fig. 5.1) membrane lipids
(DELONG et al., 1998; SCHOUTEN et al., 2000; SCHUBOTZ et al., 2009; PITCHER et al.,
2011b; SCHOUTEN et al., 2012; WAKEHAM et al., 2012). While providing lower taxonomic resolution than metagenomic techniques, lipid analysis offers PCR-independent,
qualitative and quantitative analysis of major clades of archaea and bacteria (STURT
et al., 2004). Additionally, carbon isotopic analysis of lipids enables insights into
predominant metabolisms and activity of microorganisms (HINRICHS et al., 1999;
WUCHTER et al., 2003; SCHUBOTZ et al., 2011; KELLERMANN et al., 2012). Core GDGTs
also accumulate and are preserved in sediments and are used in organic geochemistry
and paleoceanography for reconstructing past sea surface temperatures using the
TEX86 paleothermometer, which is based on temperature-dependent variations in
GDGT side-chain cyclization (SCHOUTEN et al., 2002). Application of these lipid-based
approaches to complex environmental samples relies on detailed knowledge of the
phylogenetic distribution of characteristic marker lipids as well as functional and
ecological constraints. However, only a limited set of lipids, consisting mainly of monoglycosidic, diglycosidic and glycophosphatidic GDGTs was reported from cultivated
marine and terrestrial Thaumarchaeota (SCHOUTEN et al., 2008; PITCHER et al., 2011a;
SINNINGHE DAMSTÉ et al., 2012). The relative abundances of these intact polar lipid
(IPL) classes as well as their detailed core lipid compositions were so far not examined
in Thaumarchaeota, partly due to methodological and instrumental limitations.
Hitherto, the membrane lipid composition of only one marine planktonic thaumarchaeon, N. maritimus, has been studied in detail by recently developed analytical
methods that allow the simultaneous quantification of relative abundances of individual IPL classes as well as their core GDGT composition (BECKER et al., 2013; ZHU
et al., 2013). For example, the N. maritimus lipidome analyzed using these methods
revealed higher lipid diversity than previously reported for any thaumarchaeon, including major abundances of diether lipids as well as a novel potential biomarker for
Thaumarchaeota, methoxy archaeol (ELLING et al., 2014, cf. Chapter 3). Application
of these methods to established and recently cultivated thaumarchaeal cultures will
enable the screening for novel lipid biomarkers. Furthermore, the characterization of
lipids in cultivated Thaumarchaeota will facilitate the interpretation of IPLs abundantly
detected in environmental studies and their assignment to source organisms.
Here, we applied coupled ultra-high performance liquid chromatography–mass
spectrometry to unravel the lipidome of Thaumarchaeota cultivated from soils, hydrothermal springs and the surface ocean. The lipid inventories of six previously
analyzed strains were significantly expanded and the lipid compositions of five novel
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Figure 5.1. Structures of thaumarchaeal glycerol dibiphytanyl glycerol tetraether
(GDGT) and glycerol diphytanyl diether (archaeol) core lipids. GDGTs may contain up to
four cyclopentane rings or one cyclohexane and four cyclopentane rings (crenarchaeol).
Derivatives of basic lipid structures comprise GDGTs containing one (OH-GDGT) or
two (2OH-GDGT) additional hydroxyl groups and zero to four cyclopentane rings in
the biphytanyl side chain, acyclic or monocyclic glycerol trialkyl glycerol tetraether
(GTGT), zero to five ring bearing glycerol dialkanol diethers (GDDs) as well as GDGT
and archaeol containing a methoxy group at the sn-1 position of the glycerol moiety
(MeO-GDGT and MeO-AR). Thaumarchaeal intact polar lipids consist of one or two glycosidic or glycophosphatidic headgroups attached to the glycerol sn-1 hydroxyl position
of a diether or tetraether core lipid.

strains cultivated from the surface ocean and hydrothermal springs were described
for the first time. The data indicate distinct intact polar and core lipid compositions
of Group I.1a, Group I.1b, and hyperthermophilic Thaumarchaeota of the HWCG-III
cluster that appear to be related to phylogeny as well as habitat type.

5.2. Materials and Methods
5.2.1. Cultivation and lipid extraction

Nitrosopumilus maritimus strain SCM1, NAOA2, and NAOA6 were grown at 28 C in
8.5 l of pH 7.5 HEPES-buffered Synthetic Crenarchaeota Medium (SCM) supplemented
with 1.5 mM NH4 Cl as described previously (KÖNNEKE et al., 2005; MARTENS-HABBENA
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et al., 2009; KÖNNEKE et al., 2012). N. maritimus was harvested in early stationary
phase.
Nitrosopumilus strains D3C and N2F, isolated from surface waters of the northern
Adriatic Sea (99 % 16S rRNA gene sequence identity to N. maritimus, B. Bayer, C.
Schleper, G. Herndl et al., unpublished), were grown at 30 C in pH 7.3 HEPES-buffered
SCM supplemented with 1 mM NH4 Cl and harvested in the exponential phase.
Nitrososphaera gargensis strain Ga9.2 (HATZENPICHLER et al., 2008) was grown
at 35 C and 46 C in 5 l of a pH 7.8 medium modified from KÖNNEKE et al. (2005)
and KRÜMMEL and HARMS (1982) and harvested in stationary phase. The medium
contained 5 g l
0.5 g l

1

1

1

NaCl, 1.55 g l

MgSO4 x 7 H2 O, 2 g l

NH4 Cl and 1 ml l

1

1

CaCl2 x 2 H2 O, 1 g l

1

KCl, 0.5 g l

1

MgCl2 x 6 H2 O,

KH2 PO4 , 2 mM NaHCO3 , 7.5 M FeNaEDTA, 1 mM

of a trace element solution (WIDDEL and BAK, 1992). Cresol red

was added at a concentration of 1 mg l

1

as a pH indicator (PITCHER et al., 2010).

The pH was checked daily and adjusted to pH 7.8 using 1 M NaHCO3 . The NH4 Cl
concentration was readjusted to 1 mM until a total of 3 to 4 mM of ammonium was
consumed.
Nitrososphaera viennensis strains EN76 and EN123 were grown at 37 C in 15-l batch
cultures in pH 7.5 HEPES-buffered freshwater medium modified from TOURNA et al.
(2011) by addition of 1.5 mM pyruvate and 3 mM NH4 Cl and slight stirring (150 rpm).
N. viennensis biomass was harvested in the exponential phase.
Strain SCU2A, isolated from the Cava Scura, Ischia, Italy (95 % 16S rRNA gene
sequence identity to N. yellowstonii, M. Stieglmeier, C. Schleper et al., unpublished),
was grown at 70 C in 120 ml of a pH 7 freshwater medium of a freshwater medium
(TOURNA et al., 2011) containing 0.5 mM NH4 Cl, 2 mM NaHCO3 , 7.5 m FeNaEDTA
as well as 1 ml l

1

of a trace element and a vitamin solution. Strain SCU2A biomass

was harvested in the exponential phase.
Nitrosotalea devanaterra was grown in batch culture at 25 C and pH 5.4 in a
synthetic medium modified from LEHTOVIRTA-MORLEY et al. (2011) by addition of
0.08 g l

1

of casamino acids and 1 M phthalate buffer solution. N. devanaterra biomass

was harvested in stationary phase.
Nitrosocaldus yellowstonii was grown in batch culture at 72 C and pH

7 in 3 l of a

synthetic freshwater medium, modified from DE LA TORRE et al. (2008) by addition
of 1 mM pH 7.5 MOPS buffer, with a headspace of 80 % N2 , 80 % CO2 , and 80 % O2 .
N. yellowstonii biomass was harvested by centrifugation after 167 hours of growth,
corresponding to stationary phase.
N. maritimus, NAOA2, NAOA6 and N. gargensis cultures were harvested using
a Sartocon Slice cross-flow filtration system (Sartorius, Göttingen, Germany) and
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centrifugation. N. devanaterra, N. viennensis, strain N2F, strain D3C, strain SCU2A and
N. yellowstonii were harvested by centrifugation and subsequently lyophilized.
The cell pellets were stored at

20 C until extraction. Lipids from each batch were

extracted following a modified Bligh & Dyer protocol (STURT et al., 2004) using
phosphate and trichloroacetic acid (CCl3 CO2 H) buffers (each 2x) and an ultrasonic
probe (15 min sonication; HD2200, Bandelin electronic, Germany). The total lipid
extract (TLE) was dried under a stream of N2 and stored at 20 C until measurement.
Cultivation and extraction of crenarchaeal and euryarchaeal species is described in
Chapter 6.
5.2.2. Suspended particulate matter and sediment sampling

Suspended particulate matter samples were collected in the Costa Rica Dome perennial upwelling area of the equatorial North Pacific Ocean during the R/V Seward
Johnson cruise in November 2007 (Station 8; 9 N, 90 W; XIE et al., 2014). Suspended
particulate matter was recovered at 13 depths (3, 10, 25, 50, 125, 200, 350, 450,
550, 650, 750, 1000, 1250 m) by pumping 387 to 1417 liters of seawater through
a 53 m pore-size pre-filter and double pre-combusted 0.7 m pore-size glass fiber
filters using McLane Research in situ pumps (WTS-142) deployed on the conducting
cable of the CTD rosette (XIE et al., 2014). Recovered filters were stored at

20 C

and extracted as described in (XIE et al., 2014). Due to the use of 0.7 m pore-size
filters, membrane lipid concentrations should be regarded as minimum estimates (cf.
XIE et al., 2014). Water column profiles of temperature and dissolved oxygen were
measured using a CTD rosette as described previously (XIE et al., 2014).
5.2.3. Intact polar and core lipid analysis

Intact polar and core lipids were quantified by injecting 10 to 20 % of the TLE dissolved
in methanol on a Dionex Ultimate 3000 high performance liquid chromatography
(HPLC) system connected to a Bruker maXis Ultra-High Resolution quadrupole time-offlight tandem mass spectrometer (qToF-MS) equipped with an electrospray ionization
(ESI) ion source operating in positive mode (Bruker Daltonik, Bremen, Germany).
The mass spectrometer was set to a resolving power of 27,000 at m/z 1,222 and
every analysis was mass-calibrated by loop injections of a calibration standard and
correction by lock mass, leading to a mass accuracy of better than 1-3 ppm (ZHU et al.,
2013). Ion source and other MS parameters were optimized by infusion of standards
(GDGT-0, 1G-GDGT-0, 2G-GDGT-0) into the eluent flow from the HPLC system using a
T-piece.
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Analyte separation was achieved using reversed phase HPLC on an ACE3 C18 column
(2.1 x 150 mm, 3 m particle size, Advanced Chromatography Technologies, Aberdeen,
Scotland) maintained at 45 C as described previously (ZHU et al., 2013). In brief,
analytes were eluted at a flow rate of 0.2 ml min
eluent A (methanol:formic acid:14.8 M

NH+4 ,

1

isocratically for 10 min with 100 %

100:0.04:0.10, v:v:v), followed by a

linear gradient to 24 % eluent B (2-propanol:formic acid:14.8 M NH+4 , 100:0.04:0.10,
v:v:v) in 5 min, followed by a gradient to 65 % B in 55 min. The column was then
flushed with 90 % B for 10 min and re-equilibrated with 100 % A for 10 min.
To determine abundances of core lipid structures relative to total lipids as well
as ring index and TEX86 of total GDGTs, 10 % of the TLE was hydrolyzed with 1
M HCl in methanol for 3 h at 70 C to yield core lipids (ELLING et al., 2014, cf.
Chapter 3). The hydrolyzed TLE was then analyzed on the same system under different
chromatographic conditions using normal phase HPLC and an APCI-II (atmospheric
pressure chemical ionization) ion source operated in positive mode, as described
previously (BECKER et al., 2013). Briefly, 1 to 5 % TLE aliquots were dissolved in
n-hexane:2-propanol (99.5:0.5, v:v) and injected onto two coupled Acquity BEH
Amide columns (2.1 x 150 mm, 1.7 m particle size, Waters, Eschborn, Germany)
maintained at 50 C. Lipids were eluted using linear gradients of n-hexane (eluent
A) to n-hexane:2-propanol (90:10, v:v; eluent B) at a flow rate of 0.5 ml min 1 . The
initial gradient was 3 % B to 5 % B in 2 min, followed by increasing B to 10 % in 8
min, to 20 % in 10 min, to 50 % in 15 min and 100 % in 10 min, followed by 6 min at
100 % B to flush and 9 min at 3 % B to re-equilibrate the columns.
Lipids were identified by retention time as well as accurate molecular mass and
isotope pattern match of proposed sum formulas in full scan mode and MS2 fragment
spectra. Integration of peaks was performed on extracted ion chromatograms of
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+

mDa width and included the [M+H] ions for NP-HPLC-MS and additionally [M+NH4 ]+
and [M+Na]+ ions for RP-HPLC-MS. Where applicable, double charged ions were
included in the integration. The areas of 1G-, 2G-, and HPH-GDGT-4 were corrected
for co-elution with the respective crenarchaeol regioisomer (Cren’) by subtracting the
area of the +2 Da isotope peak of Cren’, which was calculated from natural isotope
abundances (cf. Chapter 3, ZHANG et al., 2006; ELLING et al., 2014).
Lipid abundances were corrected for response factors of commercially available as
well as purified standards as described in ELLING et al. (2014). The TEX86 index was
calculated after SCHOUTEN et al. (2002) using the peak areas of GDGT-1, GDGT-2,
GDGT-3 and Cren’, with the digit indicating the number of cyclopentyl rings within
the molecule:
TEX86 =

100

[GDGT-2] + [GDGT-3] + [Cren’]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren’]

(Eq. 1)

5.3. RESULTS
TEX86 reconstructed temperatures were calculated using the core-top calibration of
KIM et al. (2010):
SST ( C) = 68.4

log(TEX86 ) + 38.6

(Eq. 2)

To quantify GDGT cyclization we calculated the ring index (RI) according to PEARSON
et al. (2004):
RI =

[GDGT-1] + 2 [GDGT-2] + 3 [GDGT-3] + 4 [GDGT-4] + 5 [Cren + Cren’]
[GDGT-0] + [GDGT-1] + [GDGT-2] + [GDGT-3] + [GDGT-4] + [Cren + Cren’]
(Eq. 3)

5.3. Results
The lipidomes of the 11 analyzed thaumarchaeal strains contained a total of 100
individual lipids that represent either core lipids found in the TLE or intact polar lipids
consisting of combinations of polar headgroups and core structures (Figs. 5.2 and 5.3).
Forty compounds were common to all thaumarchaeal strains, while 10 lipids were
unique to Group I.1b Thaumarchaeota, 21 compounds were found only in Group I.1a
Thaumarchaeota and 4 compounds were unique to the HWCG-III (Fig. 5.2).

Figure 5.2. Distribution of 100 detected lipid types among the lipidomes of the four
major phylogenetic subgroups of Thaumarchaeota with cultivated representatives (based
on analyses of eleven thaumarchaeal cultures).

5.3.1. Core and apolar lipids

Analysis of the core lipid fractions derived from hydrolysis using normal phase HPLCAPCI-MS revealed distinct distributions of glycerol diphytanyl diethers (archaeols, AR),
GDGTs and glycerol trialkyl tetraethers (GTGTs, Fig. 5.1; DE ROSA et al., 1983) among
the investigated cultures. Major core lipid types found in all thaumarchaeal strains
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Figure 5.3. Reconstructed density maps showing elution time and mass-to-charge ratio
(m/z) of membrane lipids identified in eleven thaumarchaeal cultures using normal
phase HPLC-APCI-MS (a) and reversed phase HPLC-ESI-MS (b).

were GDGTs with zero to four cyclopentyl rings (GDGT-0 to GDGT-4), crenarchaeol
as well as methoxy archaeol (MeO-AR). MeO-GDGTs were detected in all strains
but were always trace components (<0.1 %). Acyclic GTGT (GTGT-0) as well as
monounsaturated GTGT-0 (GTGT-0:1; ELLING et al., 2014, cf. Chapter 3) were detected
in all thaumarchaeal strains. Differentiation between GTGTs bearing cyclizations and
GDGTs containing double bonds was achieved by comparing retention behavior in
normal phase HPLC-MS to retention during reversed phase HPLC-MS (cf. ZHU et al.,
2014b).
Hydroxy (OH-) GTGT-0 and MeO-GTGT-0, monounsaturated methoxy archaeol
(MeO-AR0:1 ), as well as mono-, di-, and triunsaturated AR were detected in trace
amounts in N. maritimus and N. viennensis EN76 but were not considered in relative abundance calculations due to their low concentrations («0.1 % of total lipids,
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(Fig. 5.3). Similarly, low amounts of biphytane diols detected in these strains were
not considered in relative abundance calculations.
The degree of GDGT cyclization as well as TEX86 calculated from total (hydrolysisderived) GDGTs differed significantly between the cultures (Table 5.1). Group I.1b
Thaumarchaeota showed the highest ring indices (4.3-4.8) and TEX86 values (0.970.99). The lowest ring index and TEX86 values were observed in strain NAOA6 (2.7)
and Nitrosocaldus yellowstonii, respectively (0.61).
Table 5.1. Abundances of archaeol (AR) and methoxy archaeol (MeO-AR) in thaumarchaeal cultures relative to total lipids derived by acid hydrolysis as well as ring index
(RI), TEX86 and TEXH
86 -temperature in total hydrolysis-derived GDGTs (measured using
normal phase HPLC-APCI-MS).

Nitrosotalea
devanaterra
Nitrosopumilus
maritimus

Strain NAOA2

Strain NAOA6

Strain D3C
Strain N2F
Nitrososphaera
viennensis EN76
Nitrososphaera
viennensis EN123
Nitrososphaera
gargensis
Strain SCU2A
Nitrosocaldus
yellowstonii

RI

TEX86 TEXH
86 -temp.
( C)

Growth temp.
( C)

Growth
pH

AR
(%)

MeO-AR
(%)

25

5.4

0.3

20.9

3.7 0.90

35.5

22

7.5

1.4

3.5

2.4 0.60

23.2

25
28
18
22
28
35
18
22
28
30
30
37

7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.3
7.3
7.5

2.3
0.2
3.3
3.4
1.5
4.1
2.4
2.7
0.4
2.4
4.2
1.5

3.9
2.1
13.2
4.7
2.3
0.6
5.5
4.2
4.5
5.3
11.5
1.9

2.7
3
2.9
2.8
2.8
4.0
2.2
2.7
3.1
3
3
4.3

0.70
0.86
0.80
0.83
0.86
0.78
0.54
0.83
0.89
0.82
0.78
0.99

28.0
34.0
32.0
33.2
34.4
31.2
20.3
33.1
35.3
32.5
31.2
38.2

37

7.5

0.3

1.6

4.3 0.99

38.4

35

7.8

2.1

<0.01

4.4 0.92

36.1

46
70
72

7.8
7
7

1.1
4
6.2

0.2
<0.01
0.1

4.8 0.97
3.6 0.64
3.8 0.61

37.6
25.5
24.1

In all strains affiliated with Group I.1a, GDGT-0 to -4 and crenarchaeol contributed 80
to 90 % to the total lipids, while the crenarchaeol regioisomer was a minor compound
(<3 %; Fig. 5.4). Among the Group I.1a Thaumarchaeota, AR and MeO-AR were
especially abundant in strains N2F and D3C with up to 5 % and 11 %, respectively
(Fig. 5.4,Table 5.1). Glycerol dialkanol diethers (GDDs, Fig. 5.1) occurred in relatively
high abundances in strains NAOA2 and strain N2F with 9 and 7 %, respectively. In
N. devanaterra, MeO-AR accounted for about 20 % of total lipids, while archaeol
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was only present in trace amounts (0.3 %) and GDDs accounted for less than 4 % of
the total lipids. In contrast to Group I.1a Thaumarchaeota, N. devanaterra contained
high amounts of GDGT-4 (28 %). OH-GDGTs were detected in small amounts in
N. devanaterra as well as all Group I.1a strains (Fig. 5.4).

Figure 5.4. Cluster analysis of the relative abundances of major core lipid types in
eleven thaumarchaeal strains from the four phylogenetic groups I.1a, I.1b, SAGMCG-1
and HWCG-III (calculated using the Euclidean distance metric from full lipid diversity
including individual cyclized GTGTs, MeO-GDGTs and GDDs). Cren: crenarchaeol. Cren’:
crenarchaeol regioisomer.

Group I.1b Thaumarchaeota were characterized by low abundances of AR and MeOAR (<2 %) as well as high abundances of the crenarchaeol regioisomer, which were
in the range of 15 to 20 % in the two N. viennensis strains EN76 and EN123 and about
30 % in N. gargensis (Fig. 5.4). While highly abundant in both N. viennensis strains
(22 to 23 %), GDGT-4 was only a minor lipid in N. gargensis (6 %). Crenarchaeol was
the dominant lipid in N. gargensis, contributing 58 % to the total lipids (Fig. 5.4).
N. gargensis additionally contained the GDGT-X core lipid (PITCHER et al., 2010) in
trace amounts (not included in abundance calculations). OH-GDGTs were not detected
in Group I.1b Thaumarchaeota.
Similar to N. gargensis, crenarchaeol was a major lipid in the HWCG-III Thaumarchaeota N. yellowstonii and strain SCU2A (Fig. 5.4). However, GTGTs with up to four
rings (GTGT-0 to GTGT-4; Table 5.2) were the dominant lipids in N. yellowstonii (cf.
DE LA

TORRE et al., 2008) and equally abundant as crenarchaeol in strain SCU2A

(Fig. 5.4). AR contributed 4 to 6 % to the total lipids in N. yellowstonii and strain
SCU2A while MeO-AR was detected only in trace amounts (<0.1 %) in these strains
(Table 5.1). OH-GDGTs were not detected in N. yellowstonii and strain SCU2A.
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Table 5.2. Abundances of MK6:0 and MK6:1 relative to total menaquinones, abundances of GTGTs relative to total GTGTs, and abundances of
GDGTs relative to total GDGTs in eleven cultivated thaumarchaeal strains as determined by normal phase HPLC-APCI-MS (n.d., not detected;
*GTGT-0:1 occurred in trace amounts in these strains, but could not be quantified separately due to co-elution with GTGT-1 in normal phase
HPLC). Cren: crenarchaeol. Cren’: crenarchaeol regioisomer.
MK
Nitrosotalea devanaterra
Nitrosopumilus maritimus
Strain NAOA2
Strain NAOA6
Strain D3C
Strain N2F
Nitrososphaera viennensis EN76
Nitrososphaera viennensis EN123
Nitrososphaera gargensis
SCU2A
Nitrosocaldus yellowstonii

6:0

6:1

0

0:1

72.4
91.0
77
85.7
88.6
92.5
76.1
85.4
85.8
92.1
96.5

27.6
9.0
23
14.3
11.4
7.5
23.9
14.6
14.2
7.9
3.5

86.2
19.7
20.1
4.2
5.5
1.4
3.8
0.2
31.3
65.2
84.8

13.8
7
9.8
<0.1
2.2
0.2
n.d.*
<0.1
n.d.*
n.d.*
n.d.*

GTGT
1
2
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.1
n.d.
7
5.5
6.5

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
2.1
1.8
0.6

3

4

0

1

2

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
1.1
1
0.2

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
2.3
0.3
0.1

7.4
8.2
9.5
11
8.5
14.4
0.5
0.4
1.2
14.9
15

2.5
8.9
7
9.6
7.7
8.6
0.5
0.3
1.2
7.2
6.1

12.9
33.2
23.7
22.9
24
15.1
0.9
0.8
1
7.8
3.5

GDGT
3
4

Cren

Cren’

4.6
9.7
23.8
22.6
13.4
15.5
3.9
3.4
1.2
4.5
1.6

30.2
33.4
22
22.4
21.7
28.1
16.7
6.7
59.4
56
64.6

3.6
0.7
2.1
1.4
1.9
3
19.2
28.5
29.7
2
4.3

38.7
5.9
11.8
10.1
22.8
15.3
58.3
59.9
6.3
7.5
4.8

5.3. RESULTS
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5.3.2. Intact polar lipids and respiratory quinones

Analysis of the intact polar lipids using reversed phase HPLC-MS revealed a high
diversity of IPLs among the investigated thaumarchaeal strains (Fig. 5.3). The major
IPLs in all strains were GDGTs with monoglycosyl (1G), diglycosidic (2G), phosphoxehose (PH) and hexose-phosphoxose (HPH) headgroups. However, small amounts of
intact polar archaeols with 1G and PH headgroups were detected in all thaumarchaeal
strains, while no intact polar GTGTs were observed. 2G-GDGTs and 2G-OH-GDGTs
each consisted of two series of isomers that were separated by 3-5 min in reversed
phase HPLC and yielded similar MS2 fragmentation spectra (Fig.3; ELLING et al., 2014,
cf. Chapters 3 and 4). These isomers may represent constitutional isomers, e.g., having
one glycosidic headgroup connected to each glycerol moiety versus a diglycosidic
moiety linked to only one of the glycerols. In addition, minor amounts of OH-GDDs
were detected in the total lipid extracts of all investigated Group I.1a Thaumarchaeota
as well as N. devanaterra, which were below detection in the hydrolyzed lipid extracts
analyzed using normal phase HPLC-APCI-MS. Two isoprenoid naphthoquinones were
detected in all thaumarchaeal strains and were identified as menaquinones with fully
unsaturated (MK6:0 ) and monounsaturated (MK6:1 ) side chains composed of six isoprenoid units (C30 ; cf. Chapter 6). While the relative abundances of these quinones
varied between different strains, MK6:0 was always more abundant than MK6:1 in all
thaumarchaeal strains (Table 5.2).
Group I.1a Thaumarchaeota contained predominantly 1G-, 1G-OH-, 2G- and 2G-OHGDGTs in varying amounts (Fig. 5.5). Strain NAOA2 was characterized by relatively
low amounts of 1G-GDGTs and high abundances of 2G-, 2G-OH, and HPH-GDGTs. In
contrast, the IPL pool of N. maritimus consisted mostly of 1G-GDGTs (47 %) and 2GOH-GDGTs (33 %), but only low amounts of 2G- and HPH-GDGTs and other IPLs. Intact
polar GTGTs reported by SCHOUTEN et al. (2008) were not detected in N. maritimus.
The IPL composition of NAOA6 was similar to N. maritimus, but was characterized
by higher relative abundances of early eluting 2G- and 2G-OH-GDGTs and lower
abundances of 1G-OH-GDGTs (Fig. 5.5). Strain N2F exhibited the highest relative
abundances of 2G-OH-GDGTs (44 %) among all thaumarchaeal strains as well as and
comparatively low amounts of 1G-GDGTs (24 %). In addition, this strain contained
trace amounts of monoglycosidic dihydroxylated GDGTs (1G-2OH-GDGTs). Strain
D3C showed high relative abundances of 2G-GDGTs (46 %) and equal abundances of
1G-GDGTs and 2G-OH-GDGTs ( 25 % each).
N. devanaterra contained predominantly 1G-GDGTs (50 %) as well as 2G-GDGTs
and early eluting 2G-GDGTs (30 %; Fig. 5.5). Only minor amounts of 2G-OH-GDGTs
and HPH-GDGTs as well as 1G-GDDs and intact polar archaeols were detected.
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Figure 5.5. Cluster analysis of the relative abundances of intact polar lipid types in
eleven thaumarchaeal strains (calculated using the Euclidean distance metric from full
lipid diversity including individual cyclized intact polar GDGTs). Cultures from similar
habitats show close relatedness in their intact polar lipid compositions.

Both N. viennensis EN76 and EN123 contained high abundances of 1G-GDGTs
( 50 to 60 %) as well as 2G-GDGTs ( 20 %; Fig. 5.5). The relative abundances of
HPH-GDGTs were low in strain EN76 while these IPLs were completely absent in
strain EN123. However, strain EN123 contained low amounts of PH-GDGTs, which
were not detected in strain EN76. In contrast to all other thaumarchaeal strains, both
N. viennensis strains contained relatively high abundances of 1G-GDDs (Fig. 5.5).
N. gargensis contained over 60 % 1G-GDGTs, approximately 10 % each of 2G- and
HPH-GDGTs as well as the highest amounts of intact polar archaeols among all
thaumarchaeal strains (6 %). All Group I.1b Thaumarchaeota contained trace amounts
of triglycosidic (3G-) GDGTs. In addition, N. gargensis contained trace amounts of 1Gand 2G-GDGTs bearing additional methylated sugars (1G-MeG- and 2G-MeG-GDGTs).
No IPLs with OH-GDGT core structures were observed in Group I.1b Thaumarchaeota.
N. yellowstonii and strain SCU2A contained the highest relative abundances of 1GGDGTs among the investigated thaumarchaeal strains with 77 % and 91 %, respectively
(Fig. 5.5). Strain SCU2A contained only minor amounts of 2G-, PH, and HPH-GDGTs.
Similarly, N. yellowstonii contained only low amounts of 2G-GDGTs but relatively
high abundances of HPH-GDGTs (18 %). Furthermore, these strains contained higher
relative abundances of intact polar archaeols than most other thaumarchaeal strains
(up to 5 %; Fig. 5.5). Both, N. yellowstonii and strain SCU2A did not contain IPLs with
OH-GDGT core structures.
The different intact polar GDGT classes as well as total GDGTs exhibited distinct
distributions of GDGT core structural types (Fig. 5.6). Furthermore, these patterns
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differed between the thaumarchaeal strains. In N. viennensis, the main core lipid of
1G-, 2G-, and total GDGTs were GDGT-4, while the other GDGT core structures were
of minor abundance (Fig. 5.6). However, the major core lipid of HPH-GDGTs was
crenarchaeol.

Figure 5.6. Distribution of GDGT structural types in the major thaumarchaeal intact
polar lipid classes 1G-GDGT, 2G-GDGT, and HPH-GDGT as well as total GDGTs derived
from hydrolysis in eleven cultivated thaumarchaeal strains. Cren: crenarchaeol. Cren’:
crenarchaeol regioisomer.

In N. gargensis, crenarchaeol was the main core lipid of total, 1G-, 2G- and HPHGDGTs, while the latter also contained GDGT-4 as a major core structure (Fig. 5.6).
Similarly, crenarchaeol was the major lipid of 1G-, HPH-, and total GDGTs in N. yellowstonii and strain SCU2A (Fig. 5.6). In contrast, 2G-GDGTs were affiliated to nearly
equal amounts with GDGT-4, crenarchaeol and the crenarchaeol regioisomer in N. yellowstonii and to equal amounts with GDGT-3 and crenarchaeol in strain SCU2A. GDGT
core structural types were overall more similarly distributed among the Group I.1a
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Thaumarchaeota (Fig. 5.6). 2G-GDGTs were mostly affiliated with GDGT-2, GDGT-3,
and GDGT-4 in all strains. While most strains showed about equal abundances of these
GDGT core structures, GDGT-2 was more dominant within 2G-GDGTs in N. maritimus
and strain NAOA6. 1G-GDGTs were affiliated mostly with GDGT-0 to GDGT-2 and crenarchaeol in N. maritimus and strains NAOA6, while crenarchaeol was more abundant
in strains N2F and D3C. In contrast, 1G-GDGTs consisted mostly of GDGT-2 to GDGT-4
in strain NAOA2, similar to 2G-GDGTs. In all Group I.1a strains, HPH-GDGTs comprised mostly GDGT-0 and crenarchaeol core structures, but the relative abundances
differed for each strain (Fig. 5.6).
5.3.3. Distribution of thaumarchaeal biomarkers in the equatorial North Pacific
Ocean

Methoxy archaeol was detected throughout the oxic water column and the oxygen
minimum zone (OMZ, approximately 50-800 m water depth) of the equatorial North
Pacific Ocean between 3 and 1250 m water depth (Fig. 5.7). MeO-AR concentrations
peaked in the suboxic zone in the uppermost part of the OMZ between 50 and 125
m, which coincided with a maximum in intact polar GDGTs (IP-GDGTs, derived from
hydrolysis; data from XIE et al. 2014), and decreased throughout the OMZ and the
deeper water column. Archaeol concentrations showed a maximum within the anoxic
core of the OMZ. The ratio of MeO-AR and AR showed two maxima at the upper and
lower boundaries, respectively and a minimum within the anoxic core of the OMZ
(Fig. 5.7).

Figure 5.7. Depth profiles through the water column of the oxygen minimum zone
(OMZ) in the equatorial North Pacific Ocean of (a) dissolved oxygen (O2 ) and temperature, (b) intact polar GDGTs (IP-GDGTs, derived from hydrolysis, data from XIE et al.
2014), methoxy archaeol (MeO-AR), archaeol (AR), and the ratio of MeO-AR and to
the sum of AR and MeO-AR.
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5.4. Discussion
5.4.1. Common patterns in the lipidomes of cultivated Thaumarchaeota

Membrane lipids common to all thaumarchaeal strains investigated here comprise,
among others, acyclic and cyclized GDGTs, GDDs and archaeols bearing 1G, 2G, HPH,
and PH headgroups. (Figs. 5.3 to 5.5) Hierarchical cluster analysis was performed
on lipid abundances of all 100 identified compounds to investigate the relationships
between the lipidomes of the eleven thaumarchaeal strains (Figs. 5.4 and 5.5).
The cluster analysis indicates that the distribution of core lipid types among Thaumarchaeota is in part determined by phylogeny (Fig. 5.4). The core lipid compositions
of all Group I.1a Thaumarchaeota are closely related to each other and distinct from
the other thaumarchaeal lineages by the relatively similar distributions of GDGT-0 to
GDGT-4 and crenarchaeol, low crenarchaeol regioisomer contents and the occurrence
of OH-GDGTs. Similarly, MeO-AR contents are higher in Group I.1a than in most
other Thaumarchaeota. The low abundance of OH-GDGT core lipids in contrast to
high abundances of IPLs with OH-GDGT core structures is likely related to the loss of
the hydroxyl group during acid hydrolysis (cf. LIU et al., 2012b; SINNINGHE DAMSTÉ
et al., 2012). The core lipid composition of the soil thaumarchaeon N. devanaterra is
very similar to that of Group I.1a strains and thus reflects the phylogenetic position
of this thaumarchaeon in a sister clade of Group I.1a, SAGMCG-1. However, N. devanaterra is distinct from I.1a Thaumarchaeota by exhibiting higher abundances of
GDGT-4 and MeO-AR. In contrast to Group I.1a, Group I.1b Thaumarchaeota do not
exhibit a coherent lipidome. The two investigated Group I.1b Thaumarchaeota from
soil, N. viennensis EN76 and EN123 are characterized by high abundances of GDGT-4
and the crenarchaeol regioisomer as well as GDDs. In contrast, the lipidome of the
moderately thermophilic Group I.1b thaumarchaeon N. gargensis is almost exclusively
composed of crenarchaeol and its regioisomer. The thermophilic Thaumarchaeota of
the HWCG-III cluster are distinct from all other thaumarchaeal clades in containing
GTGTs as their dominant core lipids as well as relatively high amounts of crenarchaeol
compared to the other GDGTs.
In contrast to the core lipids, cluster analysis of the IPLs indicates that the IPL composition is related to habitat type rather than phylogeny (Fig. 5.5). According to their
IPL composition, the thaumarchaeal strains can be divided into three major groups:
terrestrial thermophiles, marine mesophiles, and soil mesophiles. The terrestrial thermophiles are characterized by very high abundances of 1G-GDGTs and HPH-GDGTs
as well as intact polar archaeols. All marine mesophiles share high abundances of
2G-GDGTs and 2G-OH-GDGTs compared to the other archaea, while HPH-GDGTs are
abundant only in some strains. The soil Thaumarchaeota (N. viennensis EN76 and
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EN123, N. devanaterra) are characterized by high relative abundances of 1G-GDGTs
and 2G-GDGTs as well as 1G-GDDs in N. viennensis. While these groupings are in
part related to phylogeny (e.g., all investigated marine mesophiles are Group I.1a
Thaumarchaeota), the distinct clustering indicates that IPL composition in Thaumarchaeota is reflective of environmental parameters and adaptation patterns, similar to
the observation of ecological patterns in the polar lipid compositions of bacteria (cf.
BAY et al., 2015).
5.4.2. Implications for the use of thaumarchaeal GDGTs as biomarkers

Comparison of the lipidomes of the eleven thaumarchaeal strains investigated here
indicates that the core and intact polar lipid compositions of Thaumarchaeota reflect
both phylogenetic affiliation and habitat and may thus be used to differentiate the
major thaumarchaeal clades in environmental samples.
In all thaumarchaeal strains investigated here, 1G-GDGTs are the most abundant
IPLs. Similarly, 1G-GDGTs and in particular 1G-crenarchaeol are often the most abundant archaeal lipids detected in the marine water column (SCHUBOTZ et al., 2009;
SCHOUTEN et al., 2012). However, 1G-GDGTs are often assumed to be more refractory
than 2G- and HPH-GDGTs after cell lysis, and are therefore often considered unsuitable for tracing living biomass (e.g. SCHOUTEN et al., 2012). HPH-GDGTs are often
not abundant and therefore not detected in the marine water column (e.g., BASSE
et al., 2014; XIE et al., 2014). Furthermore, relatively high abundances of HPH-GDGTs
during growth of N. maritimus compared to stationary phase suggest that HPH-GDGTs
might be indicators of metabolically active Thaumarchaeota (ELLING et al., 2014, cf.
Chapter 3). Our study of five marine planktonic thaumarchaeal strains indicates that
HPH-GDGT abundances are highly variable in Group I.1a Thaumarchaeota (Fig. 5.5),
which represent the dominant thaumarchaeal clade in the ocean. Therefore, changes
in HPH-GDGT abundances in the marine water column might not only be related to
thaumarchaeal abundances and metabolic activity but may also reflect changes in
thaumarchaeal community composition. Thus, 2G-GDGTs and 2G-OH-GDGTs seem
to be more suitable for tracing thaumarchaeal biomass due to their high relative
abundances in all strains. OH-GDGTs appear to be exclusively synthesized by Group
I.1a (Figs. 5.4 and 5.5), consistent with previous investigations in soil and sedimentary
thaumarchaeal cultures (PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012), and
might thus be well suited for tracing this thaumarchaeal clade in the environment.
However, OH-GDGTs have also been detected in the thermophilic methanogenic euryarchaeon Methanothermococcus thermolithotrophicus (LIU et al., 2012b)and thus
might be synthesized also by other thermophilic and mesophilic archaea.
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Thaumarchaeal communities in soil are commonly dominated by Group I.1b Thaumarchaeota related to N. viennensis (e.g., PESTER et al., 2012), but Thaumarchaeota
related to N. devanaterra (SAGMCG-1 cluster) may form a major part of the microbial
community especially in acidic soils (e.g., GUBRY-RANGIN et al., 2011). These clades
may be distinguishable in environmental samples by their distinct lipid compositions.
While both groups synthesize predominantly 1G-GDGTs with GDGT-4 and crenarchaeol
as core lipids, N. devanaterra synthesizes 2G-GDGTs predominantly with GDGT-3 as
the core lipid in contrast to GDGT-4 in N. viennensis (Figs. 5.4 and 5.6). Furthermore,
N. viennensis contains high abundances of the crenarchaeol regioisomer connected
to 1G- and 2G- headgroups as well as 1G-GDDs, while N. devanaterra is distinct by
having high abundances of MeO-AR (Figs. 5.4 to 5.6). Additionally, 3G-GDGTs appear
to be synthesized exclusively by Group I.1b Thaumarchaeota. However, the abundance
of these compounds is very low in N. viennensis, limiting their potential as biomarkers
in environmental samples.
Thermophilic Thaumarchaeota associated with the HWCG-III cluster and Group
I.1b have overall similar IPL profiles but might be distinguished by the high abundance of the crenarchaeol regioisomer in Group I.1b Thaumarchaeota as well as high
abundances of GTGTs in HWCG-III Thaumarchaeota. While GTGTs have previously
been detected in the thermophilic crenarchaeon Sulfolobus solfataricus, their biological function remains unconstrained. The high abundances of GTGTs in HWCG-III
Thaumarchaeota are unprecedented among cultivated archaea and suggest an involvement in the adaptation of the membrane to high temperatures. Furthermore,
N. gargensis synthesizes trace amounts of intact polar GDGTs containing methylated
sugar headgroups, which were not detected in other thaumarchaeal strains.
GDD core lipids have been suggested to represent either intermediates of GDGT
biosynthesis (LIU et al., 2012b; VILLANUEVA et al., 2014b) or degradation products of
GDGTs resulting from the loss of one glycerol moiety (KNAPPY and KEELY, 2012; LIU
et al., 2012a; YANG et al., 2014). They have so far only been reported from soils and
marine sediments as well as N. maritimus (cf. Chapter 3, ELLING et al., 2014; MEADOR
et al., 2014b) and Methanothermococcus thermolithotrophicus (LIU et al., 2012a). The
detection of monoglycosidic GDDs in N. maritimus suggests that these compounds
may indeed be membrane components of Thaumarchaeota (MEADOR et al., 2014b).
The high abundances of core and 1G-GDDs observed in N. viennensis underline a
potential role of these compounds as membrane lipids and their use as biomarkers for
Group I.1b Thaumarchaeota. Core GDDs abundantly detected in marine sediments
(KNAPPY and KEELY, 2012; LIU et al., 2012a,c) and soils (YANG et al., 2014; COFFINET
et al., 2015) may thus be sourced directly by Thaumarchaeota in addition to possible
degradation of GDGTs.

112

5.4. DISCUSSION
Fossil core GDGTs of marine and lacustrine planktonic Thaumarchaeota preserved
in sediments form the basis of the TEX86 paleothermometer, which is based on the
empirical correlation between sea surface temperature and the specific ratio indexed in
TEX86 , i.e., the relative abundances of GDGT-2 and GDGT-3 versus GDGT-1 to GDGT-3
and the crenarchaeol regioisomer found in core-top sediments (Eq. Eq. 1; SCHOUTEN
et al., 2002). While the TEX86 values of total GDGTs in N. maritimus and NAOA2
increase with increasing temperature (Chapter 4, Table 5.1), there is no universal
correlation between growth temperature and TEX86 across the thaumarchaeal strains
studied here. This indicates that the relationship between TEX86 and temperature is
likely species-specific and that the environmental TEX86 signal may thus represent a
community-averaged response to temperature. Moreover, specific intact polar GDGT
classes are preferentially associated with specific core GDGTs in the marine mesophilic
thaumarchaea studied here (Fig. 5.6; ELLING et al., 2014, cf. Chapter 3). Therefore,
differences in degradation rates of intact polar GDGTs as well as community composition may influence the TEX86 index as the intact polar lipid precursors differ for
individual core GDGTs, which may result in distinct release rates of core GDGTs from
their polar precursors.
5.4.3. Patterns in thaumarchaeal membrane lipid adaptation

Thaumarchaeota contain relatively high abundances of GDGTs compared to other
mesophilic archaea (cf. SCHOUTEN et al., 2013). In fact, all other archaea that contain cyclized GDGTs as the dominant membrane lipids are (hyper)thermophiles (cf.
OGER and CARIO, 2013). Moreover, the ring indices of total GDGTs in mesophilic
Thaumarchaeota such as N. maritimus and strain D3C are as high or higher as ring
indices of (hyper)thermophiles (e.g., DE ROSA et al., 1980; UDA et al., 2001; UDA
et al., 2004; SHIMADA et al., 2008). This lends further support to the hypothesis
that mesophilic Thaumarchaeota originate from thermophilic ancestors that have
adapted to low temperature habitats (cf. DELONG et al., 1998; SCHOUTEN et al., 2000;
FORTERRE et al., 2002; SPANG et al., 2010). Thermophilic Cren- and Euryarchaeota
adapt to high temperatures by increasing the cyclization of their GDGT membrane
lipids, which increases GDGT packing density and reduces proton permeability (KOGA,
2012; OGER and CARIO, 2013). Similarly, ring indices in thaumarchaeal strains increase with increasing growth temperature (Chapter 4, Table 5.1). However, the ring
indices and relative abundances of crenarchaeol are not highest in the thaumarchaeal
strains grown and isolated from the highest temperatures, N. yellowstonii (72 %) and
strain SCU2A (70 %), but in N. viennensis and N. gargensis, which have optimal growth
temperatures of 37 and 46 %, respectively. This indicates, along with the distinct ring
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indices of the investigated thaumarchaeal strains (Table 5.1), that membrane lipid
adaptation to high temperatures is specific for distinct thaumarchaeal clades. Adaptation to high temperatures in Thaumarchaeota may thus involve additional mechanisms
such as high abundances of 1G-GDGTs, which promote low proton permeability (e.g.,
MORII and KOGA, 1994; GABRIEL and CHONG, 2000; SHIMADA et al., 2008), and high
abundances of GTGTs.
The mechanisms how mesophilic thaumarchaea adapt their thermophile-like lipid
membranes to the low temperatures encountered in the marine environment and soil
remain poorly studied. However, the abundance of MeO-AR in Thaumarchaeota appears to be temperature-dependent. MeO-AR is only a trace compound in thermophilic
Thaumarchaeota, while it is most abundant in the strain grown at the coldest temperature, N. devanaterra. In addition, N. gargensis produces relatively more MeO-AR when
grown at 35 C than at 46 C and similarly MeO-AR content increases with decreasing
growth temperature in strain NAOA2 (Chapter 4), indicating that synthesis of MeO-AR
might be a mechanism of adaptation to cold temperatures. Incorporation of MeO-AR
into the membrane might lead to increased membrane fluidity at low temperatures in
a similar way as squalene may increase membrane fluidity in halophilic archaea by
spacing polar lipids further apart (cf. Chapter 4; LANYI et al., 1974; LANYI, 1974).
5.4.4. Lipid biomarkers specific for Thaumarchaeota

Comparison of the thaumarchaeal lipidome with analyses of 21 crenarchaeal and
euryarchaeal species revealed that Thaumarchaeota harbor distinct biomarkers as well
as lipids common to all archaea. All investigated Thaumarchaeota contained at least
minor amounts of archaeol (Fig. 5.4), in contrast to prior studies on thaumarchaeal
lipid composition (PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012) that did
not report the occurrence of archaeol in cultivated Thaumarchaeota. Similarly, VILLANUEVA

et al. (2014b) suggested that most of the crenarchaeal and euryarchaeal

species investigated here do not produce archaeol, which is not consistent with our
observations as well as literature data (e.g., SHIMADA et al., 2002; KOGA and MORII,
2005; TARUI et al., 2007). Indeed, the occurrence of archaeol in all investigated strains
(Table 5.3) suggests that it is a universal lipid in Archaea.
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Table 5.3. Phylogenetic distribution of archaeol (AR), hydroxyarchaeol (OH-AR), methoxy archaeol (MeO-AR) and crenarchaeol (Cren)
biosynthesis among cultivated representatives of the Archaea
Phylum
Thaumarchaeota

Genus/Species

Habitat

AR

OH-AR

MeO-AR

Cren

MK6:0

MK6:1

Group I.1a

Nitrosopumilus maritimus
Strain NAOA2
Strain NAOA6
Strain D3C
Strain N2F
Nitrososphaera viennensis EN76
Nitrososphaera viennensis EN123
Nitrososphaera gargensis
Nitrosocaldus yellowstonii
SCU2A
Nitrosotalea devanaterra
Ignicoccus hospitalis
Staphylothermus marinus
Aeropyrum pernix
Pyrolobus fumarii
Metallosphaera prunae
Sulfolobus acidocaldarius
Sulfolobus solfataricus
Sulfolobus islandicus
Pyrococcus furiosus
Thermococcus kodakarensis
Methanopyrus kandleri
Methanothermobacter thermautotrophicus
Methanothermococcus thermolithotrophicus
Thermoplasma acidophilum
Archaeoglobus fulgidus
Archaeoglobus profundus
Haloferax volcanii
Halorubrum lacusprofundi
Methanosarcina acetivorans
Methanosarcina barkeri
Methanosarcina mazei

Marine water
Marine water
Marine water
Marine water
Marine water
Soil
Soil
Terrestrial hydrothermal
Terrestrial hydrothermal
Terrestrial hydrothermal
Acidic soil
Marine hydrothermal
Marine hydrothermal
Marine hydrothermal
Marine hydrothermal
Heated mine tailings
Terrestrial hydrothermal
Terrestrial hydrothermal
Terrestrial hydrothermal
Marine hydrothermal
Terrestrial hydrothermal
Marine hydrothermal
Terrestrial hydrothermal
Marine hydrothermal
Terrestrial hydrothermal
Marine hydrothermal
Marine hydrothermal
Terrestrial hypersaline
Terrestrial hypersaline
Marine sediment
Terrestrial & marine sediment, soil
Terrestrial sediment & soil

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

(+)*
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Group I.1b

HWCG-III/Nitrosocaldus cluster

Crenarchaeota

SAGMCG-1/Nitrosotalea cluster
Desulfurococcales

Sulfolobales

Euryarchaeota

Thermococcales
Methanopyrales
Methanobacteriales
Methanococcales
Thermoplasmatales
Archaeoglobales
Halobacteriales
Methanosarcinales

*Hydroxyarchaeol was not detected in Sulfolobus acidocaldarius in the present study but reported as a trace component by (SPROTT et al., 1997).
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The apolar lipid MeO-AR (ELLING et al., 2014, cf. Chapter 3) occurs in all investigated thaumarchaeal strains but not in any analyzed crenarchaeal or euryarchaeal
species (Table 5.3). MeO-AR therefore appears to be a lipid specific to archaea of
the phylum Thaumarchaeota. Similarly, crenarchaeol was only detected in Thaumarchaeota (Table 5.3), in agreement with previous studies (SINNINGHE DAMSTÉ et al.,
2002b; PITCHER et al., 2011a; SINNINGHE DAMSTÉ et al., 2012), and thus represents a
biomarker specific for Thaumarchaeota.
In order to test whether MeO-AR might be used as a biomarker for Thaumarchaeota
in the environment, we analyzed its abundance in a water column profile covering
the OMZ in the equatorial North Pacific Ocean as well as the oxic and suboxic waters
over- and underlying the OMZ. The distribution of MeO-AR indicates a maximum in
thaumarchaeal abundance in the upper suboxic zone of the OMZ (Fig. 5.7), which
is in agreement with a peak in abundance of IPL-derived GDGTs (XIE et al., 2014)
at this depth. This maximum in MeO-AR concentrations is consistent with maxima
in thaumarchaeal abundances commonly observed in the suboxic zones in oceanic
OMZs and in the suboxic transition zones of anoxic basins (e.g., COOLEN et al., 2007;
ERGUDER et al., 2009; STEWART et al., 2012; XIE et al., 2014). In contrast to MeO-AR,
the abundance of AR peaked within the anoxic core of the OMZ suggesting an anaerobic
archaeal source (Fig. 5.7). Since all archaea contain at least minor amounts of AR
(Table 5.3), the ratio of MeO-AR to AR might serve as a semi-quantitative measure
of thaumarchaeal contributions to the total archaeal population in environmental
samples. In the equatorial North Pacific Ocean, the ratio of MeO-AR to AR was
low within the upper oxic waters and the anoxic core of the OMZ and peaked in
the suboxic zones in the upper and lower part of the OMZ (Fig. 5.7) in agreement
with the anticipated distribution of Thaumarchaeota in the water column (e.g.,
KARNER et al., 2001; STEWART et al., 2012). This indicates that MeO-AR is a suitable
biomarker for tracing thaumarchaeal abundance in the marine environment that
might prove to be useful for constraining the highly disputed relative contributions of
planktonic Thaumarchaeota and Euryarchaeota to the marine GDGT signal (LINCOLN
et al., 2014a,b; SCHOUTEN et al., 2014).
All analyzed thaumarchaeal strains synthesize the same suite of respiratory quinones,
the menaquinones MK6:0 and MK6:1 (Table 5.2). The utilization of menaquinones in
Thaumarchaeota is distinct from the utilization of ubiquinones in ammonia-oxidizing
bacteria (WHITTAKER et al., 2000), which is in line with the emerging view of phylogenetically and biochemically distinct ammonia-oxidation pathways and respiratory
chains of ammonia-oxidizing archaea and bacteria (WALKER et al., 2010; STAHL and
DE LA

TORRE, 2012; VAJRALA et al., 2013). While MK6:0 and MK6:1 are minor quinones

in some thermophilic Crenarchaeota and Euryarchaeota, they are not detected in other
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cultivated mesophilic archaea (Table 5.2; discussed in detail in Chapter 6). Therefore, these menaquinones may be regarded as biomarkers specific for the phylum
Thaumarchaeota in low-temperature marine and terrestrial habitats (cf. Chapters 6
and 7).

5.5. Conclusions
We characterized the lipidome of the phylum Thaumarchaeota based on the core
and IPL compositions of 11 thaumarchaeal pure and enrichment cultures cultivated
from soil, geothermal habitats, and the surface ocean. We described 100 structurally
different lipid types, which indicates that Thaumarchaeota harbor an unprecedented
diversity of membrane lipids. While all thaumarchaeal strains synthesize similar
intact polar GDGT classes, the relative abundances of these lipids as well as their
core lipid composition differ among the thaumarchaeal phylogenetic subgroups. The
relative abundances of core lipids in cultivated Thaumarchaeota are determined by
phylogeny, while the IPL composition is reflective of the habitat or growth conditions.
Therefore, the core lipid and IPL profiles described here may help to interpret the IPL
signatures observed in environmental samples and may be used to identify specific
thaumarchaeal clades. While all thaumarchaeal strains synthesize crenarchaeol as a
major core lipid, OH-GDGTs are only found in Group I.1a as well as the sister group
SAGMCG-1. High abundances of GDGT-4, GDDs, and the crenarchaeol regioisomer
are characteristic for group I.1b Thaumarchaeota, while the apolar lipid methoxy
archaeol is particularly abundant in SAGMCG-1 but is also a major lipid in other
mesophilic Thaumarchaeota. Thermophilic Thaumarchaeota of the HWCG-III cluster
are distinct from the other thaumarchaeal groups by synthesizing large amounts of
GTGTs. Complementary analysis of >20 euryarchaeal and crenarchaeal species shows
that methoxy archaeol is found exclusively in Thaumarchaeota. The characteristic
distribution of methoxy archaeol and intact polar GDGTs along a depth profile through
the OMZ in the equatorial North Pacific Ocean suggests that methoxy archaeol may
be used as a biomarker for Thaumarchaeota in the environment and potentially for
estimating thaumarchaeal contributions to total GDGT production in the marine
environment.
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Abstract
Isoprenoid quinones are membrane-bound lipids functioning as electron carriers
in respiratory chains of almost all organisms. However, knowledge of the quinone
composition particularly in Archaea is still fragmentary. Using novel protocols that
enable simultaneous detection of quinones and glycerol-based membrane lipids we
investigated the quinone inventories of 25 species belonging to the archaeal phyla
Eury-, Cren- and Thaumarchaeota. Saturated and monounsaturated menaquinones
with six isoprenoid units forming the alkyl chain may represent chemotaxonomic
markers for Thaumarchaeota. Other diagnostic biomarkers are thiophene-bearing
quinones for Sulfolobales and methanophenazines as functional quinone analogs of
the Methanosarcinales. The ubiquity of saturated menaquinones in the Archaea in
comparison to Bacteria suggests that these compounds may represent an ancestral and
diagnostic feature of the Archaea. Overlap between quinone compositions of distinct
thermophilic and halophilic archaea and bacteria may indicate lateral gene transfer.
The biomarker potential of thaumarchaeal quinones was exemplarily demonstrated on
a water column profile of the Black Sea. Both, thaumarchaeal quinones and membrane
lipids showed similar distributions with maxima at the chemocline. In conclusion,
the structural variations of quinones and their distribution among the Archaea bear
significant chemotaxonomic information and high biomarker potential for classification
and quantification of distinct archaeal orders in the environment.
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6.1. Introduction
Isoprenoid quinones are a structurally diverse group of membrane-bound lipids that
act as electron carriers in the respiratory chains of organisms from all domains of life
(NOWICKA and KRUK, 2010). Quinones are commonly classified based on the structure
of a polar cyclic headgroup and can be further distinguished by the length and degree
of unsaturation of the head-to-tail linked isoprenoid side chain (COLLINS and JONES,
1981; HIRAISHI, 1999). The major classes of quinones include ubiquinones (UQs),
plastoquinones (PQs) and derivatives (benzoquinones), which occur exclusively in
Bacteria and mitochondria of Eukarya, as well as menaquinones (MKs, also known
as vitamin K2) and related compounds (naphthoquinones), which occur only in
Archaea and Bacteria, except for phylloquinone (MK4:1 , also known as vitamin K1;
Quinone nomenclature (Qm:n ) indicates headgroup type (Q), number of isoprenoid
units in the side chain (m) and number of double bonds (n)), which is involved in
electron transferin the photosystem I of cyanobacteria and phototrophic eukaryotes
(COLLINS and JONES, 1981; HIRAISHI, 1999; NOWICKA and KRUK, 2010). The side
chains usually comprise 4 to 10 isoprenoid units and typically contain one double bond
per isoprenoid unit in Bacteria (hereafter termed fully unsaturated), while in Archaea
partially unsaturated and fully saturated side chains are more common (COLLINS and
JONES, 1981; TINDALL et al., 1989; HIRAISHI, 1999).
The different quinone types have distinct redox potentials that depend on headgroup
structures, while the influence of length of the side chain and degree of its unsaturation
has not been systematically studied (Supp. Table 6.1; NOWICKA and KRUK, 2010).
The only organisms that do not contain quinones are fermentative Bacteria and
methanogens. However, Methanosarcina mazei and potentially other representatives
of the order Methanosarcinales synthesize methanophenazine as a substitute electron
carrier (Supp. Fig. 6.1; ABKEN et al., 1998). Complementary to polar membrane
lipid analysis, quinone profiling offers PCR-independent taxonomic characterization
and quantification of microbial biomass in environmental samples (COLLINS and
JONES, 1981; HIRAISHI, 1999; HIRAISHI et al., 2003). Furthermore, redox conditions
and metabolism are major controls on the occurrence and relative abundance of
specific quinones in microorganisms due to their distinct redox potentials (Supp.
Table 6.1; HEDRICK and WHITE, 1986; WISSENBACH et al., 1990; BEKKER et al., 2007;
NOWICKA and KRUK, 2010). Therefore, quinone distributions in the environment likely
contain an additional functional dimension related to microbial metabolisms and
redox conditions.
In addition to their function in electron transport chains, quinones might contribute
to membrane adaptation to physiological stresses similar to membrane lipids. For
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instance, SÉVIN and SAUER (2014) observed that sustained osmotic-stress tolerance in
Escherichia coli depended on accumulation of ubiquinone. Therefore, characterization
of the cellular quinone pool appears essential for a holistic understanding of membrane
properties in microorganisms.
Structural characterization and quantification of respiratory quinones facilitates the
elucidationof microbial electron transport chains (WHITTAKER et al., 2000; STAMS and
PLUGGE, 2009; COATES et al., 2013). Similarly, interpretation of quinone profiles in
environmental samples is facilitated by detailed description of quinone diversity in
cultivated organisms (COLLINS and JONES, 1981; HIRAISHI, 1999; URAKAWA et al.,
2000; URAKAWA et al., 2005).Comprehensive analysis of the occurrence of respiratory
quinones in Archaea furthermore supports genetic investigations on the evolutionary
history of quinone biosynthesis (cf. SOUSA et al., 2013; ZHI et al., 2014). However, the
knowledge on the distribution of quinone structural types particularly in the Archaea
remains fragmentary. For example, the quinone composition of representatives of the
ammonia-oxidizing Thaumarchaeota, possibly among the most abundant Archaea on
Earth (cf. STAHL and DE LA TORRE, 2012), has not been explored yet, despite the
presumed central role of quinones in current models of the respiratory pathway for
ammonia oxidation (WALKER et al., 2010; STAHL and DE LA TORRE, 2012).
Conventional methods used for quinone analysis are based on thin-layer or high performance liquid chromatography (HPLC) coupled to UV spectrophotometric detection.
These methods do not allow precise quantification of quinones in complex mixtures
and structural identification of unknown compounds (HIRAISHI, 1999). Moreover,
UV-based techniques require work-intensive preparative steps such as the prior separation of ubiquinones from menaquinones (HIRAISHI, 1999).The coupling of HPLC to
mass spectrometry (MS) provides a powerful framework to explore the taxonomic
and process-related information contained in the structural diversity and abundance
ofquinones (HIRAISHI, 1999; GEYER et al., 2004; KAISER et al., 2012).
Here, we performed an in-depth analysis of respiratory quinones in cultured representatives of three archaeal phyla originating from a wide range of environments
including soils, hypersaline lakes, geothermal systems, and the surface ocean. These
analyses were facilitated by modifying recently developed HPLC-MS methods to feature simultaneous detection and quantification of archaeal and bacterial respiratory
quinones as well as core and intact polar glycerol-based membrane lipids. We explored the phylogenetic implications of respiratory quinone distribution in Archaea
and evaluated the potential of quinones as chemotaxonomic markers. For the first
time, we report the quinone inventories of soil and planktonic representatives of
the phylum Thaumarchaeota as well as the crenarchaeal species Ignicoccus hospitalis,
Pyrolobus fumarii, and Sulfolobus islandicus. Additionally, M. acetivorans and M. barkeri
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were analyzed for their methanophenazine composition. In order to demonstrate the
strength of simultaneous quinone and membrane lipid profiling in the environment,
we investigated thaumarchaeal abundance in suspended particulate matter samples
from the southern Black Sea, where archaeal community composition is linked to the
distinctly stratified water column chemistry (COOLEN et al., 2007; WAKEHAM et al.,
2007).

6.2. Results
6.2.1. Chromatographic separation and mass spectrometric characterization of
respiratory quinones

Reversed phase (RP)-HPLC-MS analysis of different archaeal culture extracts yielded
chromatographic separation of respiratory quinones as well as core and intact polar
glycerol diphytanyl diether (archaeols) and glycerol dibiphytanyl glycerol tetraether
lipids (GDGTs; Fig. 6.1). Retention of quinones was dependent on headgroup type and
isoprenoid alkyl chain length and its degree of unsaturation (Fig. 6.1 & Supp. Fig. 6.2)
to the effect that compounds of a given headgroup type were baseline-separated when
they possessed a different number of isoprenoid units and/or double bonds in the
alkyl chain. The retention time increased with increasing length of the isoprenoid
chain but decreased with increasing number of double bonds. Similarly, archaeal
membrane lipids were separated by headgroup type and side chain structures as
described previously (ZHU et al., 2013, Fig. 6.1). For quinones with identical side
chain structure, the elution order was UQs, PQs, demethylmenaquinone (DMKs), MKs,
methionaquinones (MTKs), and methylmenaquinones (MMKs; Supp. Fig. 6.2 & Supp.
Fig. 6.6). Co-elution was observed for several structurally distinct quinones (e.g.,
DMK7:7 , MTK6:5 , MMK6:6 ; Supp. Fig. 6.2) but did not interfere with their quantification
due to the MS-based detection. Application of the RP-HPLC-MS method from WÖRMER
et al. (2013) to a marine sediment sample also yielded chromatographic separation
of respiratory quinones, with the same elution order as described for the protocol by
ZHU et al. (2013). The method by WÖRMER et al. (2013) additionally allowed the
detection of bacterial intact polar membrane lipids and reduced analysis time from 90
to 30 min (Supp. Fig. 6.6). While archaeal lipids could be detected using this method,
differences in tetraether side chain cyclization could not be fully resolved (WÖRMER
et al., 2013).
Respiratory quinones were identified based on exact molecular mass and fragmentation patterns in MS2 mode. The systematic fragmentation in MS2 spectra was primarily
related to the structural properties of the headgroup and in part to the isoprenoid side
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Figure 6.1. Reversed phase HPLC-MS analyses of archaeal cultures demonstrating
simultaneous detection of respiratory quinones as well as core and intact polar lipids.
Examples for reconstructed base peak chromatograms and density maps obtained from
Archaeoglobus fulgidus (A, B) and Nitrosopumilus maritimus (C, D). Density map color
code: red, glycerolipids; black, quinones. Lipid nomenclature designates combinations
of core lipid types (GDGT-0, acyclic GDGT; OH-GDGT, hydroxy-GDGT; GDD, glycerol
dialkanol diether; MeO-GDGT, methoxy GDGT; AR, archaeol; MeO-AR, methoxy AR) and
headgroups (PI, phosphatidylinositol; PH, phosphohexose; HPH, hexose phosphohexose;
1G, monoglycosyl; 2G, diglycosyl). For chemical structures of lipids see Supp. Fig. 6.5.

chain (Fig. 6.2, Fig. 6.3, Supp. Table 6.1). For example, saturated menaquinones (MKs)
showed a dominant product ion at m/z 187. This ion represents the naphthoquinone
moiety after loss of the isoprenoid side chain (TINDALL et al., 1989). Similarly, the
major product ions of demethylmenaquinones (DMKs), methylmenaquinones (MMKs,
i.e., thermoplasmaquinones), sulfolobusquinones (SQs), caldariellaquinones (CQs),
benzodithiophenoquinones (BDTQs), UQs, PQs, and methanophenazine (MP) were
also related to the loss of the quinone headgroup. Fragmentation of polyunsaturated
quinones often showed additional product ions related to the loss of parts of the
isoprenoid chain while methylthiol-based quinones produced fragments resulting from
the loss of this moiety (Fig. 6.2, Supp. Table 6.1).
6.2.2. Occurrence of respiratory quinones in distinct archaeal species

Respiratory quinones were analyzed in 25 cultured representatives of 14 archaeal
orders spanning the three archaeal phyla Euryarchaeota, Crenarchaeota, and Thaumarchaeota (Table 6.1; Fig. 6.3). Seven respiratory quinone classes were identified in
the investigated archaeal strains containing fully unsaturated to completely saturated
side chains comprised of four to eight isoprenoid units. No respiratory quinones were
detected in Staphylothermus marinus, Thermococcus kodakarensis, Pyrococcus furiosus,
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Figure 6.2. Structures and MS2 spectra of protonated molecules of respiratory quinones
(DMK, MK, MMK, MTK, SQ, CQ, BDTQ) and methanophenazine (MP), an electron
carrier in Methanosarcinales, from lipid extracts of archaeal cultures and ubiquinone
(UQ10:10 ; available as commercial standard). The length and degree of unsaturation of
the isoprenoid side chains of quinones may vary from 4 to 14 and completely saturated
to fully unsaturated, respectively. Quinone nomenclature (Qm:n ) with headgroup type
(Q), number of isoprenoid units in the side chain (m) and number of double bonds
(n). DMK: Demethylmenaquinone. MK: Menaquinone. MMK: Methylmenaquinone.
MTK: Methionaquinone. BDTQ: Benzodithiophenoquinone. SQ: Sulfolobusquinone.
CQ: Caldariellaquinone. UQ: Ubiquinone.

127

CHAPTER 6. RESPIRATORY QUINONES IN ARCHAEA
Methanopyrus kandleri, Methanothermobacter thermautotrophicus, and Methanothermococcus thermolithotrophicus.
Fully saturated quinones were dominant in most of the archaeal strains while partially unsaturated quinones were less abundant. Fully unsaturated side chains were
only detected in the euryarchaeal acidophile Thermoplasma acidophilum, and the euryarchaeal halophiles Haloferax volcanii and Halorubrum lacusprofundi. Menaquinones
were detected in all quinone-producing strains except for members of the order
Sulfolobales. Representatives of this order contained exclusively the sulfur-bearing
quinones CQ, SQ and BDTQ with fully saturated, monounsaturated, or diunsaturated
side chains comprised of five to six isoprenoid units (DE ROSA et al., 1977; THURL
et al., 1986; NICOLAUS et al., 1992).
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Table 6.1. Occurrence and relative abundance (% of total quinones, quinone abundances below 0.1 % were rounded to 0.1 %) of respiratory
quinones in archaeal strains investigated in this study. Quinone nomenclature (Qm:n ) indicates headgroup type (Q), number of isoprenoid
units in the side chain (m) and number of double bonds (n). DMK: Demethylmenaquinone. MK: Menaquinone. MMK: Methylmenaquinone.
MTK: Methionaquinone. BDTQ: Benzodithiophenoquinone. SQ: Sulfolobusquinone. CQ: Caldariellaquinone. MP: Methanophenazine. OH-MP:
Hydroxymethanophenazine.
Phylum

Thaumarchaeota

Crenarchaeota

Order/Group

Species

Strain

Habitat

Minor quinones (relative abundance in %)

Group I.1a

Nitrosopumilus maritimus

SCM1

Marine water

MK6:0 (91.0)

MK6:1 (9.0)

Group I.1b

Nitrososphaera viennensis
Nitrososphaera gargensis

EN76
Ga9.2

MK6:0 (76.1), MK6:1 (23.9)
MK6:0 (68.0), MK6:1 (32.0)

-

SAGMCG-1

Nitrosotalea devanaterra

Nd1

Soil
Terrestrial
hydrothermal
Acidic soil

MK6:0 (72.4), MK6:1 (27.6)

-

Desulfurococcales

Sulfolobales

Ignicoccus hospitalis

KIN4/1

Marine hydrothermal

Staphylothermus marinus
Aeropyrum pernix

F1
K1

Marine hydrothermal
Marine hydrothermal

DMK6:0 (62.1), DMK6:1 (14.1),
MK6:0 (13.7)
MMK6:0 (74.8), MK6:0 (15.0)

Pyrolobus fumarii
Metallosphaera prunae

Marine hydrothermal
Heated mine tailings

DMK6:0 (92.4)
CQ6:0 (86.1), CQ6:1 (12.2)

Sulfolobus acidocaldarius

1A
Ron
12/II
98-3

MK6:1 (8.6), DMK5:0 (0.5), MK7:0 (0.2), MK5:1 (0.2), DMK6:2 (0.2), MK7:1 (0.1), MK5:0 (0.1), DMK5:1
(0.1)
MMK6:1 (5.7), MK6:1 (1.6), MMK5:0 (1.2), MTK6:0 (1.0), MK5:0 (0.3), MTK6:1 (0.3), DMK5:0 (0.1),
DMK5:1 (0.1)
DMK5:0 (5.5), DMK6:1 (1.1), MK6:0 (0.6), MK5:0 (0.1), DMK7:0 (0.1), DMK5:1 (0.1),
CQ6:2 (1.4), CQ5:0 (0.1), SQ6:0 (0.1)

Sulfolobus solfataricus

P1

Sulfolobus islandicus

Euryarchaeota

Major quinones (relative abundance
in %)

Thermococcales

Methanopyrales
Methanobacteriales
Methanococcales
Thermoplasmatales

Halobacteriales
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Methanosarcinales

CQ6:0 (80.9)

SQ6:0 (9.7), CQ6:1 (9.2), CQ6:2 (0.2)

CQ6:0 (85.8), CQ6:1 (13.7)

SQ6:0 (0.5)

SQ6:0 (42.9), CQ6:0 (36.4), CQ6:1
(14.6)

CQ6:2 (3.2), SQ5:0 (1.5), CQ5:0 (0.9), BDTQ6:0 (0.4), CQ5:1 (0.1)

Pyrococcus furiosus

Vc 1

Marine hydrothermal

-

-

Thermococcus kodakarensis

KOD1

-

-

Methanopyrus kandleri

AV19

Terrestrial
hydrothermal
Marine hydrothermal

-

-

Methanothermobacter
thermautotrophicus
Methanothermococcus
thermolithotrophicus
Thermoplasma acidophilum

Delta
H
SN-1

Terrestrial
hydrothermal
Marine hydrothermal

-

-

-

-

1221B2

Terrestrial
hydrothermal

MK7:7 (40.1), DMK7:7 (24.0),
MTK7:7 (17.3)

Archaeoglobus fulgidus

VC-16

Marine hydrothermal

MK7:0 (68.9), MK7:1 (25.0)

Archaeoglobus profundus
Haloferax volcanii

AV18
DS2

Marine hydrothermal
Terrestrial hypersaline

MK7:0 (61.1), MK7:1 (36.5)
MK8:7 (67.3), MK8:8 (22.9)

MK7:6 (6.4), DMK7:6 (3.4) MK7:5 (3.2), MMK7:7 (2.1), DMK6:6 (1.0), MK6:6 (0.7), MTK7:5 (0.4), MTK7:4
(0.2), MTK7:6 (0.2), MMK7:0 (0.1),
MMK7:1 (0.1), MK7:4 (0.1), MK6:5 (0.1), MTK8:8 (0.1), MTK6:4 (0.1), MTK6:5 (0.1), DMK7:4 (0.1), DMK7:5
(0.1), DMK6:5 (0.1)
MK6:0 (2.1), MK8:0 (1.1), MK4:2 (1.1), MK6:2 (0.9), MK8:1 (0.2), MK6:1 (0.2), MK4:0 (0.2), MK4:1 (0.2),
MK5:0 (0.1), MK5:1 (0.1)
MK5:1 (0.8), MK6:0 (0.8), MK5:0 (0.5), MK5:1 (0.3)
MK7:7 (7.1), MK7:6 (0.7)

ACAM34
C2A

Terrestrial hypersaline
Marine sediment

Methanosarcina barkeri

MS

MP5:1 (3.1), MP5:0 (1.6), MP5:4 (0.6), OH-MP5:3 (1.1), OH-MP5:5 (0.7), OH-MP5:4 (0.5)

Methanosarcina mazei

S-6

Terrestrial & marine
sediment
Soils & sediments

MK8:7 (54.4), MK8:8 (45.1)
MP5:4 (57.0), OH-MP5:4 (18.4),
OH-MP5:5 (12.6)
MP5:2 (67.2), MP5:3 (25.1)
MP5:4 (93.1)

MP5:3 (2.7), OH-MP5:4 (2.2), OH-MP5:5 (1.5), OH-MP5:3 (0.5)

Halorubrum lacusprofundi
Methanosarcina acetivorans

MK7:6 (0.5), MK7:7 (0.1)
OH-MP5:3 (7.9), MP5:3 (4.2)
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Archaeoglobales

Y.N.15.51

Terrestrial
hydrothermal
Terrestrial
hydrothermal
Terrestrial
hydrothermal
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The major quinone found in all investigated representatives of the phylum Thaumarchaeota was a fully saturated menaquinone with six isoprenoid units (MK6:0 ) while a
less abundant monounsaturated analog (MK6:1 ) was also detected. Similarly, the major
quinones in Archaeoglobus fulgidus and Archaeoglobus profundus were saturated and
monounsaturated MKs with the dominant compounds containing seven isoprenoid
units as their side chain. Fully unsaturated MKs occurred only in euryarchaeal species,
the thermoacidophile T. acidophilum as well as the halophiles H. volcanii and H. lacusprofundi, while the length of the isoprenoid side chains differed. The halophiles
contained predominantly MK8:7 and MK8:8 , whereas T. acidophilum contained mainly
MK7:7 (COLLINS et al., 1981). Representatives of the crenarchaeal order Desulfurococcales contained minor amounts of MKs and in the case of Aeropyrum pernix also minor
proportions of MTKs. The dominant quinone of I. hospitalis and P. fumarii were saturated MMKs with MMK6:0 being most abundant in both strains. These saturated MMKs
were not detected in other archaeal strains. In contrast, A. pernix was characterized by
a high abundance of DMK6:0 . Minor amounts of DMKs but with seven isoprenoid units
were exclusively detected in T. acidophilum. Additionally, T. acidophilum contained
several polyunsaturated MMKs that were not detected in the Desulfurococcales or any
other archaeal strain.
In contrast to the archaeal strains described above, respiratory quinones were not
detected in the Methanosarcinales; instead, representatives of this order contained
the functional quinone analogue methanophenazine, an electron carrier directly
involved in methanogenesis (ABKEN et al., 1998). The degree of unsaturation of
methanophenazine was specific for M. acetivorans, M. barkeri, and M. mazei (Table 6.1; Fig. 6.3). A previously not described compound in Methanosarcinales was
tentatively identified as triunsaturated methanophenazine (MP5:3 ), which occurred in
all three analyzed strains. In M. barkeri, di- and monounsaturated MPs (MP5:2 , MP5:1 ,
respectively), and a fully saturated MP (MP5:0 ) were additionally identified. Furthermore, novel hydroxymethanophenazines (OH-MP), i.e., methanophenazines with an
hydroxylated isoprenoid side chain, were tentatively identified in M. acetivorans and
M. mazei (Supp. Fig. 6.4).
6.2.3. Chemotaxonomic patterns

Complementing the quinone distribution in the 25 investigated archaeal cultures with
published distributions from 11 additional strains (Fig. 6.3; supplementary information) revealed several major chemotaxonomic groupings. The orders Sulfolobales and
Methanosarcinales formed distinct clusters based on the exclusive occurrence of SQs,
CQs and BDTQs, and MPs/OH-MPs, respectively. While menaquinones occurred in
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all quinone-producing archaeal orders, the menaquinone producing archaeal species
could be separated into three groups based on the degree of side-chain unsaturation
and the co-occurrence of other quinone types. The first group comprised exclusively
Halobacteriales strains and was characterized by polyunsaturated MKs with predominantly 7 or 8 isoprenoid units. In contrast, the two other groups, the Thaumarchaeota
on the one hand and the Thermoproteales as well as most of the Desulfurococcales
strains on the other hand, were characterized by fully saturated side chains. The
Thaumarchaeota were further distinguished by the sole occurrence of MK6:0 and MK6:1 ,
while menaquinone diversity in Thermoproteales and most Desulfurococcales strains was
higher. The Archaeoglobales showed a similar quinone composition as Thaumarchaeota,
Thermoproteales and Desulfurococcales but were the only Euryarchaeota containing
saturated quinones. Similarly, T. acidophilum could be distinguished from other Euryarchaeota by the occurrence of a large range of unsaturated menaquinones and other
naphthoquinone derivatives such as DMKs, MTKs, and MMKs.
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(Fig. 6.4d). Intact polar archaeols, i.e., all glycolipids and phospholipids with an
archaeol core structure (Supp. Fig. 6.5; Supp. Table 6.3), showed a maximum in the
anoxic zone at 300 m water depth and below but were also detected in significant
amounts in the chemocline.

6.3. Discussion
6.3.1. Phylogenetic significance of quinone biosynthesis in Archaea

A major taxonomic divide among the Archaea is the occurrence of menaquinones.
Their presence in the archaeal phylum Thaumarchaeota (Table 6.1; Fig. 6.3) as well as
other deeply branching archaeal (Table 6.1) and bacterial lineages (Supp. Table 6.1;
NITSCHKE et al., 1995; SCHÜTZ et al., 2000; SCHOEPP-COTHENET et al., 2009) suggests
that menaquinone biosynthesis was present in the last common ancestor of Archaea
and Bacteria (SCHOEPP-COTHENET et al., 2013; ZHI et al., 2014). In particular, the
low mid-point redox potentials of menaquinones ( 67 mV; WAGNER et al., 1974)
support an origin of the last common ancestor in a reducing habitat (NITSCHKE
et al., 1995; SCHÜTZ et al., 2000; SCHOEPP-COTHENET et al., 2009). However, the
discovery of two independent biosynthetic pathways (HIRATSUKA et al., 2008) suggests
that menaquinone biosynthesis has evolved at least twice (ZHI et al., 2014). While
the ‘classical’ pathway operates in most Bacteria and Halobacteriales, the alternative
futalosine pathway is employed by other Archaea and some Bacteria (SOUSA et al.,
2013; ZHI et al., 2014). The respiratory quinone composition of the Halobacteriales
is indeed remarkably similar to that of halophilic Bacteria (COLLINS et al., 1981;
SCHOEPP-COTHENET et al., 2009) and appears to result from massive lateral gene
transfer from bacterial donors to an ancestral methanogenic recipient (B OUCHER et al.,
2003; NELSON-SATHI et al., 2012; ZHI et al., 2014). The acquisition of polyunsaturated
menaquinone biosynthesis might have been advantageous in extremely saline habitats
(cf. SÉVIN and SAUER, 2014), in analogy to the high abundances of unsaturated
isoprenoid membrane lipids biosynthesized by Halobacteriales in response to high
salinity (GIBSON et al., 2005; STIEHL et al., 2005; DAWSON et al., 2012). In contrast,
saturated menaquinones occur in those archaeal clades (Table 6.1; Fig. 6.3) that have
also predominantly saturated polar membrane lipids, such as the Thaumarchaeota
and most thermophilic Crenarchaeota and Euryarchaeota (THURL and SCHÄFER, 1988;
TRINCONE et al., 1992; VÖLKL et al., 1993; MORII et al., 1999; JAHN et al., 2004; TARUI
et al., 2007; ELLING et al., 2014). Given the absence of saturated menaquinones in
Bacteria, these compounds may represent an ancestral and diagnostic feature of the
Archaea.
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Methylated naphthoquinone derivatives (MMKs) are likely derived from methylation
of menaquinones and are found in Bacteria (COLLINS and JONES, 1981), thermophilic
Archaea (Fig. 6.3), and the haloalkaliphile Natronobacterium gregoryi, which also
contains dimethylated menaquinones (DMMKs; Fig. 6.3; COLLINS and TINDALL,
1987). Similar to menaquinones, DMKs are found in Bacteria as well as A. pernix
(Fig. 6.3; NISHIDA et al., 1999) and T. acidophilum (Fig. 6.3) and are precursors
in menaquinone biosynthesis in the ‘classical’ pathway (BENTLEY and MEGANATHAN,
1982) and potentially in the futalosine pathway (HIRATSUKA et al., 2008). In addition
to DMKs, A. pernix and T. acidophilum appear to be the only archaeal species to produce
MTKs, methylthio-derivatives of naphthoquinones, which otherwise have only been
observed in aerobic thermophilic, sulfur-metabolizing Bacteria belonging to the genera
Aquifex and Hydrogenobacter (HIRAISHI, 1999). The biosynthesis of MTKs in both
Aquificae as well as A. pernix and T. acidophilum may represent either convergent
development due to their shared preference for oxic, sulfur-rich geothermal habitats or
may have been acquired via lateral gene transfer, which is thought to occur frequently
among thermophiles (NELSON et al., 1999; RUEPP et al., 2000; KOONIN et al., 2001).
As reduced menaquinones (menaquinols) may become spontaneously oxidized in
the presence of oxygen (KRÖGER and DADÁK, 1969), the biosynthesis of CQs, SQs
and BDTQs featuring higher midpoint redox potentials (Supp. Table 6.1) by the
Sulfolobales likely occurred as an adaptation to aerobic metabolism (NITSCHKE et
al., 1995; SCHÜTZ et al., 2000; SCHOEPP-COTHENET et al., 2009, 2013) similar to
the occurrence of ubiquinone biosynthesis in proteobacteria and plastoquinones in
cyanobacteria (SCHÜTZ et al., 2000). This shift to a high-redox-potential bioenergetic
chain does not seem to have occurred in the obligate aerobic, ammonia-oxidizing
Thaumarchaeota. In addition to the high affinity of Thaumarchaeota to both oxygen and
ammonium (MARTENS-HABBENA et al., 2009), their menaquinone-based respiratory
chains may facilitate persistence of Thaumarchaeota in oceanic redoxclines and other
hypoxic environments compared to ubiquinone-utilizing ammonia-oxidizing Bacteria
(e.g. STEWART et al., 2012). Assuming that side chain length and unsaturation have
only minor effects on quinone redox potentials, the large difference between the
redox potentials of menaquinone/menaquinol (MK6:6 : E’0 =

67 mV; WAGNER et

al., 1974) and the NO2 /NH3 redox couple (E’0 = +340 mV; SIMON, 2002) suggests
that thaumarchaeal respiratory chains differ fundamentally from those of ammoniaoxidizing Bacteria.
Despite the central role of quinones in most studied archaeal respiratory chains, a
considerable number of cultivated species does not synthesize quinones and hence
appear to harbor distinct respiratory systems. The absence of quinones and functional
quinone analogs as well as cytochromes in hydrogenotrophic methanogens (THAUER
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et al., 2008) in favor of a sole dependence on chemiosmosis appears to be a simpler,
more ancient metabolic configuration than quinone-based energy metabolism and
has been regarded as testimony for a methanogenic ancestor of the Archaea (MARTIN ,

2012; SOUSA et al., 2013). The occurrence of methanophenazines as quinone

analogs as well as of cytochromes in Methanosarcinales thus appears to be a more
recent evolutionary trait and might be linked to the diversification of methanogenic
substrates and increased substrate utilization efficiency of the Methanosarcinales. In
contrast, a ‘menaquinone-first’ hypothesis of archaeal metabolism implies repeated
loss of menaquinone-biosynthetic capacities during archaeal radiation after separation from the common ancestor of Archaea and Bacteria (SCHOEPP-COTHENET et al.,
2013; ZHI et al., 2014), resulting in the patchy distribution of quinone biosynthesis
in the crenarchaeal order Desulfurococcales (Fig. 6.3). Based on current phylogenetic
models (SPANG et al., 2010; BROCHIER-ARMANET et al., 2011) and the occurrence of
menaquinones in Archaea (Fig. 6.3), a ‘menaquinone-first’ scenario would imply the
conservation of menaquinone biosynthesis in Thaumarchaeota and in a considerable
fraction of (cultivated) Crenarchaeota as well as loss of biosynthetic capability in the
ancestor of Euryarchaeota. Menaquinone biosynthesis in Archaeoglobales and Thermoplasmatales would then need to have been acquired through lateral gene transfer
from other microbes, as evidently happened to the ancestor of the Halobacteriales
(NELSON-SATHI et al., 2012). This scenario seems likely given the isolated occurrence
of menaquinone biosynthesis in Archaeoglobales and Thermoplasmatales as well as
high proportions of laterally acquired genes from Bacteria and other Archaea in these
thermophilic archaeal orders (RUEPP et al., 2000; B OUCHER et al., 2001; NELSONSATHI et al., 2014). Analysis of the occurrence of respiratory quinones in additional,
especially basally branching, archaeal representatives may help to further resolve the
evolutionary history of quinone biosynthesis.
In contrast to numerous thermophilic and halophilic archaeal cultures, only few
non-methanogenic mesophilic isolates exist, which are exclusively ammonia-oxidizing
Archaea of the phylum Thaumarchaeota. Based on the high abundance and diversity
of uncultured mesophilic planktonic (DELONG, 1992; FUHRMAN et al., 1992; KARNER
et al., 2001) and benthic archaeal groups (BIDDLE et al., 2006; TESKE and SØRENSEN,
2008), the majority of the archaeal quinone diversity currently remains unconstrained.
The analysis of archaeal respiratory quinones in environmental samples could therefore
yield additional insights into diversity and respiratory pathways of uncultured Archaea.
In conclusion, the heterogeneous taxonomic distribution of quinone types among
the Archaea observed in this study yields insights into the evolutionary history of
quinone biosynthesis. Specifically, the distribution of menaquinones in Archaea suggests an ancestral origin of menaquinone biosynthesis in Cren- or Thaumarchaeota. In
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contrast, the highly divergent quinone distribution in Euryarchaeota may result from
a combination of vertical inheritance, lateral gene transfer and gene loss.
6.3.2. Biomarker potential of archaeal respiratory quinones

In ecosystems that are not amenable to cultivation-dependent approaches, lipidomics
and metagenomics are routinely applied to describe microbial community composition
and potential function. The approach applied in this study provides streamlined analytical protocols for highly sensitive, detailed and simultaneous profiling of quinones
and membrane lipids in environmental samples. This facilitates direct comparison of
archaeal glycerolipids and quinone derivatives (Fig. 6.1, Supp. Fig. 6.6) to (i) estimate
microbial biomass and (ii) to characterize microbial diversity and community structure.
Overall, the high abundance of saturated and partially unsaturated quinones in Archaea observed in this study contrasts the dominance of fully unsaturated or terminally
saturated side chains in Bacteria and Eukarya (e.g. COLLINS and JONES, 1981; NOWICKA

and KRUK, 2010). Even though some quinones occur in multiple archaeal species

described here, the relative proportions of quinones are considerably different for each
species. In particular, MK6:0 and MK6:1 in Thaumarchaeota are the first quinones to be
described in mesophilic Archaea and are therefore promising biomarkers for tracing
this globally abundant archaeal clade. Similarly, SQs, CQs and BDTQs are distinct for
Sulfolobales, as are MPs and OH-MPs for Methanosarcinales (Fig. 6.3). Considering the
widespread occurrence of Methanosarcinales in the marine environment, in particular
subseafloor sediments (LEVER, 2013), MPs and OH-MPs have potential to be used as
biomarkers for this archaeal order. Additionally, methanophenazines might also be
synthesized by uncultivated anaerobic methane-oxidizing Archaea (ANME-2), which
are phylogenetically closely related to the Methanosarcinales.
The considerably different quinone inventories of the investigated archaeal strains
may be attributed to different habitats, adaptive strategies and metabolism. For instance, cultured thaumarchaeal strains have a limited temperature and pH range, are
obligate ammonia-oxidizing aerobes (STAHL and DE LA TORRE, 2012) and contain only
two respiratory quinones (Fig. 6.3). In contrast, the high diversity of quinones found
in T. acidophilum may reflect the wide range of conditions to which this archaeon can
adapt, such as aerobic and anaerobic growth as well as high temperature and low pH.
Since the quinone composition in Archaea as well as Bacteria may change in response
to growth conditions (TRINCONE et al., 1989; NICOLAUS et al., 1992; SHIMADA et al.,
2001; SÉVIN and SAUER, 2014), it is likely that the response to environmental properties such as oxygenation, abundance of electron acceptors, temperature, or salinity is
also encoded in environmental quinone profiles. Exploring the environmental quinone
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diversity may therefore help to constrain redox conditions as well as adaptation pathways of microbes (cf. HEDRICK and WHITE, 1986; HIRAISHI, 1999). This might be
especially applicable to the study of environments with high microbial diversity and
strong geochemical gradients such as microbial mats and hydrothermal systems, and
might complement membrane lipid-based and gene-based approaches.
6.3.3. Tracing thaumarchaeal abundance in the Black Sea using quinones and
intact polar lipids

The concentrations of intact polar crenarchaeol derivatives indicate a maximum in
thaumarchaeotal abundance in the suboxic zone of the southern Black Sea. This result
is in agreement with previous observations based on the abundances of thaumarchaeal
16S rRNA and amoA (ammonia monooxygenase subunit A) gene biomarkers (COOLEN
et al., 2007; LAM et al., 2007). The water column profiles of the menaquinones
MK6:0 and MK6:1 trace the profile of intact polar crenarchaeol closely (Fig. 6.4),
suggesting that these quinones are primarily sourced from Thaumarchaeota in the
marine environment. This conclusion is supported by the observation that MK6:0 and
MK6:1 abundances are not correlated with intact polar archaeols, which are the major
archaeal lipids in the anoxic zone (Fig. 6.4e). These archaeols are likely sourced from
Euryarchaeota such as methanogens (KOGA and MORII, 2005) and ANME (ROSSEL
et al., 2008), which are abundant in the anoxic zone of the Black Sea (VETRIANI et al.,
2003; SCHUBERT et al., 2006; WAKEHAM et al., 2007). Among our selection of cultures
including literature data, MK6:0 and MK6:1 are only abundant in Thaumarchaeota
(Fig. 6.3) and may thus serve as biomarkers for tracing thaumarchaeal abundance in
aquatic environments. Vertical offsets in quinone vs. lipid abundances such as observed
in the oxic zone of the Black Sea (Fig. 6.4) may reflect adaptations to environmental
conditions (e.g., oxygen and ammonia availability) or changes in thaumarchaeal
community composition.
The ratio of MK6:0 and MK6:1 to total quinones indicates that Thaumarchaeota
likely dominate the microbial assemblages in a narrow interval of 90-120 m at the
chemocline but are not quantitatively important in the oxic and anoxic part of the water
column (Fig. 6.4; Supp. Table 6.3). Previous studies suggested that crenarchaeol core
lipid maxima in the anoxic zone are related to metabolically adapted thaumarchaeal
communities (COOLEN et al., 2007; WAKEHAM et al., 2007). However, our intact polar
lipid and quinone profiles strongly suggest that Thaumarchaeota are confined to a
narrow interval in the oxic and suboxic zone. Since crenarchaeol core lipids represent
a predominantly fossil signal (INGALLS et al., 2012), quinone profiles appear to be
better suited for tracing living Thaumarchaeota. Thus, the profiles of MK6:0 and MK6:1
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suggest that previous crenarchaeol-based detection of Thaumarchaeota in the anoxic
zone of the Black Sea may have been false positives. Considering the ubiquity of
planktonic and benthic Thaumarchaeota in the oceans and other environments (STAHL
and DE LA TORRE, 2012), MK6:0 and MK6:1 may have a high potential to serve as
biomarkers for thaumarchaeal activity.

6.4. Experimental procedures
Archaeal strains described in this study were cultivated according to standard conditions. For detailed information please refer to supplementary information.
6.4.1. Suspended particulate matter sampling

Suspended particulate matter samples were collected in the southern Black Sea
(41 31.70’N, 30 53.10’E, 1227 m water depth) in February 2011 at GeoB15105 during
cruise M84/1 of R/V Meteor (“DARCSEAS I”; ZABEL and CRUISE PARTICIPANTS, 2011).
Particulate matter was recovered at nine depths (40, 90, 120, 150, 300, 500, 700,
900, 1200 m) by pumping 6 to 204 liters of sea water through double pre-combusted
0.7 m pore-size glass fiber filters using insitu pumps (for chemical zonation and
corresponding CTD data refer to Supp. Table 6.2). Recovered filters were immediately
wrapped in combusted aluminum foil and stored at

20 C. Due to the use of 0.7 m

pore-size filters, membrane lipid and quinone concentrations should be regarded as
minimum estimates (INGALLS et al., 2012).
6.4.2. Lipid and quinone extraction and analysis

Lipids and quinones were ultrasonically extracted from filters and biomass pellets
following a modified Bligh & Dyer protocol (STURT et al., 2004) with dichloromethane:methanol:buffer (1:2:0.8, v:v:v) using phosphate and trichloroacetic acid
(CCl3 CO2 H) buffers (each 2 times). The total lipid extract (TLE) was dried under a
stream of N2 and stored at 20 C until measurement. Exposure to light was minimized
during sample processing.
Respiratory quinones and intact polar membrane lipids were quantified by injecting
an aliquot of the TLE dissolved in methanol on a Dionex Ultimate 3000 ultra-high
performance liquid chromatography (UHPLC) system connected to a Bruker maXis
Ultra-High Resolution quadrupole time-of-flight tandem mass spectrometer (qToF-MS)
equipped with an ESI ion source operating in positive mode (Bruker Daltonik, Bremen,
Germany). The mass spectrometer was set to a resolving power of 27,000 at m/z 1,222
and every analysis was mass-calibrated by loop injections of a calibration standard and
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correction by lock mass, leading to a mass accuracy of <1-3 ppm. Ion source and other
MS parameters were optimized by infusion of standards into the eluent flow from
the LC system using a T-piece. Analyte separation was achieved using RP-HPLC on
an ACE3 C18 column (2.1 x 150 mm, 3 m particle size, Advanced Chromatography
Technologies, Aberdeen, Scotland) maintained at 45 C as described previously (ZHU
et al., 2013). In brief, analytes were eluted at a flow rate of 0.2 ml= min isocratically
for 10 min with 100 % eluent A (methanol:formic acid:14.8 M NH+4 , 100:0.04:0.10,
v:v:v), followed by a linear gradient to 24 % eluent B (2-propanol:formic acid:14.8 M
NH+4 , 100:0.04:0.10, v:v:v) in 5 min, followed by a gradient to 65 % B in 55 min. The
column was then flushed with 90 % B for 10 min and re-equilibrated with 100 % A
for 10 min.
In order to demonstrate the simultaneous analysis of bacterial and archaeal quinones
and membrane lipids, the samples were additionally analyzed on the same UHPLCqToF-MS system under different chromatographic conditions using RP chromatography
as described by WÖRMER et al. (2013). Briefly, 1 % TLE aliquots were dissolved
in methanol:dichloromethane (9:1, v:v) and injected onto an Acquity UPLC BEH
C18 column (1.7 m, 2.1 x 150 mm, Waters, Eschborn, Germany) maintained at
65 C. Analytes were eluted at a flow rate of 0.4 ml= min using linear gradients of
methanol:water (85:15, v:v, eluent A) to methanol:isopropanol (50:50, v:v, eluent B)
both with 0.04 % formic acid and 0.1 % NH3 . The initial condition was 100 % A held
for 2 min, followed by a gradient to 15 % B in 0.1 min and a gradient to 85 % B in 18
min. The column was then washed with 100 % B for 8 min.
Quinones and lipids were identified by retention time, molecular mass, and MS2
fragmentation (cf. YOSHINAGA et al., 2011). Integration of peaks was performed on extracted ion chromatograms of

10 mDa width and included the [M+H]+ , [M+NH4 ]+ ,

and [M+Na]+ ions. Where applicable, doubly charged ions were included in the integration. Quantification was achieved by injecting an internal standard (C46 -GTGT)
along with the samples. The quinone abundances were corrected for the relative
response of commercially available menaquinone (MK4:4 ) and ubiquinone (UQ10:10 )
standards (Sigma Aldrich, St. Louis, MO, USA) versus the C46 -GTGT standard. Analysis
of quinone standard mixtures showed elution of MK4:4 at 6.2 and UQ10:10 at 23.6 min
(Supp. Fig. 6.7a). Calibration curves of MK4:4 and UQ10:10 standards were established
by injecting 1 pg to 10 ng quinone on column (Supp. Fig. 6.7b). The lower limit of
detection was determined as <1 pg, considering a signal-to-noise ratio of greater than
3. Archaeal lipid abundances were corrected for response factors of commercially
available and purified standards. Purified standards were gained from extracts of A.
fulgidus by orthogonal semi-preparative liquid chromatography as described by ZHU
et al. (2013). The abundances of mono- and diglycosidic crenarchaeol were corrected
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for the response of the purified acyclic analogs. Due to the lack of an identical standard, the abundances of hexose-phosphohexose crenarchaeol were corrected for the
response of a commercially available phosphatidylglycerol-hexose GDGT standard
(Matreya LLC, Pleasant Gap, PA, USA). The abundances of mono- and diglycosidic
archaeol were corrected for the respective purified standard, while phosphatidylglycerol, phosphatidylinositol and phosphatidylethanolamine archaeol abundances
were corrected for the response of a commercial phosphatidylethanolamine archaeol
standard (Avanti Polar Lipids Inc., Alabaster, AL, USA).
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6.5. Supporting Information
6.5.1. Cultivation of thaumarchaeal strains

Nitrosopumilus maritimus strain SCM1 was grown aerobically at 28 C in 8.5-l batch
cultures in pH 7.5 HEPES-buffered Synthetic Crenarchaeota Medium (SCM, 1.5 mM
NH4 Cl) as described previously (KÖNNEKE et al., 2005; MARTENS-HABBENA et al.,
2009; ELLING et al., 2014). Cultures were slightly shaken by hand twice a day when
cultures reached a nitrite concentration of about 0.1 mM. Biomass was harvested in
early stationary phase using cross-flow filtration and centrifugation.
Nitrososphaera gargensis strain (HATZENPICHLER et al., 2008) was grown at 46 C in
a 5-l batch culture in pH 7.8 SCM modified from KÖNNEKE et al. (2005) and KRÜMMEL
and HARMS (1982) and harvested in early stationary phase. The medium contained
5gl

1

NaCl, 1.5 g l

1

MgSO4 x 7 H2 O, 2 g l
1 ml l

1

CaCl2 x 2 H2 O, 1 g l
1

1

KCl, 0.5 g l

1

MgCl2 x 6 H2 O, 0.5 g l

1

KH2 PO4 , 2 mM NaHCO3 , 7.5 M FeNaEDTA, 1 mM NH4 Cl and

of a trace element solution (WIDDEL and BAK, 1992).

Nitrososphaera viennensis strain EN76 was grown at 37 C in a 15-l batch culture in
pH 7.5 HEPES-buffered freshwater medium modified from TOURNA et al. (2011) by addition of 1.5 mM pyruvate and 3 M NH4 Cl and slight shaking (150 rpm). N. viennensis
biomass was harvested in late exponential phase using centrifugation.
Nitrosotalea devanaterra strain Nd1 was grown 25 C in a 6-l batch culture and pH
5.4 modified from LEHTOVIRTA-MORLEY et al. (2013) by addition of 0.08 g l

1

of CAS

amino acids and 1 M phthalate buffer solution. Cells were harvested in stationary
phase using centrifugation.
6.5.2. Cultivation of crenarchaeal and euryarchaeal strains

Methanosarcina mazei (DSM 2053) and Methanosarcina barkeri (DSM 800) were
grown at 35 C in 100 ml of a freshwater medium (WIDDEL and BAK, 1992) supplemented with methanol, acetate and yeast extract. Methanosarcina acetivorans (DSM
2834) was grown at 35 C in DSMZ medium 304 with methanol as the carbon source.
All strains were harvested in stationary phase using centrifugation. Sulfolobus islandicus strain Y.N.15.51 (RENO et al., 2009) was grown at 80 C and pH 4.2 in 1.5 L of
DSMZ medium 182 amended with 5 g L

1

glucose. S. islandicus biomass was harvested

by centrifugation at OD600 1.68, corresponding to stationary phase, and lyophilized
before lipid extraction. Haloferax volcanii strain DS2 (ATCC 29605) and Halorubrum
lacusprofundi strain ACAM34 (ATCC 49238) were grown at 17 C using ATCC medium
974. Methanothermococcus thermolithotrophicus (DSM 2095) and Methanopyrus kandleri (DSM 6324) were grown at 85 C in enamel-protected fermentors with stirring
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(400 rpm) and continuous gassing (H2 /CO2 , 80/20). Thermococcus kodakarensis strain
KOD1 (JCM 12380) was grown at 85 C in JCM medium 280 as described previously
(MEADOR et al., 2014a). Methanothermobacter thermautotrophicus strain Delta H (DSM
1053) was grown at 65 C in 65-l bioreactors containing 50 l medium as described
previously (YOSHINAGA et al., 2015). Biomass of M. thermolithotrophicus, M. thermautotrophicus, M. kandleri, and T. kodakarensis were harvested using centrifugation and
subsequently lyophilized.
Freeze-dried biomass samples of Aeropyrum pernix, Archaeoglobus fulgidus, Ignicoccus hospitalis, Metallosphaera prunae, Sulfolobus acidocaldarius, Sulfolobus solfataricus,
Pyrococcus furiosus, Pyrolobus fumarii, Staphylothermus marinus, and Thermoplasma
acidophilum were provided by M. Thomm, E.J. Gagen, and H. Huber from the Archaeenzentrum, University of Regensburg, Germany. A. pernix (DSM 11879) was
grown at 90 C and pH 7 in Bacto Marine Broth (Difco 2216) amended with 0.1 %
sodium thiosulfate and harvested in stationary phase. A. fulgidus (DSM 4304) was
grown at 85 C and pH 7 in MGG-Medium (HUBER et al., 1982) amended with 0.1 %
lactate and yeast extract and harvested in late logarithmic phase. I. hospitalis (DSM
18386) was grown at 90 C and pH 5.5 in 1=2 SME-Ignicoccus medium (PAPER et al.,
2007) and harvested in stationary phase. M. prunae (DSM 10039) was grown at 70 C
and pH 2 in “Allen medium” (ALLEN, 1959) modified by addition of 0.1 % yeast extract
(BROCK et al., 1972) and harvested in logarithmic phase. S. acidocaldarius (DSM 639)
and S. solfataricus (DSM 1616) were grown at 75 C and 80 C, respectively, and pH 2
in the same medium as M. prunae and harvested in stationary phase. P. furiosus (DSM
3638) was grown at 95 C and pH 7 in SME medium supplemented with 0.1 % yeast
extract, peptone, and starch (HUBER and STETTER, 2006) and harvested in logarithmic
phase. P. fumarii (DSM 11204) was grown at 106 C and pH 6 in 1=2 SME medium
amended with 0.1 % NaNO3 (BLÖCHL et al., 1997) and harvested in logarithmic phase.
S. marinus (DSM 3639) was grown at 85 C and pH 7 in “Marine-Medium” supplemented with 0.1 % yeast extract and peptone (KELLER et al., 1995) and harvested in
logarithmic phase. T. acidophilum (DSM 1728) was grown at 55 C and pH 2.5 in Darland’s medium containing 0.1 % yeast extract and 1 % glucose (DARLAND et al., 1970).
An extract of Archaeoglobus profundus (DSM 5631) harvested in late exponential phase
was provided by C. House (Pennsylvania State University).
6.5.3. Literature data

The distribution of quinone types in Archaea reported in this study was complemented
with literature data compiled from the following sources: COLLINS et al. (1981), THURL
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et al. (1985), THURL et al. (1986), COLLINS and TINDALL (1987), TINDALL et al. (1989,
1991), HENSEL et al. (1997), and NAMWONG et al. (2011).
Supplementary Table 6.1 Diagnostic fragment ions in MS2 mode (related to loss of
the headgroup) and midpoint redox potentials (E00 at pH 7, ordered by redox potential)
of archaeal quinones and methanophenazine as well as bacterial ubiquinone (UQ) and
eukaryotal plastoquinone (PQ). NA: not available.
Quinone
UQ
SQ
CQ
PQ
BDTQ
MTK (sat./polyuns.)
DMK (polyuns.)
MK (sat.)
MK (partially unsat.)
MK (polyuns.)
MMK (sat.)
MMK (polyuns.)
MP (partially unsat.)

Diagnostic ions in MS2

E00 (mV)

Citation (E00 )

197.1
193
179.0, 225.0
151.1
249
219
173
187.1
187.1
187.1, 253.1
201.1
201.1, 267.1
197.1

+112 (UQ10:10 )
NA
+106 (CQ6:0 )
+80 (PQ9:9 )
NA
NA
+36 (DMK8:8 )
NA
-78 (MK4:1 )
-67 (MK6:6 )
NA
-90 (MMK6:6 )
-165 (MP5:4 )

(SCHNORF, 1966)
(SCHÄFER et al., 1993)
(OKAYAMA, 1976)
(HOLLÄNDER, 1976)
(WAGNER et al., 1974)
(WAGNER et al., 1974)
(DIETRICH and KLIMMEK, 2002)
(TIETZE et al., 2003)

Supplementary Table 6.2 Sampling depth and pumped volume of in situ pumps inferred chemical zonation as well as density, salinity, and temperature obtained from
CTD casts.
Water depth
(m)

Pumped
volume (l)

Chemical
zone

Density
( )

Salinity
(PSU)

Temperature
( C)

40
90
120
150
300
500
700
900
1200

4.3
6.1
23
204
10.8
11.4
21.3
9
73.2

Oxic
Suboxic
Suboxic
Anoxic
Anoxic
Anoxic
Anoxic
Anoxic
Anoxic

14.2
15.4
15.9
16.4
16.8
17
17.1
17.2
17.2

17.8
18.7
19.8
20.5
21.7
22
22.2
22.3
22.3

8.5
8.5
8.4
8.5
8.8
8.9
8.9
9
9
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CHAPTER 7. DISTRIBUTION OF RESPIRATORY QUINONES IN THE BLACK SEA

Abstract
Isoprenoid quinones are a diverse group of membrane-bound lipids serving as electron carriers in the respiratory chains of almost all organisms. Complementary to the
quantitative and phylogenetic information encoded in membrane lipid distributions,
quinone compositions reflect specific metabolisms and source organisms. Recent analytical advances enable simultaneous profiling of quinones and membrane lipids in
environmental samples. In order to demonstrate the utility of coupled environmental
quinone and membrane lipid profiling, we investigated a vertical section of the water
column and sediment in the Black Sea, the world’s largest anoxic marine basin which
is characterized by its pronounced physical, chemical, and microbial stratification.
Depth distributions of diagnostic quinones and membrane lipids were correlated with
zones of distinct microbial processes: In the oxic photic zone of the water column,
high abundances of quinones and membrane lipids were associated with oxygenic
photosynthesis and aerobic respiration. Maximum abundances of thaumarchaeal saturated menaquinones and isoprenoid tetraether lipids at the chemocline and the low
abundances of other quinone types indicated that archaeal mediated ammonia oxidation was a major respiratory process occurring in the suboxic zone. A distinct peak in
abundance of chlorobiumquinone and the characteristic pigment isorenieratene in
the deeper anoxic part of the chemocline indicated the occurrence of sulfur-oxidizing
anoxygenic photosynthetic green sulfur bacteria. High abundances of specific quinones
and membrane lipids in the dark anoxic zone indicated high respiratory activity and
biomass of denitrifying, ammonia-oxidizing, sulfur-oxidizing and sulfate-reducing bacteria as well as archaeal-mediated anaerobic oxidation of methane. Sulfate reduction
as well as anaerobic oxidation of methane and/or methylotrophic methanogenesis
were the major processes identified in the upper sediment based on geochemical data,
high abundances of bacterial polyunsaturated menaquinones ester and ether phospholipids as well as Methanosarcinales-specific methanophenazines and archaeal diether
lipids. The sapropel layer located at 4 m sediment depth was associated with a peak
of dissolved ammonium concentration as well as maximum abundances of bacterial
and archaeal IPLs and quinones, suggesting intense microbial heterotrophic activity
in this organic matter-rich layer. High abundances of biogenic methane in the deeper
sediment and the disappearance of methanophenazines near and below the sapropel
indicated that methanogenesis in the deep sediment is not driven by Methanosarcinales
but by other hydrogenotrophic methanogens. Our findings show that the simultaneous
analysis of membrane lipids and respiratory quinones permits a reconstruction of the
stratification of microbial communities in the water column and sediments of the
Black Sea. This approach may therefore be a valuable tool for improving quantitative
membrane lipid analyses by providing process-related information from respiratory
quinones.
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7.1. INTRODUCTION

7.1. Introduction
Microbial mediated redox-reactions ultimately drive the global cycling of carbon,
nitrogen, sulfur and other biologically active elements (NEWMAN and BANFIELD, 2002;
DIETRICH et al., 2006; FALKOWSKI et al., 2008). On a cellular level, these redox reactions are utilized to maintain electron transport and proton gradients across the
cytoplasmic membrane, which enable the generation of ATP and thus form the basis
of the cellular economy in almost all organisms (MITCHELL, 1961; ANRAKU, 1988;
SCHÄFER et al., 1999). An essential component of the electron transport chain are
respiratory quinones, which are isoprenoid lipids that shuttle electrons and protons
between membrane-bound protein complexes (ANRAKU, 1988; GRAY and ELLIS, 1994).
Respiratory quinones are commonly classified based on the structure of a polar cyclic
headgroup and can be further distinguished by the length and degree of unsaturation of the head-to-tail linked isoprenoid side chain (COLLINS and JONES, 1981;
HIRAISHI, 1999). The distribution of structurally distinct quinones among eukaryotes
and prokaryotes is determined both by phylogeny and, due to their distinct redox
potentials, also by the operating respiratory pathway (Fig. 7.1; Table 7.1; COLLINS
and JONES, 1981; BEKKER et al., 2007; NOWICKA and KRUK, 2010).

Figure 7.1. Structures and midpoint redox potentials (E0 ’, at pH 7) of archaeal (MK),
bacterial (MK, UQ, PQ, ChQ), and eukaryotal (UQ, PQ, K1) respiratory quinone classes
and the Methanosarcinales-specific functional quinone analog methanophenazine detected in water column and sediment samples from the southern Black Sea. The length
and degree of unsaturation of the isoprenoid side chains of quinones may vary from
4 to 14 and completely saturated to fully unsaturated, respectively, while known
methanophenazines comprise exclusively four isoprenoid units. MK: Menaquinone
(vitamin K2). UQ: Ubiquinone. PQ: Plastoquinone. K1: Vitamin K1 (synonyms: phylloquinone, MK4:1). Redox potentials compiled from SCHNORF (1966), REDFEARN and
POWLS (1968), WAGNER et al. (1974), OKAYAMA (1976), and TIETZE et al. (2003).

The major classes of quinones in bacteria are polyunsaturated ubiquinones (UQs)
and menaquinones (MKs), which operate in aerobic and anaerobic metabolisms,
respectively. UQs typically contain six (UQ6:6 ) to ten (UQ10:10 ) but in some organisms
also up to 14 isoprenoid units and usually one double bond per isoprenoid unit,
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hereafter termed fully unsaturated (quinone nomenclature Qm:n indicates headgroup
type Q, number of isoprenoid units in the side chain m and number of double bonds n).
UQs are involved in electron transport in the mitochondria and other compartments
of eukaryotes (NOWICKA and KRUK, 2010). Quinones that are specific for oxygenic
photosynthetic eukaryotes and bacteria are vitamin K1 (also known as phylloquinone
or MK4:1 ) and plastoquinones (predominantly PQ9:9 ), which occur in photosystems I
and II, respectively (Fig. 7.1; AMESZ, 1973; BRETTEL and LEIBL, 2001; NOWICKA and
KRUK, 2010).
In contrast to bacteria and eukaryotes, polyunsaturated quinones exclusively occur
in two archaeal lineages, the Thermoplasmatales and the Halobacteriales (Chapter 6;
COLLINS et al., 1981; SHIMADA et al., 2001), the latter having acquired quinone
biosynthesis genes from bacteria via lateral transfer (NELSON-SATHI et al., 2012).
Most archaea produce saturated or partially unsaturated MKs with four to eight
isoprenoid units (cf. Chapter 6), while specialized compounds are synthesized by
some lineages such as sulfur-containing quinones in Sulfolobales (Chapter 6 and
references therein). The only organisms that have been suggested not to produce
quinones are fermentative bacteria and some representatives of the Crenarchaeota
and Euryarchaeota, including methanogens (cf. Chapter 6). However, methanogenic
Euryarchaeota of the order Methanosarcinales are known to substitute quinones with
the functional analog methanophenazine (Fig. 7.1; Chapter 6; ABKEN et al., 1998).
Table 7.1. Diagnostic fragment ions in MS2 mode (related to loss of the headgroup;
from Chapter 6 and Fig. 7.4) and midpoint redox potentials (E00 , at pH 7, ordered by
redox potential) of archaeal quinones and methanophenazine as well as bacterial and
eukaryotal ubiquinone (UQ), plastoquinone (PQ), and chlorobiumquinone (ChQ). NA:
not available.
Quinone

Diagnostic ions in
MS2

E00 (mV)

Citation (E00 )

UQ

197.1

SCHNORF (1966)

PQ
ChQ

151.1
201.1

+112
(UQ10:10 )
+80 (PQ9:9 )
+39 (ChQ7:7 )

MK (sat.)
MK (partially
unsat.)
MK (polyuns.)
MP (partially
unsat.)

187.1
187.1

NA
78 (MK4:1 )

OKAYAMA (1976)
REDFEARN and POWLS
(1968)
WAGNER et al. (1974)

187.1, 253.1
197.1

67 (MK6:6 )
165 (MP5:4 )

WAGNER et al. (1974)
TIETZE et al. (2003)

Given the large structural diversity of respiratory quinones, detailed knowledge of
their phylogenetic distribution and their distinct redox-potentials, quinones offer a high
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potential as process-specific biomarkers in environmental studies (Chapter 6; HIRAISHI,
1999; URAKAWA et al., 2000; KUNIHIRO et al., 2014). In contrast to the increasing use
of intact polar membrane lipid (IPL) analysis in marine environmental samples (e.g.,
LIPP et al., 2008; SCHUBOTZ et al., 2009; POPENDORF et al., 2011), respiratory quinone
analysis has been rarely employed in microbial community profiling (HEDRICK and
WHITE, 1986; URAKAWA et al., 2000; URAKAWA et al., 2001; URAKAWA et al., 2005;
KUNIHIRO et al., 2014). However, tracing living microbial cells by IPL profiling may
prove challenging in some environments (LIPP and HINRICHS, 2009; SCHOUTEN et al.,
2010; LIU et al., 2011), particularly due to the largely unconstrained degradation
rates of intact lipids (XIE et al., 2013). Environmental IPL-profiling therefore benefits
from complementary biomarker approaches (e.g., SCHUBOTZ et al., 2013). Novel
high-performance liquid chromatography-mass spectrometry (HPLC-MS) protocols
enable simultaneous profiling of quinones and membrane lipids in a single analysis
(cf. Chapter 6), thus opening new avenues for complementing the quantitative and
phylogenetic information contained in membrane lipid distributions with processspecific quinone distributions.
To demonstrate the utility of coupled environmental quinone and membrane lipid
profiling, we studied a sequence of water column and sediment samples in the southern
Black Sea (Fig. 7.2). Here, aerobic respiration depletes oxygen in the upper 40 to 200
m of the water column, while a shallow halocline leads to permanent water column
stratification and thus prevents oxygenation of deeper waters (SOROKIN, 2002). This
oxic-anoxic interface is associated with a multilayered chemocline. The depth of this
chemocline is temporally and spatially variable (MURRAY et al., 1989; JØRGENSEN
et al., 1991; COOLEN et al., 2007). The oxic zone is separated from the anoxic zone by a
20-40 m thick suboxic transition zone with no detectable sulfide (MURRAY et al., 1989;
SOROKIN, 2002). Chemoautotrophic carbon fixation supports high standing stocks of
microbial biomass at the chemocline, accounting for 10 to 32 % of photoautotrophic
productivity at the surface (KARL and KNAUER, 1991; SOROKIN et al., 1995).
Within the transition zone, microbes mediate a cascade of redox processes that
can be traced by the sequence of nitrogen-, sulfur-, and metal species (JANNASCH,
1991; SOROKIN et al., 1995) and associated microbial biomarkers (e.g., SCHUBERT
et al., 2006; WAKEHAM et al., 2007; SCHUBOTZ et al., 2009; FUCHSMAN et al., 2011).
Quantitatively important processes include ammonium and nitrite cycling by nitrifying
archaea and bacteria as well as anaerobic ammonia-oxidizing bacteria (KUYPERS et
al., 2003; COOLEN et al., 2007; LAM et al., 2007), sulfide and thiosulfide oxidation
e.g., by phototrophic green sulfur bacteria and Shewanella spp. (JANNASCH et al.,
1991; JØRGENSEN et al., 1991; PERRY et al., 1993), aerobic methane oxidation by
Proteobacteria (SCHUBERT et al., 2006) as well as bacterial Fe and Mn cycling (e.g.,
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NEALSON et al., 1991; FUCHSMAN et al., 2011). In the anoxic zone, sulfate reduction
and anaerobic oxidation of methane are major microbial metabolisms (REEBURGH
et al., 1991; ALBERT et al., 1995; SCHUBERT et al., 2006; WAKEHAM et al., 2007),
which extend into the sediment.

Figure 7.2. Location of the study site at the southern continental slope of the Black
Sea (GeoB15105, 41 31.70’N, 30 53.10’E, 1227 m water depth) sampled during R/V
Meteor cruise M84/1.

While the depth distribution of the major sedimentary geochemical zones varies
spatially, microbial processes form a continuum from the water column to the sediment
of the Black Sea (JØRGENSEN et al., 2004; KNAB et al., 2009). Sulfate reduction is
the major carbon-remineralizing process in the surface sediments (JØRGENSEN et al.,
2001), since other common electron acceptors such as oxygen and nitrate are either
depleted at the chemocline (MURRAY and YAKUSHEV, 2006) or settle at the seafloor
in reduced form such as iron and manganese (KONOVALOV et al., 2004). The sulfate
reduction zone extends up to 4 m into the sediment and partially overlaps with the
underlying methanogenic zone (JØRGENSEN et al., 2001, 2004; LELOUP et al., 2007).
Anaerobic oxidation of methane occurs both within the surface sediment (REEBURGH
et al., 1991; RIEDINGER et al., 2010) as well as within the comparatively broad sulfate
methane transition zone (JØRGENSEN et al., 2001).
In this study, we applied novel HPLC-MS protocols to investigate the quinone and
lipid distribution in the water column and sediments in the southwestern Black Sea,
which allowed the detection of a significantly larger variety of compounds compared
to previous techniques (URAKAWA et al., 2000; KUNIHIRO et al., 2014). The depth
distributions of diagnostic quinones and membrane lipids in the water column were
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correlated with the zonation of microbial processes, such as nitrification and sulfur
oxidation. Based on the distribution of quinones in water and sediment samples,
we suggest that, while some sedimentary quinones may be derived from the water
column, a plethora of compounds is being produced in situ and may therefore be used
to characterize and quantify the benthic microbial community.

7.2. Materials and Methods
7.2.1. Suspended particulate matter and sediment sampling

Suspended particulate matter and sediment samples were collected in the southern
Black Sea in February 2011 at site GeoB15105 (Fig. 7.2; 41 31.70’N, 30 53.10’E,
1227 m water depth) during R/V Meteor cruise M84/1 (’DARCSEAS I’; ZABEL and
CRUISE PARTICIPANTS, 2011). Suspended particulate matter was recovered at nine
depths (40, 90, 120, 150, 300, 500, 700, 900, 1200 m) by pumping 6 to 204 liters of
sea water through two stacked pre-combusted 0.7 m pore-size glass fiber filters using
in situ pumps. Recovered filters were immediately wrapped in combusted aluminum
foil and stored at

20 C. Due to the use of 0.7 m pore-size filters, membrane lipid

and quinone concentrations should be regarded as minimum estimates (cf. XIE et al.,
2014). Pore water was extracted from sediment cores with Rhizon micro suction
samplers (0.1 m filter width, Rhizosphere Research Products, Wageningen) and split
into subsamples for onshore analysis. Sediments were recovered using a multi-corer
(GeoB15105-4) and a gravity corer (GeoB15105-2), sampled in a cold room at 4 C and
stored at

20 C in brown glass bottles until extraction. At the study site, sedimentary

units in the sampled upper 8 m comprise laminated coccolith ooze (Unit I, ca. 4 % dry
weight TOC) deposited during the last 3 ka as well as an organic-rich sapropel (Unit
II, up to 15 % dry wt. TOC) deposited from 7.5 to 3 ka before present (BRUMSACK,
1989; BAHR et al., 2005; KWIECIEN et al., 2008), coeval to the development of water
column anoxia in the Black Sea (ARTHUR and DEAN, 1998; ECKERT et al., 2013).
Water column profiles of temperature, fluorescence and depth as well as pressure
and dissolved oxygen were measured with a vertical resolution of 1 m using a CTD
rosette (GeoB15105-5). Salinity was derived from conductivity, while density was
calculated from pressure and temperature measurements as well as salinity.
7.2.2. Water column and pore water chemistry

Water column samples (10 to 20 ml) were directly filtered from the Niskin bottle
(0.2 m syringe micro filter) after the recovery of the CTD-equipped rosette. Pore water
samples were taken from closed MUC cores and gravity cores and collected through
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rhizon micro suction samplers (5 cm length, 0.2 m porous polymer). Dissolved sulfate
(SO24 ) was determined by ion chromatography (Metrohm Compact IC, METROSEP A
Supp 5 column, conductivity detection after chemical suppression) in samples diluted
1:100 with Milli-Q grade H2 O. Concentrations of dissolved phosphate (PO34 ) were
measured photometrically. One ml of sample was placed in a disposable polystyrene
(PS) cuvette (2.5 ml) containing 50 l ammonium molybdate solution, and amended
with 50 l of an ascorbic acid solution. The extinction of the phosphomolybdenum
blue complex was measured after 10 min at a wavelength of 820 nm (Hach Lange
DR 5000 photometer). Dissolved ammonium (NH+4 ) was measured using a flow
injection, PTFE tape gas separator technique after HALL and ALLER (1992). About
200 to 300 l of plain sample were injected into a 100 l loop of a Rheodyne valve
and mixed with an alkaline solution (0.01 M NaOH + 0.2 M sodium citrate) to form
gaseous NH3 that passed a PTFE membrane and caused a conductivity signal in a
receiving acid solution (0.001 M HCl). The resulting conductivity was determined
using a temperature-compensated conductivity meter (Amber Scientific 1056) with a
micro flow-through cell (Amber Scientific 529) and recorded on a strip chart recorder.
Dissolved hydrogen sulfide (HS ) was determined in samples fixed with ZnCl2 using
the photometric methylene blue method (CLINE, 1969).
7.2.3. Hydrocarbon gases

Concentrations of dissolved methane were determined according to previously reported protocols (KVENVOLDEN and MCDONALD, 1986; D’HONDT et al., 2003). Two to
three ml of wet sediment were enclosed in a gas-tight 22-ml glass vial with a Teflon
septum and heated for 20 min at 60 C. After heating, 100 to 500 l sub-samples were
taken from the headspace gas with a gas-tight syringe and analyzed on board by gas
chromatography-flame ionization detection (GC-FID). The GC-FID was calibrated on
a daily basis using hydrocarbon gas standards (Scotty Specialty Gases). Based on
the partial pressure of methane in the headspace gas and the headspace volume, the
total amount of released methane was quantified and normalized to the pore-water
volume of the extracted sediment sample, using the sample volume and corresponding
porosity data of solid phase samples.
The stable carbon isotopic composition of methane (

13

CH4 ) was determined from

duplicate GC-isotope ratio mass spectrometry (GC-irMS) analyses using a ThermoFinnigan Trace GC Ultra coupled to a DELTA Plus XP mass spectrometer equipped with via
a ThermoFinnigan GC Combustion III interface. An aliquot of 200 l of the headspace
gas was injected into the GC using a split ratio of 1:3. The components were separated
isothermally at 40 C for 8 min using a Carboxen-1006 PLOT fused-silica capillary col-
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umn (30 m x 0.32 mm ID; Supelco, Inc, USA) at a constant Helium flow of 3 ml min 1 .
The system was calibrated at the start and end of the run using a reference gas with
known carbon isotopic composition. Carbon isotope ratios are reported in the

-

notation as per mil deviation from the Vienna Pee Dee Belemnite standard. Analytical
precision was determined by repeated injections of commercially available standards
(100 ppm methane, Air Liquide) and was typically better than 1h.
7.2.4. Quinone and membrane lipid extraction and analysis

Respiratory quinones and membrane lipids were ultrasonically extracted from filters
and sediments after addition of an extraction standard (phosphatidylcholine (PC)
C21:0 ) following a modified Bligh & Dyer protocol (STURT et al., 2004) with dichloromethane:methanol:buffer (1:2:0.8, v:v:v) using phosphate and trichloroacetic acid
(CCl3 CO2 H) buffers (each 2x). After each extraction step, the samples were centrifuged
at 800

g for 10 min and the supernatants were collected in a separation funnel. The

combined supernatants were then washed three times with de-ionized MilliQ water.
After separation into organic phase and water-soluble phase, the organic phase was
collected as the total lipid extract (TLE). The TLE was dried under a stream of N2 and
stored at

20 C until measurement.

Quinones and archaeal IPLs were analyzed by injecting an aliquot of the TLE
dissolved in methanol on a Dionex Ultimate 3000 high performance liquid chromatography (HPLC) system connected to a Bruker maXis Ultra-High Resolution quadrupole
time-of-flight tandem mass spectrometer (qToF-MS) equipped with an ESI ion source
operating in positive mode (Bruker Daltonik, Bremen, Germany). The mass spectrometer was set to a resolving power of 27,000 at m/z 1222 and every analysis was
mass-calibrated by loop injections of a calibration standard and correction by lock
mass, leading to a mass accuracy of <1-3 ppm. Ion source and other MS parameters
were optimized by infusion of standards into the eluent flow from the LC system using
a T-piece.
Analyte separation was achieved using reversed phase (RP) HPLC on an ACE3 C18
column (2.1 x 150 mm, 3 m particle size, Advanced Chromatography Technologies,
Aberdeen, Scotland) maintained at 45 C as described previously (ZHU et al., 2013).
In brief, analytes were eluted at a flow rate of 0.2 ml min
utes with 100 % eluent A (methanol:formic acid:14.8 M

1

isocratically for 10 min-

NH+4 ,

100:0.04:0.10, v:v:v),

followed by a linear gradient to 24 % eluent B (2-propanol:formic acid:14.8 M NH+4 ,
100:0.04:0.10, v:v:v) in 5 minutes, followed by a gradient to 65 % B in 55 minutes. The
column was then flushed with 90 % B for 10 minutes and re-equilibrated with 100 %
A for 10 minutes. Quinones and lipids were identified by retention time, accurate
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molecular mass, and MS2 fragmentation (Table 7.1; cf. Chapter 6; STURT et al., 2004;
YOSHINAGA et al., 2011). Integration of peaks was performed on extracted ion chromatograms of

10 mDa width and included the [M+H]+ , [M+NH4 ]+ , and [M+Na]+

ions. Where applicable, double charged ions were included in the integration.
Additionally, selected samples were analyzed for low-abundance methanophenazines
and archaeal lipids under the same chromatographic conditions on a Dionex Ultimate
3000 HPLC system connected to an ABSciEX QTRAP4500 Triple Quadrupole/Ion Trap
MS equipped with an ESI ion source operating in positive mode. Target compounds
were detected by multiple reaction monitoring of diagnostic MS/MS transitions. Ion
source, multiple reaction monitoring transitions and other MS parameters were optimized by direct infusion of commercially available lipid and quinone standards as well
as total lipid extracts of Nitrosopumilus maritimus and Methanosarcina acetivorans.
Bacterial IPLs were analyzed by injecting 1-10 % of the TLE dissolved in dichloromethane:methanol (9:1, v:v) on a Dionex Ultimate 3000 HPLC system connected
to a Bruker maXis Ultra-High Resolution qToF-MS equipped with an ESI ion source
operating in positive mode as described above. Analyte separation was achieved using
normal phase HPLC on an Acquity UPLC BEH Amide column (1.7 m, 2.1 x 150
mm; Waters Corporation, Eschborn, Germany) maintained at 40 C as described by
WÖRMER et al. (2013). In brief, analytes were eluted at a flow rate of 0.4 ml min

1

with 99 % eluent A (acetonitrile:dichloromethane, 75:25, with each 0.01 % formic
acid and NH3 ) and 1 % eluent B (methanol:water, 50:50, with 0.4 % formic acid and
NH3 ) for 2.5 min, increasing B to 5 % at 4 min, to 20 % B at 22.5 min and 40 % B at
26.5 min. The column was then flushed with 40 % B for 1 min.
Archaeal IPL and quinone quantification was achieved by injecting a known amount
of an internal standard (C46 -GTGT) along with the samples. Bacterial IPLs were
quantified by comparing their peak areas with the peak area of the extraction standard.
The quinone abundances were corrected for the relative response of commercially
available menaquinone (MK4:4 , for MKs, chlorobiumquinone (ChQ), vitamin K1) and
ubiquinone (UQ10:10 , trans-isomer, for UQs, PQs) standards (Sigma Aldrich, St. Louis,
MO, USA) versus the C46 -GTGT standard. Due to a lack of an authentic standard, MP
concentrations were not corrected for their relative response and are thus not included
in total quinone abundance and distribution patterns as well as calculations of diversity
indices. The detection limit for quinones, intact polar and neutral lipids as detected
for authentic standards using the qToF-MS was approximately 1 pg, depending on
compound class and considering a signal-to-noise ratio of greater than 3.
Archaeal lipid abundances were corrected for response factors of commercially
available and purified standards. Purified standards were obtained from extracts of
Archaeoglobus fulgidus as described in ELLING et al. (2014). The abundances of mono-
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(1G) and diglycosidic (2G) glycerol dibiphytanyl glycerol tetraethers (GDGTs) and
hydroxylated GDGTs were corrected for the response of purified acyclic 1G- and
2G-GDGT standards, respectively. Due to the lack of an identical standard, the abundances of hexose phosphohexose (HPH) GDGTs were corrected for the response of a
commercially available phosphatidylglycerol-hexose GDGT standard (Matreya LLC,
Pleasant Gap, PA, USA) as described in ELLING et al. (2014). The abundances of monoand diglycosidic archaeol were corrected for the respective purified standard, while
phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylethanolamine
(PE) archaeol abundances were corrected for the response of a commercial phosphatidylethanolamine archaeol standard (Avanti Polar Lipids Inc., Alabaster, AL, USA).
The abundances of isorenieratene were corrected by the relative response of a commercial -carotene standard (Sigma Aldrich). Similarly, the abundances of cholesterol
and alkenones were corrected by the relative response of a commercial cholesterol
standard (Sigma Aldrich) and synthetic C37:2 and C37:3 alkenone standards (RECHKA
and MAXWELL, 1988). The abundances of diacylglycerol (DAG) and dietherglycerol
(DEG) lipids with phosphatidylglycerol (PG), PE, monomethyl PE (PME) and dimethyl
PE (PDME), were corrected by the relative responses of commercial DAG-C16:0=16:0
standards with the respective headgroup (Avanti). The abundances of intact polar
acyletherglycerol (AEG) lipids were corrected for the response of the respective DAG
standard. The abundances of diphosphatidylglycerol (DPG), PC-DEG, 1G- and 2G-DAG
lipids were corrected by the relative responses of DPG-C18:1 , PC-DEG-C16:0=16:0 standards, 1G-DAG-C16:0=16:0-cyclopropyl (Avanti) and 2G-DAG-C18:0=18:0 (Matreya) standards,
respectively. Abundances of monoglycosidic Ceramides (1G-Cer) and hydroxylated PG
(PG-OH)-Cer were corrected for the relative response of a 1G-Cer-C18:1=18:0 standard
(Avanti). Due to a lack of appropriate standards, ornithine and betaine lipids as well
as DAG lipids with PI headgroups were not corrected for their relative response.
Microbial (MDq ) and bioenergetic divergence indices (BDq ) were calculated after
IWASAKI and HIRAISHI (1998):
M Dq =

p
X
p

z

(Eq. 1)

xk

k=1

where x k indicates the abundance of quinone k relative to total quinones.
BDq =

p

UQ +

p

PQ + K1 +

p

pol yuns M K +

p
p
sat + monouns M K + ChQ

2

(Eq. 2)
where UQ, PQ, vitamin K1, polyunsaturated (polyuns) MK, saturated (sat) MK, mono-
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unsaturated (monouns) MK and ChQ indicate the relative abundance of UQs, PQs,
vitamin K1, polyuns MKs, sat MKs, monouns MKs and ChQ of total quinones as 1,
respectively.

7.3. Results
7.3.1. Water column and sediment chemistry

Geochemical data of the Black Sea water column revealed a strong vertical stratification
(Fig. 7.3). The salinity increased from 17.7 at the surface to 22.3 in deep waters
(Fig. 7.3A). The steepest increase occurred between 80 and 150 meters below sea level
(mbsl). The temperature profile behaved similarly and ranged between 8.5 and 9 C
(Fig. 7.3A). A minimum in fluorescence was detected at 70 mbsl (Fig. 7.3B). Dissolved
oxygen concentrations decreased in a narrow depth interval between 70 and 150
mbsl from more than 250 mol kg

1

to below detection (Fig. 7.3C). Hydrogen sulfide

was first detected below a depth of 100 mbsl and slightly increased in concentration
to 11.5 mol l

1

at ca. 1100 mbsl (Fig. 7.3C). In the sample from 1205 mbsl, HS

concentration showed a strong increase to 38.6 mol l 1 . Both, dissolved phosphate
(PO34 ) and ammonium (NH+4 ) were only detected below 150 mbsl. While PO34
showed a distinct peak at this depth, NH+4 increased towards the seafloor. Phosphate
concentrations followed this trend between 200 and 1200 m (Fig. 7.3D). The suboxic
zone is located at approximately 70 to 150 m water depth at the boundary between
the oxic surface and anoxic deep layers. In this zone O2 and HS co-occur and the
concentrations of both are low. Thus, we defined the zonation of the water column at
site GeoB15105 as follows: oxic zone from 0 to 70 mbsl, suboxic zone (chemocline)
from 70 to 150 mbsl, and anoxic zone from 150 mbsl to the seafloor.
The pore water profiles of dissolved PO34 and NH+4 followed similar trends with
increasing concentrations within the first 2 m of the sediment (Fig. 7.3E). Ammonium
concentrations were ca. eight to ten times higher than phosphate concentrations.
While NH+4 concentrations stayed fairly constant below 200 cm below seafloor (cmbsf),
PO34 concentrations slightly decreased towards the deepest sample. Dissolved sulfate
decreased with sediment depth, reaching minimum values at 400 cmbsf. Hydrogen
sulfide concentrations showed a maximum at approximately 100 cmbsf. Below 400
cmbsf, concentrations were close to zero (Fig. 7.3F). Methane concentrations were
low (<75 mol) in the top 30 cm of the sediment, but increased to almost 15.4 mM at
623 cmbsf. The

13

CCH4 values significantly decreased from

the top 127 cmbsf. Below this depth,
investigated sample (Fig. 7.3G).
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Figure 7.3. Chemistry for the Black Sea water column and pore waters of the sediment.
For the water column salinity and temperature (A), fluorescence (B), dissolved oxygen
and hydrogen sulfide (C), and phosphate and ammonium (D) are shown. Additionally,
sampling depth for lipid and quinone analysis are indicated by horizontal dashed lines.
The depth is shown on a logarithmic scale (10 to 1200 mbsl) to emphasize the suboxic
zone. For the pore waters phosphate and ammonium (E), sulfate and hydrogen sulfide
(F), and methane and 13 C of methane (G) are shown.
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7.3.2. Detection of novel quinones

Quinones detected in the Black Sea suspended particulate matter and sediment samples
comprised vitamin K1, PQ9:9 , ChQ7:7 , polyunsaturated UQs and MKs with variable
chain lengths and degrees of unsaturation, fully saturated and monounsaturated MK6
as well as the functional quinone analogs MP5:4 and MP5:3 (Fig. 7.5A). ChQ7:7 was
detected here for the first time in environmental samples. The structure of ChQ7:7
was confirmed by comparing MS2 spectra of ChQ7:7 in the samples (Fig. 7.4) with
literature data (POWLS et al., 1968).

Figure 7.4. (A) Extracted ion chromatogram (EIC), obtained by RP-HPLC-ESI-MS,
showing elution of chlorobiumquinone (ChQ7:7 ) in a Black Sea suspended particulate
matter sample from 150 m water depth. (B) MS2 spectrum and structure of ChQ7:7
([M+H]+ ion of m/z 663.5) as well as major product ions in the range m/z 50-700.

We additionally tentatively identified several novel UQ and MK isomers based on
accurate molecular mass in full scan (MS1 ) mode and characteristic fragmentation in
MS2 mode (Fig. 7.5). The quinones UQ7:7 to UQ10:10 each showed one early (UQm:n (a))
and one late (UQm:n (b)) eluting isomer and the two associated compounds for each UQ
revealed highly similar MS2 fragmentation (Fig. 7.3B). The major product ion at m/z
197.1 represented the UQ head group. Minor fragments resulted from fragmentation
of the isoprenoid side chain. Up to four isomers (MKm:n (a-d)) were detected In the
extracted ion chromatograms of fully unsaturated MKs. In this study, these isomers
are numbered consecutively from ‘a’ to ‘d’ from early to late eluting (Fig. 7.5). As for
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UQ isomers, MK isomers showed highly similar fragmentation patterns characterized
by dominant product ions at m/z 187.1 (head group) and fragments of the isoprenoid
side chain (Fig. 7.5C). In total, 43 different quinone structures were identified in the
water column and sediment samples. Due to the lack of authentic standards for MPs,
these compounds could not be corrected for their relative response and are thus not
included in total quinone abundance and distribution patterns as well as MDq and
BDq calculations.
7.3.3. Relative abundances of quinone groups in the Black Sea water column and
sediments

Total quinone concentrations in the water column ranged between 0.21 and 9.44 ng l

1

(Fig. 7.6). The highest concentrations in the water column were measured at 40 mbsl
within the oxic zone and at 300 mbsl within the anoxic part of the water column. From
the oxic zone to the chemocline, concentrations decreased seven-fold. The lowest
concentrations occurred in the deepest water column sample at 1200 mbsl. In the
sediments, concentrations were highly variable and ranged from 1.7 to more than
1000 ng g

1

sediment dry weight (sed. dw.). The highest concentrations were measured

in the surface sediment and the sapropel layer. Below the sapropel (lithological Unit
II), concentrations were lowest and showed little variability.
The relative distribution of quinone groups showed large differences in the different
redox zones of the Black Sea water column (Fig. 7.6). At 40 mbsl (oxic zone), UQs
and PQs were the major components, with UQs contributing more than 50 % and
PQs more than 30 % to the total quinone pool, respectively. Archaeal menaquinones
(MK6:0 and MK6:1 ) and vitamin K1 accounted for ca. 8 % each in the same sample. At
the chemocline, archaeal menaquinones were the major contributors, whereas UQs
were minor compounds with 2.6 % and 8 % relative abundance in 90 and 120 mbsl,
respectively. At the lower boundary of the chemocline (150 mbsl), UQs were again the
dominant compounds (46 % relative abundance). Polyunsaturated MKs and ChQ7:7
were also detected in significant amounts in this sample, each contributing 22 % to
the total quinone pool. In the deeper anoxic water column samples (300-1200 mbsl),
polyunsaturated MKs and UQs occurred in similar proportions and account for more
than 80 % of total quinones in the samples, whereas saturated and monounsaturated
MKs as well as PQs were only minor components. Vitamin K1 was detected in trace
amounts in the same samples. ChQ7:7 occurred in trace amounts at 300 and 500 mbsl,
but was absent in the deeper water column.
In the top 400 cmbsf (lithological Unit I), UQs and PQs were the dominant quinone
types, contributing in sum to more than 80 % of total quinones (Fig. 7.6A). Here,
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Figure 7.5. (A) Reconstructed RP-UHPLC-ESI-MS density map showing elution order
and m/z of all identified quinones, methanophenazines and the C46 -GTGT standard in
sample M84/1, GeoB15105-2, 147-162 cmbsf. Colors indicate different quinone structures associated with distinct microbial metabolisms: green = photosynthetic quinones
vitamin K1 (light green) and PQ (dark green), red = archaeal quinones (saturated
and monounsaturated MKs) and Methanosarcinales-specific functional quinone analog
MPs (dark red), light blue = aerobic bacterial quinones (UQs), dark blue = anaerobic
bacterial quinones (polyunsaturated MKs) and yellow = the green sulfur bacterial ChQ.
Quinones labeled with characters, e.g., UQ9:9 (a) and (b) or MK8:8 (a), (b), (c) and (d),
have the same molecular mass. Elution of eukaryotic apolar lipids cholesterol and C37
alkenones as well as isorenieratene, a biomarker pigment specific for green sulfur bacteria. (B) EIC of UQ9:9 in sample M84/1, GeoB15105-4, 18-20 cmbsf illustrating an early
and late eluting isomer (UQ9:9 (a) and UQ9:9 (b), respectively), and their corresponding
MS2 spectra. Both compounds revealed highly similar fragmentation patterns. (C) EIC of
MK8:8 in sample M84/1, GeoB15105-2 46-61 cmbsf showing four isomers (MK8:8 (a-d)).
MS2 spectra of two representatives (MK8:8 (a) and (c), indicated by star in the EIC)
revealed highly similar product ions. Structures of UQ9:9 and MK8:8 and the formation
of major product ions are also shown. MK, menaquinone; UQ, ubiquinone; K1, vitamin
K1 (synonyms: phylloquinone, MK4:1 ); PQ, plastoquinone; ChQ, chlorobiumquinone;
MP, methanophenazine; GTGT, glycerol trialkyl glycerol tetraether.
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Figure 7.6. Relative abundances of major quinones (A) and absolute quinone abundance
(B) in the water column and sediments of the southern Black Sea (cruise M84/1, station
GeoB15105). Shaded area in the water column profile corresponds to the chemocline.
In the sediment, the marine (Unit I, white) and lacustrine (Unit II, light grey) units, as
well as the sapropel (S1, dark grey) are denoted.

polyunsaturated MKs were also detected in significant amounts with relative abundances between 9 % and 17 %, whereas MK6:0 and MK6:1 were only minor components.
Similarly, vitamin K1 and ChQ7:7 were minor compounds in Unit I sediments. Below
400 cmbsf (lithological Unit II), the quinone distribution showed a different pattern:
UQs were still the dominant quinone group, but PQs were almost absent (Fig. 7.6).
MK6:0 and MK6:1 increased in relative abundance with a maximum at 647.5 cmbsf,
accounting for 23 % of total quinones. The abundance of polyunsaturated MKs also
increased and ChQ7:7 contributed significantly to the total quinone pool with relative
abundances of up to 14 % in the deeper sediment (cmbsf).
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7.3.4. Relative abundances of quinone isomers

The distribution of the ‘regular’ menaquinones and ubiquinones compared to the later
eluting isomers showed large differences between the oxic and anoxic water column
and the sediments (Fig. 7.7). Based on the retention time of the commercially available
standard (UQ10:10 ), UQs labeled with ‘(a)’ were referred to as regular compounds and
the later eluting UQs (labeled with ‘(b)’) were defined as isomers. Similarly, based on
the retention time difference of the MK4:4 standard relative to the compounds with
longer isoprenoid side chains, MKs labeled with ‘(b)’ were defined as regular MKs
and other quinones with the same molecular mass were assigned as isomers (a, c, d;
Fig. 7.7).

Figure 7.7. Relative abundances of summed menaquinone and ubiquinone isomers (A),
isomers of UQ10:10 (B), and isomers of MK8:8 (C) in the water column and sediments of
the southern Black Sea (cruise M84/1, station GeoB15105).

The samples from the oxic zone and the chemocline contained only regular UQs,
whereas regular UQs and MKs as well as their isomers occurred in the anoxic zone
(Fig. 7.7a). While UQ isomers were only minor constituents compared to the regular
compounds, MK isomers were almost as abundant as the corresponding regular MKs
in the water column. In the sediments, this pattern shifted towards higher relative

168

7.3. RESULTS
abundances of the UQ and MK isomers compared to the respective regular compounds,
and the distribution pattern of total isomers showed little variability (Fig. 7.7a). However, analysis of the detailed distribution of isomers of individual quinones revealed
major changes in the water column and sediment samples (Fig. 7.7b). For example,
the late eluting UQ10:10 (b) only occurred in two water column samples (150 and 300
mbsl) and showed a low relative abundance compared to the early eluting UQ10:10 (a)
(Fig. 7.7b), whereas UQ10:10 (b) was of greater abundance in the sediment, especially
in lithological Unit I.
Differences in the distribution of isomers was even more pronounced for the four
MK8:8 isomers (Fig. 7.7c). In the samples from the anoxic water column, the most
abundant MK8:8 isomer was MK8:8 (b). Similar to the distribution of UQ10:10 , the other
MK isomers became dominant over the regular compound in lithological Unit I. Here,
MK8:8 (a) was the most abundant isomer with up to 60 % relative abundance. In Unit
II, MK8:8 (a) was not detected and MK8:8 (b) was the dominant isomer. With increasing
sediment depth, the relative abundance of MK8:8 (c) increased to a maximum in the
sapropel. MK8:8 (d) was a minor compound in all samples with relative abundances
lower than 10 % of total MK8:8 .
7.3.5. Absolute abundances of individual quinones

Concentration profiles of the quinones associated with oxygenic photosynthesis, i.e.,
vitamin K1 and PQ9:9 , showed a distinct maximum in the oxic zone with concentrations
of 0.3 and 1.5 ng l 1 , respectively, and a decrease to below the detection limit in the
chemocline (Fig. 7.8A, B). In the anoxic part of the water column, both compounds
showed more than five-fold lower concentrations compared to the oxic zone. ChQ7:7
was not detected at shallower water depths and showed concentration maximum
at 150 mbsl (0.23 ng l 1 ), below which concentrations were one order of magnitude
lower (<0.03 ng l 1 ; Fig. 7.8C). UQ7:7 (a) showed a similar depth trend (Fig. 7.8D),
while concentration maxima for other UQs were observed in the anoxic water column
mainly at 300 mbsl (Fig. 7.8E-J).
The concentration of MK6:0 increased from oxic waters (0.18 ng l 1 ) to the suboxic
waters of the chemocline at 120 m (0.36 ng l-1; Fig. 7.8K). Concentrations of MK6:1
were similar in the oxic waters (0.14 ng l 1 ) but showed a shallower maximum at the
chemocline at 90 m (0.24 ng l 1 ; Fig. 7.8L). The concentrations of both MK6:0 and
MK6:1 were one order of magnitude lower in the anoxic part of the water column
below 150 m (0.01 ng l 1 ) as compared to the oxic and suboxic zones. Concentrations
of polyunsaturated MKs with different length and degree of unsaturation of the
isoprenoid side chain varied between 10 pg l

1

and ca. 1 ng l

1

(Fig. 7.8M-Ai). All MKs

169

CHAPTER 7. DISTRIBUTION OF RESPIRATORY QUINONES IN THE BLACK SEA
containing six isoprenoid units, including partially saturated compounds, showed a
distinct maximum in the anoxic zone at 300 mbsl. The only other quinone that showed
a similar concentration profile was MK10:8 . Many other MKs showed two concentration
maxima, one at 300 mbsl and a deeper one at 700 mbsl. For example, MK7:7 isomers,
MK8:8 isomers (except for MK8:8 (d)), MK8:7 and MK8:6 , MK9:9 (b), MK9:8 , MK10:10 (a) and
MK10:9 . MK9:9 (c) and MK10:10 (b) were the only MKs that showed a single maximum
at 700 mbsl. MK7:5 and MK11:11 (b) showed a deeper concentration maximum at 900
mbsl.
In the sediment, depth profiles of individual quinones were more uniform compared
to the water column (Fig. 7.9) and mainly tracked total quinone concentrations (see
Fig. 7.6B). Most quinones showed a pronounced concentration maximum in the
sapropel layer at 397.5 cmbsf, with the exceptions of ChQ7:7 , MK6:0 , MK6:1 , UQ11:11 (a)
and (b) as well as a few fully unsaturated and partially saturated MKs. Vitamin K1,
PQ9:9 , ChQ7:7 , MK6:0 , most fully unsaturated MKs and all regular UQs additionally
showed high concentrations in the surface sediments, which rapidly decreased within
the first 20 to 30 cm sediment depth. For the late eluting UQ isomers as well as
several fully unsaturated MKs, elevated concentrations in surface sediments were
not observed. In Unit II, concentrations of individual quinones were more than one
order of magnitude lower that in Unit I. Highest concentrations in the sediments
were observed for PQ9:9 with values of up to 470 ng l

1

sed. dw. in the sapropel layer.

The concentrations of vitamin K1, ChQ7:7 , and MK6:1 and MK6:0 were approximately
two orders of magnitude lower as compared to PQ9:9 . Within the UQs, compounds
with seven to ten isoprenoid units revealed similar concentrations, which were about
ten-fold higher than concentrations for vitamin K1, ChQ7:7 , and MK6:0 and MK6:1 as
well as UQ11:11 . The concentrations of the different polyunsaturated MKs showed
large variability. While concentrations of partially saturated MKs were mainly below
1 ng g

1

sed. dw., the concentrations of some fully unsaturated MK6:6 , MK7:7 and MK8:8

isomers were at least one order of magnitude higher. Highest concentrations within the
polyunsaturated MKs were observed for MK6:6 (b), MK7:7 (c), MK8:8 (a) and MK8:8 (c).
7.3.6. Microbial diversity and bioenergetic divergence (MDq and BDq )

Microbial diversity (MDq ) and bioenergetic divergence (BDq ) indices were calculated
from quinone abundances using equations (1) and (2) and grouped according to
the water column redox zones and the lithological units (Fig. 7.10). Note that MDq
represents overall quinone diversity based on relative abundances of all individual
quinones, while BDq describes headgroup type richness, i.e., functional diversity.
Samples from the same water column zones and sedimentary units showed similar
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Figure 7.8. Depth profiles of all quinones detected in the Black Sea water column.
Shaded areas correspond to the chemocline. Colors indicate different quinone structures associated with distinct microbial metabolisms: green = photosynthetic quinones
vitamin K1 (light green) and PQ (dark green), red = archaeal quinones (saturated
and monounsaturated MKs, light red), light blue = aerobic bacterial quinones (UQs),
dark blue = anaerobic bacterial quinones (polyunsaturated MKs) and yellow = the
green sulfur bacterial ChQ. MK, menaquinone; UQ, ubiquinone; K1, vitamin K1; PQ,
plastoquinone; ChQ, Chlorobiumquinone.
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Figure 7.9. Depth profiles of all quinones detected in Black Sea sediments. Marine
(Unit I, light grey) and lacustrine (Unit II, intermediate grey) lithological units as well
as the sapropel (S1, dark grey) are denoted. Colors indicate different quinone structures associated with distinct microbial metabolisms: green = photosynthetic quinones
vitamin K1 (light green) and PQ (dark green), red = archaeal quinones (saturated
and monounsaturated MKs), light blue = aerobic bacterial quinones (UQs), dark blue
= anaerobic bacterial quinones (polyunsaturated MKs), and yellow = green sulfur
bacterial ChQ. MK, menaquinone; UQ, ubiquinone; K1, vitamin K1; PQ, plastoquinone;
ChQ, Chlorobiumquinone.
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Figure 7.10. Cross plot of microbial divergence (MDq ) and bioenergetic divergence
(BDq ) indices after IWASAKI and HIRAISHI (1998) for water column and sediment samples
from the southern Black Sea (M84/1, GeoB15105). The range for single organisms is
indicated by the grey area (based on the distribution of quinones in 24 archaeal strains
shown in Chapter 6.

BDq values, whereas MDq values were divergent. The lowest BDq and MDq indices
were observed in samples from the chemocline at 90 and 120 mbsl, with MDq values
below 5 and BDq values below 2. Low MDq and BDq values distinguish the sample
from the oxic (photic) zone from the rest of the obtained dataset. The deep chemocline
sample (150 mbsl) showed the highest BDq values of all samples (4.2), while MDq
values were intermediate with 13.5. The samples from the anoxic zone showed BDq
values between 3 and 3.5, whereas the MDq values were in a broad range from 11.6
to 22. All samples from Unit I showed relatively high values but little variability for
both indices (15.6-20 MDq , 3-3.6 BDq ). A similar pattern was observed for the samples
from sediment Unit II, albeit with a higher BDq index (3.4-4) for most samples.
7.3.7. Methanophenazines

Methanophenazines were absent in the oxic part of the water column and the chemocline but were detected in the anoxic part of the water column, except at 1200 mbsl
(Fig. 7.11). Highest concentrations occurred at 300, 500 and 900 mbsl with values between 13 and 17 pg l 1 . The concentrations of methanophenazine decreased strongly
with depth from 9 cmbsf (311 pg g

1

sed. dw.) towards 400 cmbsf (below detection

limit).
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7.3.8. Relative abundances of IPLs

For examining their distribution in the water column and sediments, IPLs (see Fig. 7.12 for chemical structures) were grouped by headgroup and
core lipid type irrespective of side chain structure into intact polar archaeols (IP-AR), GDGTs
(IP-GDGTs), glycosidic (G-) and phosphatidic (P) DAG, AEG, and DEG, as well as DPG, 1G-Cer,
PG-(OH)-Cer, Ornithines (OL), and Betaines (BL).
The profiles of total quinones (Fig. 7.6) and
total IPLs (Fig. 7.13) were similar in the water
column and within the sediment. In the water column, IPL concentrations decreased from the oxic
zone to the chemocline and showed maxima at
300 and 900 mbsl similar to quinone concentrations (Fig. 7.13). In comparison to quinone concentrations, IPL concentrations in the surface sediments showed a steeper decrease towards deeper
sediments and a less distinct maximum in the
sapropel layer. Overall, IPL concentrations were
approximately one order of magnitude higher
than quinone concentrations in both the sediment
and the water column.
Similar to the distribution of major quinone

Figure

7.11.

Profile

of

total

groups, specific IPL classes were associated with methanophenazines (MP
and
5:4
distinct geochemical zones. In the oxic zone, G- MP5:3 ) in the water column and
DAGs were the dominant IPLs, contributing al- sediments of the southern Black Sea
most 80 % to the total IPL pool. Minor IPL groups

(cruise M84/1, station GeoB15105).

were P-DAG and BL, which were detected in similar amounts throughout the water column. Small amounts of IP-GDGTs and IP-ARs as
well as P-AEG and P-DEG were also detected in the oxic zone. In the upper chemocline
P-DAGs and IP-GDGTs increased in relative abundance. Here, archaeal IPLs accounted
for about 10 % of total IPLs, which was the highest relative abundance of these compounds in the water column. Relative abundances of G-DAGs at the chemocline and in
the anoxic zone were lower than in the oxic zone but still accounted for up to 30 % of
the IPLs. 1G-Cer and DPG first appeared within the chemocline (120 mbsl) and were
detected throughout the anoxic water column. In the deepest part of the chemocline
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Figure 7.12. Structures of archaeal and bacterial core lipids and associated polar
headgroups detected in Black Sea water column and sediment samples.

(150 mbsl), P-AEG and especially P-DEG increased in relative abundance, the latter
accounting for more than 25 % of total IPLs. The combined relative abundance of these
two groups was about 40 % throughout the anoxic zone. In contrast, concentrations of
P-DAG decreased from the chemocline to the deep anoxic zone. Ornithine lipids (OL)
and PG-(OH)-Cer were detected in low abundance only in the anoxic zone, where
archaeal IPLs showed very low relative abundances.
The IPL composition of the sediments differed strongly from that of the water column
(Fig. 7.13). P-DEG was the dominant IPL group with almost 40 % relative abundance
in surface sediments. Other major groups in surface sediments were BL, IP-GDGTs and
P-DAG. G-DAG were detected only in trace amounts and disappeared below the surface.
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Figure 7.13. Relative abundances of IPL groups (A) and absolute IPL abundance (B)
in the water column and sediments of the southern Black Sea (cruise M84/1, station
GeoB15105). Shaded area in the water column profile corresponds to the chemocline.
In the sediment, the marine (Unit I, white) and lacustrine (Unit II, light grey) units,
as well as the sapropel (S1, dark grey) are denoted. IPL data from SCHRÖDER (2015)
except for water column samples from 150 m, 300 m, 500 m, and 900 m water depth.

DPG and 1G-Cer were not detected in the sediments and OL, P-AEG PG-(OH)-Cer
and IP-ARs only occurred in very low relative abundance (<3.5 %). Within the upper
39 cmbsf, acyl side chain containing IPLs steadily decreased in relative abundance
with depth, whereas relative abundances of ether-based lipids such as IP-GDGTs and
P-DEG increased. Only IP-GDGTs, P-DEG and IP-AR were detected below 39 cmbsf
in lithological Unit I, where either IP-GDGTs or P-DEG dominated the total IPL pool.
The relative abundance of IP-ARs was low ( 5 %) but progressively increased with
depth in sediment Unit I. IPL distributions in the upper part of Unit II (427.5-557.5
cmbsf) closely resembled the distribution of the lower part of Unit I. However, below
557.5 cmbsf, archaeal IPLs clearly dominated over bacterial P-DEG, although P-DEG
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still accounted for about 25 to 36 % of total IPLs. IP-ARs showed highest relative
abundances of all samples below 557.5 cmbsf and were the dominant IPL group at
697.5 and 807.5 cmbsf.
7.3.9. Absolute abundances of IPLs and apolar lipids relative to quinones

The concentrations of the different IPL groups showed significant variations in the
water column and, in part, within the sediment (Fig. 7.14). Depth-dependent concentrations of G-DAG, BL and P-DAG (Fig. 7.14A-C) strongly resembled each other. They
showed a decrease from the oxic water column to the chemocline and a maximum
at 900 mbsl (G-DAG and BL; Fig. 7.14A, B) and at 300 mbsl (P-DAG; Fig. 7.14C).
The G-DAG depth profile was similar to the profiles of PQ9:9 and vitamin K1, whereas
the P-DAG profile was more similar to those of UQ8:8 (a), UQ9:9 (a) and UQ10:10 (a)
(Figs. 7.9 and 7.14), although the distribution in the anoxic waters also matched some
MK profiles. P-AEG, PE-DEG and 1G-Cer followed largely the same trend as P-DAG in
the anoxic water column and concentrations were in a similar range. However, they
were absent in the oxic zone and the chemocline (Fig. 7.14D, E, and H). DPG, OL,
and PG-(OH)-Cer were minor components or absent within the chemocline and the
oxic zone (Fig. 7.14F, G and I).
The concentrations of both DPG and OL peaked in the anoxic water column at 300
mbsl, which coincided with peaks in abundance in most other IPL groups, whereas
the secondary maximum occurred slightly shallower at 700 mbsl instead of 900 mbsl
observed e.g., for G-DAG, BL or P-DEG (Fig. 7.14F and G). The concentration of PG(OH)-Cer only peaked at 700 mbsl in the anoxic zone (Fig. 7.14I). The concentration
profiles of archaeal IP-GDGTs and IP-ARs were distinct from each other and bacterial
IPLs in the water column: IP-GDGT concentrations increased from the oxic zone to the
chemocline (Fig. 7.14J), while they were low throughout the anoxic water column.
This distinct maximum in the chemocline was not observed in the depth profile of
IP-AR. Within the chemocline and in the upper oxic water column, concentrations of
IP-AR were low, whereas IP-AR concentrations were at least three times higher in the
anoxic zone (Fig. 7.14K). The depth profile of IP-GDGTs followed a similar trend as
compared to MK6:0 and MK6:1 (Figs. 7.1 and 7.14), and IP-ARs largely followed the
trend of MPs (Figs. 7.11 and 7.14). In the water column, the apolar lipid isorenieratene
showed a distinct maximum at 150 mbsl and was absent in the rest of the water column
except for minor abundances at 300 mbsl (Fig. 7.14), and thus reflected the depth
profile of ChQ7:7 (Fig. 7.8). The concentrations of cholesterol as well as summed C37:2
and C37:3 alkenones were highest in the oxic zone, decreased strongly with water
depth within the chemocline and remained low throughout the anoxic water column.
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Figure 7.14. Depth profiles of IPL groups, isorenieratene, alkenones, and cholesterol
detected in the water column and sediments of the Black Sea. IPL data from SCHRÖDER
(2015) except for water column samples from 150 m, 300 m, 500 m, and 900 m water
depth. Shaded areas in water column profiles correspond to the chemocline. Marine
(Unit I, light grey) and lacustrine (Unit II, intermediate grey) lithological units as well
as the sapropel (S1, dark grey) are denoted for sediment profiles. Color code: blue
green, bacterial and/or eukaryotic lipids present in oxic waters; blue, bacterial and/or
eukaryotic lipids only present in chemocline and anoxic waters; red, archaeal lipids.
Abbreviations: G, glycosidic headgroup-bearing; P, phosphatidic headgroup-bearing;
DPG, diphosphatidyl glycerol; BL, betaine lipids; OL, ornithine lipid; PG-(OH), hydroxyphosphatidylglycerol; DAG, diacyl glycerol; AEG, acyl ether glycerol; DEG, diether
glycerol; Cer, ceramide; IP, intact polar; GDGT, glycerol dibiphytanyl glycerol tetraether;
AR, archaeol.
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In the sediment, the majority of IPL species were only detected in the surface
(Fig. 7.14). For example, the concentrations of BL, P-DAG, P-AEG, OL and PG-(OH)Cer decreased exponentially with depth within the upper 50 cmbsf (Fig. 7.14B-D,
G, I). In contrast, the concentrations of P-DEG, IP-GDGTs and IP-ARs were relatively
high within the sediment showing a slight decrease within the first 50 cmbsf and a
pronounced peak within the sapropel layer (Fig. 7.14E, J, and K), which was similar
to most quinone profiles (cf. Fig. 7.9) and invariably low concentrations in Unit II.
Isorenieratene showed two concentration maxima, at 112.5 cmbsf and in the sapropel,
but was otherwise low in concentration or absent (Fig. 7.14L). In contrast to the water
column, IP-AR and MP concentrations were decoupled in the sediments (cf. Figs. 7.11
and 7.14K). The concentrations of alkenones were highest at the sediment surface,
decreased strongly within the upper 30 cmbsf and remained low throughout the rest
of Unit I and Unit II. The concentration profile of cholesterol was similar but showed
a peak in the sapropel layer.

7.4. Discussion
7.4.1. Structural elucidation of isomers

The almost identical MS2 spectra of the various chromatographically resolved isomers
of UQs and MKs suggest that they have highly similar structures, respectively, whose
exact structural differences cannot be determined using the applied methods. However,
isomers of MKs have already been reported. For example, two MK9:8 peaks have been
resolved by thin layer chromatography in the actinomycete Mycobacterium phlei and
identified by NMR as cis- and trans-isomers, respectively (DUNPHY et al., 1968).
Similarly, cis- and trans-isomers of MMK7:7 (methylated menaquinone) have been
identified in the archaeon Thermoplasma acidophilum (SHIMADA et al., 2001). To the
best of our knowledge, these are the only published descriptions of naturally occurring
respiratory quinone isomers. For both MK9:8 and MMK7:7 , the double bond of the
isoprene unit that was nearest to the menaquinone headgroup was suggested to be a
cis configuration (DUNPHY et al., 1968; SHIMADA et al., 2001). Based on comparison
with the retention time of the commercially available UQ10:10 (trans) standard, the
early eluting UQ isomers (a-series) in our samples represent trans-isomers (cf. Fig. 7.5).
Thus, the late eluting isomers (b-series) potentially represent cis-isomers. The same
might apply for the MK isomers, but here a maximum of four chromatographically
separated isomers were detected. It seems unlikely that the four isomers represent
compounds with cis configurations at different double bond positions or multiple cis
configurations, since similar retention time patterns may be expected. Assuming the
same retention time difference for cis and trans-isomers as for UQs, one early and
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one late eluting MK could represent a couple with cis- and trans-configuration, e.g.,
MK8:8 (a or b) and MK8:8 (c or d). Furthermore, the isomers may not represent variable
double bond positions, since MK isomers were only detected for fully unsaturated
(i.e., one saturation per isoprene unit) quinones. The structural differences of the
MK and UQ isomers remain unconstrained and further investigation is needed to
unambiguously identify their structure, for example by NMR.
7.4.2. Microbial stratification in the Black Sea water column and biomarker
potential of respiratory quinones

Combined respiratory quinone and membrane lipid profiling resolved the stratification
of microbial communities and metabolisms along the redox gradients of the southern Black Sea. Quinones, apolar lipids and intact polar lipids of similar biological
origin were significantly correlated (Fig. 7.15), which supports the utility of respiratory quinones as biomarkers for microbial community composition and associated
respiratory processes.
The derived depth zonation and the potential sources of quinones and membrane
lipids in the southern Black Sea are summarized in Table 7.2. Microbial communities
and metabolisms were separated into 1) the oxic (photic) zone supporting oxygenic
photosynthesis, 2) the suboxic zone dominated by thaumarchaeal ammonia oxidation,
3) the anoxic photic zone inhabited by sulfur-oxidizing photosynthetic bacteria, and 4)
(dark) anoxic zone which supports a diversity of bacterial and archaeal metabolisms
such as methane oxidation, anammox and sulfate reduction.
The diversity of respiratory quinones in a sample (MDq ), as well as the BDq , which
reflects the mode of respiration that dominates in a sample, showed large variations
between different geochemical zones (Fig. 7.10), while samples from the same zone
grouped in a close proximity in the MDq versus BDq coordinate system. The highest
quinone diversities were observed in the anoxic water column as well as in the
sediments. As most organisms contain only one to two abundant quinones (COLLINS
and JONES, 1981; NOWICKA and KRUK, 2010), high quinone diversity translates to
high microbial diversity in the anoxic zone. In contrast, low BDq and MDq values
within the range for single organisms in the samples from the chemocline suggest
that a single metabolism dominates respiratory activity in the suboxic zone. The
oxic photic zone exhibited intermediate MDq and BDq values, which likely results
from the predominance of oxygenic photosynthesis and a low diversity of aerobic
respiration pathways. Highest bioenergetic divergence occurred within the photic
anoxic zone, suggesting a high diversity of anaerobic metabolisms. The MDq and BDq
values reported here are much higher as those previously reported for sewage sludge
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Figure 7.15. Linear correlation coefficients (p <0.05) calculated from concentrations
of respiratory quinones as well as apolar and intact polar lipids in the Black Sea water
column (A) and sediments (B). Lipid nomenclature as described in Fig. 7.14.

(IWASAKI and HIRAISHI, 1998; HIRAISHI, 1999) as well as shallow (URAKAWA et al.,
2001) and deep marine sediments (CARDACE et al., 2006), and may be related to
the larger diversity of quinones and isomers detectable by the improved analytical
methods utilized in this study.
7.4.2.1. Oxic water column (0-90 mbsl): Oxygenic photosynthesis and bacterial
aerobic respiration

The major quinone types in the oxic water column are associated with aerobic autotrophy and heterotrophy (UQs) as well as oxygenic photosynthesis (UQs, vitamin K1 and
PQ9:9 ; HIRAISHI, 1999). Sources for UQ9:9 , UQ10:10 , vitamin K1 and PQ9:9 are both
cyanobacteria and eukaryotic algae (Table 7.2; AMESZ, 1973; COLLINS and JONES,
1981; BRETTEL and LEIBL, 2001; NOWICKA and KRUK, 2010), while UQs with side chain
lengths of 7 to 10 are additionally produced by -, -, and -Proteobacteria (Table 7.2;
HIRAISHI, 1999; NOWICKA and KRUK, 2010). Only the trans-isomers (a-series) were
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Table 7.2. Geochemical zonation, source organisms of quinones and intact polar lipids
as well as associated biogeochemical processes in the water column of the southern Black
Sea. Quinone and lipid data compiled from SHIVELY and BENSON (1967), GOLDFINE
and HAGEN (1968), HOOPER et al. (1972), MAKULA and FINNERTY (1975), MAKULA
(1978), COLLINS and JONES (1981), KNUDSEN et al. (1982), DISPIRITO et al. (1983),
ALEEM and SEWELL (1984), COLLINS and GREEN (1985), SITTIG and SCHLESNER (1993),
HARWOOD (1998), BRINKHOFF et al. (1999), HIRAISHI and KATO (1999), RÜTTERS et al.
(2001), STURT et al. (2004), KOGA and MORII (2005), OVERMANN (2006), HÖLZL and
DÖRMANN (2007), SØRENSEN et al. (2008), SCHUBOTZ et al. (2009), NOWICKA and
KRUK (2010), PITCHER et al. (2011a), MOORE et al. (2013), SEIDEL et al. (2013), ALI
et al. (2015), and KULICHEVSKAYA et al. (2015); *not detected.
Zone

Quinone type

Lipid class

(Putative) source organism

Biogeochemical
process

Vitamin K1, PQ9:9 ,
UQ7:7 , UQ9:9 , UQ10:10

Cyanobacteria, eukaryotic algae

Oxygenic
photosynthesis

UQ7:7 , UQ8:8 , UQ9:9 ,
UQ10:10

G-DAG, BL,
P-DAG,
Alkenones,
Cholesterol
G-DAG, P-DAG,
P-AEG, P-DEG

Diverse Proteobacteria

MK6:0 , MK6:1

IP-GDGTs, IP-ARs

Thaumarchaeota

UQ8:8 , UQ10:10

G-DAG, P-DAG,
DPG

UQ8:8

P-DAG, DPG

UQ8:8 , UQ9:9

P-DAG, DPG

Photic anoxic
(120-150 m)

ChQ, MK7:7

Dark anoxic
(150-1200 m)

MK6:6

G-DAG, P-DAG,
DPG,
Isorenieratene
P-DAG, P-AEG,
P-DEG, OL

-Proteobacteria (e.g.,
Nitrobacter, type II
methanotrophs)
-Proteobacteria (e.g.,
Nitrosomonas, Thiobacillus)
-Proteobacteria (e.g.,
(Marinobacter, Thiomicrospira,
Nitrosococcus, Nitrococcus, type I
methanotrophs)
Green sulfur bacteria
(Chlorobiaceae)

Bacterial
autotrophy &
heterotrophy
Ammonia
oxidation
Nitrite, iron &
aerobic methane
oxidation
Ammonia, iron &
sulfur oxidation
Ammonia, sulfur,
iron, nitrite &
aerobic methane
oxidation
Anoxygenic
photosynthesis

Oxic (0-90 m)

Suboxic (90-120
m)

MK7:7
MK6:6
MK7:7 , MK8:8
MK8:8
MK7:7 , MK9:9
MK8:8 , MK8:7 , MK8:6 ,
MK9:9 , MK9:8 , MK9:7 ,
MK10:9 , MK10:10 ,
MK11:11
MP5:4 , MP5:3
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P-DAG, P-AEG,
P-DEG
P-DAG, OL, BL,
(PC- &
PE-ladderanes*)
IP-GDGTs, IP-ARs
P-DAG, P-AEG,
P-DEG
G-DAG, P-DAG,
BL
G-DAG, P-DAG

- (Desulfomonas, Desulfovibrio),
-Proteobacteria (e.g.,
Sulfurimonas)
-Proteobacteria (Desulfobacter,
Desulfococcus, Desulfosarcina)
Planctomycetes

Planktonic Euryarchaeota and
Crenarchaeota
-Proteobacteria
(Desulfuromonas)
Firmicutes (e.g.,
Desulfotomaculum)
Actinobacteria

IP-ARs

Methanosarcinales, anaerobic
methane oxidizing archaea
(ANME)

Regular UQs

-

UQ isomers
Vitamin K1, PQ9:9

-

Unknown anaerobic source or
fossil detritus
Unknown anaerobic source
Unknown anaerobic source or
fossil detritus

Sulfate reduction,
Sulfur oxidation
Sulfate reduction
Anaerobic
ammonium
oxidation
Unknown
Sulfate reduction
E.g., sulfate
reduction
E.g., nitrate
reduction

Methanogenesis,
anaerobic
oxidation of
methane
-
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detected in the oxic zone, indicating that aerobic organisms predominantly synthesize
UQs with this specific stereochemical configuration.
The major IPLs in the oxic zone, G-DAGs, are widely distributed among cyanobacteria
and phototrophic eukaryotes (BENNING et al., 1995; SANINA et al., 2004; HÖLZL
and DÖRMANN, 2007) but are also produced by heterotrophic bacteria (GOLDFINE,
1984; DOWHAN, 1997; POPENDORF et al., 2011). The abundances of the apolar lipids
cholesterol, produced by all eukaryotes, and alkenones, originating from eukaryotic
algae, co-vary with the abundances of the algal respiratory quinones PQ9:9 and vitamin
K1 as well as G-DAG (Figs. 7.8, 7.14 and 7.15). This indicates that algae are the
major source of these lipids in the oxic zone of the Black Sea (Table 7.2). In addition
to G-DAGs, algae synthesize P-DAG lipids (SANINA et al., 2004; SUZUMURA, 2005),
and, as a response to phosphorous limitation, also BLs (e.g., VAN MOOY et al., 2009).
However, BL and P-DAG abundances are not correlated to those of algal biomarkers
(Figs. 7.8, 7.14 and 7.15), indicating that they may originate primarily from bacterial
sources as previously suggested for other oceanic provinces (cf. BENNING et al., 1995;
LIN et al., 2006; SCHUBOTZ et al., 2009; VAN MOOY and FREDRICKS, 2010).
The detection of MK6:0 and MK6:1 further indicates thaumarchaeal respiratory activity at this depth (cf. Chapter 6), although the concentrations of these quinones and
the contribution to the overall respiratory quinone pool were comparatively small
(Fig. 7.6). Similarly, low abundances of thaumarchaeal biomass in the oxic zone are
implicated by minor abundances of intact polar GDGTs (Figs. 7.8 and 7.14), which are
thought to be predominantly sourced by planktonic Thaumarchaeota (e.g., Chapter 5;
PITCHER et al., 2011a), but have recently been suggested to be also produced by
Marine Group II Euryarchaeota (LINCOLN et al., 2014a).
7.4.2.2. Suboxic zone (90 and 120 mbsl): Archaeal ammonia-oxidation, bacterial
sulfur-, methane- and nitrite-oxidation

The quinone composition in the suboxic zone is substantially different from that
observed in the oxic zone. The predominance of thaumarchaeal quinones (>70 % of
total quinones, (Fig. 7.8) and the decrease in dissolved ammonium concentration
(Fig. 7.3) indicate that archaeal ammonia-oxidation is the major respiratory process in
these layers as suggested in an earlier study (cf. Chapter 6). Moreover, the depth profiles
of both intact polar GDGTs and the thaumarchaeal quinones MK6:0 and MK6:1 showed a
distinct concentration maximum in the suboxic zone (Figs. 7.8 and 7.14) in agreement
with similar observations based on the abundances of thaumarchaeal 16S rRNA and
amoA indicating maximum thaumarchaeotal abundance in the chemocline (ammonia
monooxygenase subunit A) gene biomarkers (COOLEN et al., 2007; LAM et al., 2007).
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The absence of quinones involved in photosynthesis indicates that cyanobacteria and
eukaryotic algae do not inhabit the suboxic zone or are metabolically not active.
The UQs detected in the suboxic zone likely originate from aerobic ammonia-, iron-,
and sulfur-oxidizing -, - and -Proteobacteria as well as aerobic nitrite- and methaneoxidizing - and -Proteobacteria (Table 7.2; COLLINS and GREEN, 1985; HIRAISHI,
1999). The occurrence of these biogeochemical processes in the Black Sea chemocline
has also been attested by previous geochemical as well as gene and lipid biomarker
surveys (e.g., DURISCH-KAISER et al., 2005; KONOVALOV et al., 2005; SCHUBERT et
al., 2006; WAKEHAM et al., 2007). Proteobacteria are probably the producers of the
abundant P-DAGs as well as G-DAGs and DPGs (BARRIDGE and SHIVELY, 1968; SHORT
et al., 1969; MAKULA, 1978; GOLDFINE, 1984; FANG et al., 2000) detected in the
suboxic zone and thus represent a major part of the microbial biomass in this part of
the Black Sea water column.
The concentrations of both IPLs and quinones are comparatively low in the samples
from the chemocline (Figs. 7.8 and 7.14), suggesting low microbial biomass and
respiratory activity. This is in contrast to other studies where high microbial activity
was proposed to occur at the chemocline (e.g., WAKEHAM et al., 2007) but in line
with decreased microbial cell densities compared to the oxic and anoxic zones as
inferred from fluorescence in situ hybridization counts (e.g., PIMENOV and NERETIN,
2006). Since IPLs are tracers for microbial biomass while quinone concentrations are
related to biomass and respiratory activity, our results suggest that microbial biomass
in the chemocline is dominated by diverse bacteria, whereas respiratory activity is
dominated by ammonia-oxidizing Thaumarchaeota.
7.4.2.3. Photic anoxic zone (120-150 mbsl): Bacterial anoxygenic photosynthesis

Penetration of H2 S-containing water into the photic zone (Fig. 7.3) may result in
bacterial anoxygenic photosynthesis. Indeed, ChQ7:7 and the carotenoid isorenieratene
(REPETA and SIMPSON, 1991), which are both diagnostic for anaerobic phototrophic
green sulfur bacteria of the family Chlorobiaceae (FRYDMAN and RAPOPORT, 1963;
OVERMANN, 2006), showed distinct concentration maxima in anoxic, sulfidic waters
at 150 mbsl (Figs. 7.6 and 7.8). This habitat depth is close to the maximum depth for
phototrophic growth suggested for the Black Sea based on the optical transparency
of seawater (REPETA, 1993). MK7:7 , which is a major quinone in the chlorosomes of
Chlorobiaceae (FRYDMAN and RAPOPORT, 1963; FRIGAARD et al., 1997), is the only MK
that significantly increased in concentration at this depth (b-isomer, Fig. 7.8), further
suggesting a major contribution of these organisms to respiratory activity at the deep
chemocline. The abundance of a single Chlorobium phylotype at the deep chemocline
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at depths of up to 145 mbsl has been reported to be a widespread feature of the
Black Sea and attributed to extremely low-light adaptation of this particular phylotype
(OVERMANN et al., 1992; MANSKE et al., 2005; MARSCHALL et al., 2010). The major
polar lipids of Chlorobiaceae are G-DAG, P-DAG and DPG (OVERMANN, 2006), which
were also abundant at this depth (Figs. 7.13 and 7.14). The peak of ChQ7:7 at the
deep chemocline, the distinctive co-variation with isorenieratene as well as MK7:7 and
the abundance of characteristic IPLs support the use of ChQ7:7 as a biomarker for
anaerobic photosynthesis in the environment, which we demonstrate for the first time
in the present paper.
7.4.2.4. Anoxic zone (150 – 1200 mbsl): Sulfate and nitrate reduction, anammox,
and sulfur oxidation

The first appearance of polyunsaturated MKs in the anoxic zone (including the deep
chemocline at 150 mbsl) reflects a shift of aerobic and micro-aerobic archaeal and bacterial respiration to mainly bacterial, MK-dependent, anaerobic respiration (Figs. 7.6
and 7.8). Likely sources of polyunsaturated MKs in the anoxic zone are diverse sulfatereducing -Proteobacteria, such as Desulfobacter, Desulfococcus, and Desulfosarcina spp.,
which produce predominantly MK7:7 . Furthermore, Desulfovibrio and Desulfuromonas
synthesize MK6:6 , and MK8:8 , respectively, as major quinones (Table 7.2; COLLINS
and JONES, 1981). Sulfur oxidizing -Proteobacteria of the genus Sulfurimonas might
represent an additional source of MK6:6 in the Black Sea (FUCHSMAN et al., 2011).
Potential sources for MK7:7 and MK9:9 are sulfate-reducing Firmicutes related to the
genus Desulfotomaculum (e.g., COLLINS and JONES, 1981). Several of these bacterial
clades have been suggested to be responsible to a large extent of dark carbon fixation
below the chemocline (PIMENOV and NERETIN, 2006). The occurrence of quinones of
sulfate reducing bacteria in the anoxic zone is also consistent with the IPL distribution,
which is similar to that reported by SCHUBOTZ et al. (2009). Bacterial intact polar
ether lipids (AEGs and DEGs) which are almost exclusively associated with anaerobic
bacteria (e.g., KIM et al., 1970) and particularly sulfate reducers (Table 7.2; RÜTTERS
et al., 2001; STURT et al., 2004), were detected throughout the anoxic water column (Figs. 7.13 and 7.14). Since sulfate reducing and sulfur oxidizing Proteobacteria
contain a mix of DAG, AEG and DEG core lipids, they are likely also a major source
for P-DAGs (e.g., RÜTTERS et al., 2001). Moreover, ornithine lipids were detected
in minor abundances in the anoxic zone and might originate from sulfate reducing
bacteria such as Desulfovibrio spp. (MAKULA and FINNERTY, 1975; SCHUBOTZ et al.,
2009; SEIDEL et al., 2013). The association of these IPLs with specific quinones is
supported by the correlation of P-DAG and OL abundances with those of MK6:6 (a+b),
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MK8:8 (a+b) and MK9:9 (b) (Figs. 7.8, 7.14 and 7.15) and concentration maxima of
these compounds in the upper anoxic zone (300 mbsl). An activity and abundance
maximum of sulfate reducers and sulfur oxidizers in the upper anoxic zone is consistent with the observations that these bacteria first appear beneath the chemocline
(DURISCH-KAISER et al., 2005; LIN et al., 2006; WAKEHAM et al., 2007; FUCHSMAN
et al., 2011) and that sulfur oxidation and sulfate reduction rates are highest in the
upper anoxic zone of the Black Sea (JØRGENSEN et al., 1991; ALBERT et al., 1995).
Other sources of MK6:6 might be Planctomycetes (WARD et al., 2006; KULICHEVSKAYA
et al., 2007, 2008; KULICHEVSKAYA et al., 2015). Bacteria affiliated with a deeplybranching monophyletic lineage of this phylum perform the reduction of NO2 to N2 by
NH+4 , i.e., anaerobic ammonium oxidation (anammox). Based on the analysis of 16S
ribosomal RNA gene markers and the anammox specific ladderane lipids, anammox
bacteria have been shown to be mainly present within the suboxic zone (e.g., KUYPERS
et al., 2003; WAKEHAM et al., 2007). Moreover, COOLEN et al. (2007) and LAM et al.
(2007) proposed the co-occurrence and coupling of bacterial anammox and archaeal
ammonia-oxidation within the chemocline of the central Black Sea. The quinone
profiles at our study site in the southern Black Sea indicate a vertical separation of the
depth habitats of ammonia-oxidizing Thaumarchaeota and anammox bacteria, with
Thaumarchaeota being confined to the suboxic zone and anammox bacteria residing
within the upper anoxic zone (cf. Table 7.2), although geochemical coupling of these
processes cannot be excluded. High sulfide concentrations appear to inhibit growth
of anammox bacteria (JENSEN et al., 2008) and thus anammox bacteria are likely
restricted to the upper part of the anoxic zone. IPLs detected in the anoxic zone, such
as P-DAG, OL and BL, might in part be sourced from anammox bacteria (MOORE et al.,
2013; KULICHEVSKAYA et al., 2015), but their diagnostic intact polar ladderane lipids
were not detected, probably because of their typically low abundance (JAESCHKE et al.,
2009).
Fully unsaturated and partially saturated MKs with chains lengths of 8 to 11 have
been commonly associated with bacteria of the phylum Actinobacteria (Table 7.2;
COLLINS and JONES, 1981; URAKAWA et al., 2005). In particular, Actinobacteria have
been implicated in denitrification, i.e., the heterotrophic reduction of NO3 to N2 ,
within the anoxic zone of the Black Sea (FUCHSMAN et al., 2011). Quinones with 9 to
11 isoprenoid units are abundant in the anoxic zone of the Black Sea, especially in the
deeper part (Fig. 7.8), and thus indicate a significant contribution of Actinobacteria to
the metabolic activity, possibly denitrification, in the deep anoxic Black Sea. Furthermore, Actinobacteria might be a source of the abundant P-DAGs and G-DAGs observed
in the deeper part of the Black Sea water column (Fig. 7.14).
Late eluting UQ isomers (b-series) occurred only in the anoxic water column and
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were absent from the oxic and suboxic zones, suggesting production of these compounds by unknown anaerobic bacteria (Fig. 7.8). Alternatively, lateral intrusions
of modified Bosporus water represent a significant mechanism providing dissolved
oxygen to the suboxic and upper anoxic zones of the Black Sea (LEWIS and LANDING,
1991; TEBO, 1991) and might explain the occurrence of UQs in the anoxic water
column. These lateral injections of oxygen-enriched waters have been further suggested to cause stabilization of the suboxic zone, balance its redox budget and enable
extensive autocatalytic and microbial Mn(II) oxidation by dissolved oxygen in the
western and southwestern Black Sea close to our study site (TEBO, 1991; OGUZ et al.,
2001; KONOVALOV et al., 2003; SCHIPPERS et al., 2005).
Alternatively, the detection of quinones typically associated with aerobic processes,
PQ9:9 and UQs, in the anoxic water column might be indicative of an allochthonous
origin by vertical transport from the oxic zone or lateral transport from the upper
continental slope. Sediment trap investigations demonstrated that terrestrial organic
matter accumulated during periods of low organic carbon flux associated with high
freshwater runoff particularly in the late winter and late spring, and/or by an influx
of particles resuspended by storms from the basin margins (HONJO et al., 1987; HAY
et al., 1990). Therefore, the high lipid and quinone concentrations in the anoxic zone
compared to the oxic and suboxic zones (Figs. 7.6 and 7.8) might result from lateral
transport of fossil biomass but may also be explained by high productivity in situ
that is stimulated or sustained by lateral input of fresh organic matter and electron
acceptors used by anaerobic microbes, e.g., sulfate reducing bacteria.
1G-Cer contribute up to 15 % of the total IPLs in the suboxic and anoxic zones
(Fig. 7.13). However, the sources of these lipids, which are typically associated with
eukaryotes, below the oxic zone remain unconstrained. SCHUBOTZ et al. (2009)
suggested an unknown anaerobic bacterial origin for these lipids based on a bacterialike fatty acid composition of 1G-Cer in the anoxic zone contrary to a eukaryotic
fatty acid composition observed in the photic zone. The fact that 1G-Cer abundances
in our dataset are not correlated with eukaryotic biomarkers such as PQ9:9 , vitamin
K1, alkenones and cholesterol but with UQs and MKs (Fig. 7.15) strongly suggest
a bacterial origin of these compounds below the oxic zone and thus support the
hypothesis of SCHUBOTZ et al. (2009).
MPs are characteristic biomarkers for members of the archaeal order Methanosarcinales (cf. Chapter 6), which comprise the metabolically most versatile methanogens
utilizing CO2 + H2 , acetate, and methylated compounds as substrates (KENDALL and
B OONE, 2006). Methanogens are likely outcompeted for acetate and H2 by sulfate
reducing bacteria in the anoxic zone of the Black Sea due to thermodynamic constraints (e.g., ABRAM and NEDWELL, 1978; OREMLAND and POLCIN, 1982; LIN et
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al., 2012). Thus, utilization of non-competitive methylated substrates (OREMLAND
and POLCIN, 1982; OREMLAND et al., 1982) is a likely methanogenic pathway of the
Methanosarcinales in the Black Sea. Although water column methane concentrations
were not measured at our study site, methane is present in significant amounts in the
anoxic zone at other sites in the Black Sea (e.g., REEBURGH et al., 1991; WAKEHAM
et al., 2007). It was suggested that most of the methane present in the Black Sea
water column derives from the sediments (REEBURGH et al., 1991), but the presence of MP indicates that methylotrophic methanogenesis may also occur within the
anoxic water column. However, anaerobic methane oxidizing ANME-2 archaea that
are phylogenetically closely related to the Methanosarcinales have been detected in
the anoxic water column of the Black Sea (VETRIANI et al., 2003; SCHUBERT et al.,
2006; WAKEHAM et al., 2007). While the presence of MP in ANME-2 has not been
constrained due to a lack of cultured representatives, these methanotrophic archaea
might represent an additional source of MP. Intact polar ARs showed a similar profile
as MPs and these compounds are thus likely sourced from the same euryarchaeal
sources, Methanosarcinales (KOGA and MORII, 2005) and ANME (ROSSEL et al., 2008),
but may also be produced by other uncultivated anaerobic planktonic euryarchaeotal
groups present in the anoxic zone of the Black Sea (VETRIANI et al., 2003).
Other quinones specific for archaea, i.e., fully saturated menaquinones or menaquinone
derivatives (cf. Chapter 6), were not detected in the anoxic zone of the Black Sea.
This indicates that either most anaerobic planktonic Cren- and Euryarchaeota do not
produce quinones or that these archaea synthesize bacterial-like polyunsaturated
quinones similar to those found in extremely halophilic archaea of the order Halobacteriales (COLLINS et al., 1981) and thermophilic archaea of the order Thermoplasmatales
(cf. Chapter 6), the latter being phylogenetically related to uncultivated planktonic
Marine Group II Euryarchaeota also found in the Black Sea (e.g., DELONG, 1998;
VETRIANI et al., 2003).
7.4.3. Respiratory quinones and IPLs in the Black Sea sediments

In contrast to the water column, where positive and negative correlations between the
investigated quinones and lipids were observed, quinones and lipids in the sediments
were exclusively positively correlated (Fig. 7.15). Moreover, quinones as well as IPLs
were correlated to the abundance of cholesterol (Fig. 7.15), which might be used
as a tracer of fossil biomass. This suggests that the lipid biomarker concentrations
follow total organic carbon content and thus, that most compounds originate either
from fossil detritus or that the microbial abundance and activity in situ is strongly
dependent on organic matter availability.
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Whereas archaeal IPLs only represent minor components in all water column samples, the bacterial to archaeal IPL ratio is much more balanced in the sediments
(Fig. 7.13). This signal is not reflected in the quinone composition, (Fig. 7.6). Both
saturated and polyunsaturated menaquinones, which are potentially produced by
archaea (cf. Chapter 6) showed low relative abundances in the sediments, suggesting
that the sedimentary archaea do not produce significant amounts of quinones.
In the upper 2-4 mbsf, the mineralization of the organic matter is mainly driven
by sulfate reduction as sulfate constitutes the major electron acceptor in Black Sea
sediments (JØRGENSEN et al., 2001). Due to the lack of electron acceptors, fermenters,
methanogens and acetogens are likely the only microbes that are active in the sulfatedepleted (methanogenic) zone. Since, acetogenesis, especially with H2 as the electron donor, is thermodynamically less favorable than methanogenesis (e.g., LIN
et al., 2012), homoacetogens are typically outcompeted by methanogens in many
habitats (LIU and WHITMAN, 2008). Since most fermenters have lost the ability to
produce quinones (COLLINS and JONES, 1981; NOWICKA and KRUK, 2010) and hydrogenotrophic methanogens do not contain quinones or functional quinone analogs
(cf. Chapter 6; THAUER et al., 2008), the quinone abundance and diversity is expected
to be low in the methanogenic zone.
7.4.3.1. Evidence for preservation of quinones in Unit I sediments

The range of quinone types detected in the sediment was similar to the anoxic water
column, but the relative abundances of quinones were significantly different (Fig. 7.6).
PQ9:9 was the most abundant quinone, similar to the oxic zone of the water column.
Since PQ9:9 is not known to be produced by non-photosynthetic and anaerobic microorganisms, the high relative abundance of this quinone indicates that a large fraction of
the quinone pool may originate from allochthonous, photic zone-derived organic matter. Moreover, the depth profile of the eukaryotic apolar lipid cholesterol was similar
to that of PQ9:9 (Figs. 7.9, 7.14 and 7.15) further supporting a fossil origin of PQ9:9 .
The concentration of vitamin K1 was very low in the sediments although the depth
profile was similar to cholesterol and PQ9:9 (Figs. 7.6 and 7.9), indicating different
degradation kinetics of the two quinone types that might be related for example to the
different headgroup types or the length of the isoprenoid chain. Similarly, URAKAWA
et al. (2000) and URAKAWA et al. (2005) detected significant amounts of PQ9:9 and
vitamin K1 in shallow marine sediments and suggested that these quinones originate
from phytoplankton detritus. The same likely applies for the Chlorobiaceae-specific
ChQ7:7 at our study site. ChQ7:7 and isorenieratene do not follow the same trend in the
sediments despite originating from the same biological source (Fig. 7.9). This observa-
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tion indicates rapid degradation of ChQ7:7 as further exemplified by its strong decrease
in abundance within the uppermost sediment (Fig. 7.14), whereas isorenieratene
is well preserved in the sedimentary record of the Black Sea (Fig. 7.14; cf. REPETA,
1993). Maxima in sedimentary isorenieratene concentrations were interpreted to
represent periods of a shallow chemocline position, whereas absence of isorenieratene
was assumed to indicate chemocline depths below the euphotic zone (REPETA, 1993;
SINNINGHE DAMSTÉ et al., 1993). Thus, the two peaks observed at approximately 100
cmbsf and in the sapropel layer (ca. 400 cmbsf) at our study site reflect periods of
a shallow chemocline with abundant green sulfur bacteria in the Black Sea water
column (Fig. 7.14).
The distribution of UQ and MK isomers differed significantly between the water
column and the sediments (see Fig. 7.7) and suggests either different communities
inhabiting the two environments and/or different adaptation mechanisms, while
significant transport of UQ and MK isomers from the water column to the sediments
seems unlikely to explain the strongly diverging quinone composition on the sediment
(Figs. 7.7 and 7.9). Modification of quinone stereochemistry may strongly affect the
physicochemical properties of these compounds similar to the influence of fatty acid
cis/trans isomerism on membrane fluidity in bacteria (GUCKERT et al., 1986; HEIPIEPER
et al., 1992; LOFFELD and KEWELOH, 1996), and may thus represent an adaptation
mechanism characteristic for benthic bacteria. In contrast, the cis/trans ratio of fatty
acids has also been used as an index for early diagenesis based on the assumption
that cis-isomers are preferentially degraded and clay-catalyzed conversion of the cis
isomers to the trans isomers occurs abiotically in the sediments (VAN VLEET and QUINN,
1979). Analogously, quinone isomers may represent either life signals of the benthic
microbial community or transformation products of allochthonous lipids.
7.4.3.2. Evidence for benthic bacterial activity

The co-occurrence of polyunsaturated MKs and P-DEG lipids that we observed throughout the sediment suggests the presence of indigenous sulfate reducing bacteria
(COLLINS and JONES, 1981; RÜTTERS et al., 2001; STURT et al., 2004). Based on
gene analysis, (LELOUP et al., 2007) showed that sulfate-reducing microorganisms
including Deltaproteobacteria, Desulfobacteraceae and Desulfovibrionales were predominant in the sulfate reduction zone but also occurred in the methanogenic zone of the
northwestern Black Sea. ALBERT et al. (1995) observed that modeled acetate, lactate,
and formate turnover times in central Black Sea surface sediments were generally
less than one day, suggesting that sulfate reduction may be limited by the supply
of these substrates through fermentation. Moreover, some sulfate reducing bacteria,
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such as some Desulfovibrio and Desulfobacter species may also switch to fermentative metabolisms and perform for example disproportionation of thiosulfate (e.g.,
KRUMHOLZ et al., 1997; RABUS et al., 2006). Occurrence of this process in marine
sediments has been confirmed by radiotracer experiments and recognized as an important component of the sulfur cycle (JØRGENSEN, 1990; JØRGENSEN et al., 1991).
Thus, the sulfate reducers inhabiting deep, sulfate-depleted sediments in the Black Sea
potentially switch to fermentation as an alternative form of energy conservation, which
may explain the abundance of MKs and DEG IPLs in the sulfate-depleted sediments (cf.
Fig. 7.13). An additional explanation for the high abundances of MKs and DEG IPLs
is the formation of endospores and/or persistence of dormant microbial populations
under unfavorable, e.g., sulfate-limited conditions as previously suggested by (LELOUP
et al., 2007). These hypotheses are not necessarily exclusive. All bacterial IPLs except
for P-DEGs abundant in the surficial sediments were not detected below 40 cmbsf,
where sulfate became depleted (Fig. 7.3). This switch to ether-based lipids would
be consistent with the notion that ether-lipids are more stable and less permeable to
ions as compared to ester-based analogs, resulting in reduced maintenance energy
(VALENTINE, 2007).
7.4.3.3. Evidence for benthic archaeal activity

MPs were present within the top 400 cmbsf, which indicates the presence of Methanosarcinales and/or ANME-2 at these depths (Fig. 7.9). Similar to the anoxic water column, these archaea either produce methane via methylotrophic methanogenesis
(Methanosarcinales), due to competition for acetate and hydrogen with sulfate-reducers
in the presence of abundant sulfate (OREMLAND and POLCIN, 1982), or are associated with the anaerobic oxidation of methane (ANME-2, e.g., HINRICHS et al., 1999;
ORPHAN et al., 2001). The oxidation of methane has been demonstrated to occur
in Black Sea sediments (e.g., REEBURGH et al., 1991; JØRGENSEN et al., 2001) and
sulfate and methane profiles revealed patterns typical for the anaerobic oxidation of
methane at our study site (Fig. 7.3; cf. BARKER and FRITZ, 1981; WHITICAR, 1999;
YOSHINAGA et al., 2014). Thus, it is probable that the MPs observed in the sulfate
reduction zone originate at least partly from ANME-2. Analysis of the stable carbon
isotopic composition of MPs or the analysis of ANME-2 enrichment cultures for the
occurrence of MPs will be helpful for testing their potential for MP synthesis.
Since methanogenesis has been shown to predominantly occur in the limnic sediments (Unit II) below the sulfate-reduction zone (JØRGENSEN et al., 2004), and MPs
were not detected at these depths, Methanosarcinales are likely not abundant below
the sulfate-reduction zone. Instead, CO2 -reduction by hydrogenotrophic methanogens,
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e.g., Methanobacteriales or Methanococcales which do not produce quinones, is more
likely to occur in the deep sediments. The

13

CCH4 values of approximately

75h

observed in the methanogenic zone are also consistent with the range of values characteristically associated with CH4 produced via CO2 -reduction (WHITICAR et al., 1986)
assuming

13

CCO2 of ca.

The strongly depleted

13

20h for the Black Sea sediments (e.g., KNAB et al., 2009).

CCH4 values observed below the sulfate-methane transition

zone (ca. 100-200 cmbsf; Fig. 7.3) likely result from carbon isotope equilibration
between methane and CO2 during anaerobic oxidation of methane under low sulfate
concentrations (<0.5 mM, cf. YOSHINAGA et al., 2014).
In contrast to the water column, IP-ARs do not follow the same trend as MPs
(Figs. 7.11 and 7.14, which implies additional benthic archaeal sources for IP-ARs.
Sources of IP-ARs in the sulfate-depleted zone might be hydrogenotrophic methanogens
such as Methanobacteriales and Methanococcales (KOGA et al., 1993; KOGA and MORII,
2005) or benthic heterotrophic archaea as suggested by BIDDLE et al. (2006) for deeply
buried sediments at the Peru margin.
The abundances of thaumarchaeal quinones (MK6:0 and MK6:1 ) and intact GDGTs
appear to be decoupled in the sediments, whereas they showed a strong positive
correlation in the water column (Fig. 7.15). Thus, the two compound groups might
also have different sources in the sediments as discussed for MPs and IP-ARs. Intact
GDGTs have been detected in a variety of sedimentary systems as major IPLs (e.g.,
LIPP et al., 2008; LIPP and HINRICHS, 2009; LIU et al., 2011), which is consistent with
our data (Fig. 7.13).
Intact GDGTs, particularly 2G-GDGTs, have been associated with ANME-1 archaea
at cold methane seeps (ROSSEL et al., 2008). Additionally, some methanogens, such
as members of the order Methanobacteriales, are able to synthesize acyclic GDGTs
(KOGA and MORII, 2005). Similarly to IP-ARs, the isotopic signature of intact GDGTs
from deeply buried sediments provided evidence for a heterotrophic benthic archaeal
source (BIDDLE et al., 2006). Additionally, archaeal 16S rRNA surveys have revealed
various lineages of uncultured archaea, such as the Miscellaneous Crenarchaeotal
Group (MCG), that occur ubiquitously in subsurface habitats (e.g., BIDDLE et al.,
2006; SØRENSEN and TESKE, 2006). The lipid composition of these benthic archaeal
lineages remains unconstrained due to a paucity of cultivated representatives. However, GDGT production by these lineages is plausible due to their close phylogenetic
relatedness to cultivated, GDGT-producing thermophiles (cf. PEARSON and INGALLS,
2013; SCHOUTEN et al., 2013). However, intact GDGTs in sediments might also partly
be derived from benthic Thaumarchaeota. Although only aerobic growth has been
reported for cultured Thaumarchaeota (e.g., KÖNNEKE et al., 2005; STAHL and DE LA
TORRE, 2012), several studies reported that thaumarchaeal phylotypes are present in
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anoxic subsurface sediments (INAGAKI et al., 2006; ROUSSEL et al., 2009; JORGENSEN
et al., 2012). JORGENSEN et al. (2012) suggested that sediment-specific thaumarchaeal
lineages might oxidize ammonia with alternative so far unknown electron acceptors or
produce oxygen intracellularly, similar to the methane oxidizing bacterium Candidatus
Methylomirabilis oxyfera (ETTWIG et al., 2010). The decoupling of the abundances
of thaumarchaeal MKs and IP-GDGTs and the contrasting correlations of IP-AR and
IP-GDGT as well as polyunsaturated quinones in the sediment (Fig. 7.15) suggests,
however, that the benthic archaea synthesize either bacterial-like quinones or are
devoid of quinones.
Production of CO2 as well as ammonium and phosphate by a consortium of fermentative and methanogenic microbes typically occurs during the remineralization of
sedimentary organic matter (e.g., MEGONIGAL et al., 2003; BURDIGE, 2006; BURDIGE
and KOMADA, 2013). We observed highest concentrations of PO34 and NH+4 in the pore
waters at ca. 400 cmbsf near the organic-rich sapropel layer, whereas concentrations
above and below this depth showed a decreasing trend, indicating their production
at the sapropel (Fig. 7.3). This provides strong evidence for microbial activity within
deep sediments of the Black Sea. PARKES et al. (2000) and COOLEN et al. (2002)
reported high bacterial cell numbers and enhanced hydrolytic enzyme activity in a
Mediterranean sapropel suggestive of high microbial activity in these organic-rich
layers. COOLEN et al. (2002) further found particularly green non-sulfur bacteria
(Chloroflexus-like organisms) to be active within the sapropels. Chloroflexi synthesize
exclusively polyunsaturated MKs (IMHOFF and BIAS-IMHOFF, 1995; ZHI et al., 2014),
which may explain the high abundance of these quinones in the sapropel.
7.4.3.4. Microbial activity versus preservation of paleo-signals in Unit II sediments

Absolute concentrations of IPLs and quinones were low in Unit II, indicating much
less biomass than in the overlying sediments. These sediments were deposited during
the last glacial when the Black Sea was a freshwater lake (ROSS et al., 1970; DEGENS
and ROSS, 1972). The total organic carbon content in these layers is comparably
low (JØRGENSEN et al., 2004) due to well oxygenated conditions during the time of
deposition (ROSS et al., 1970; DEGENS and ROSS, 1972), potentially explaining the
absence of the photosynthetic quinones, especially PQ9:9 . Since the organic carbon in
the deep limnic deposits mostly consists of terrestrial recalcitrant material (CALVERT
et al., 1987), it is likely less available to microbes as a carbon and energy source,
which might explain the low abundance of IPLs and quinones in Unit II sediments.
We further observed high relative abundances of ChQ7:7 in Unit II sediments
(Fig. 7.6), which can hardly be explained by the benthic production of this quinone
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specific for photosynthetic green sulfur bacteria. It was suggested that the water
column was fully oxygenated during the lacustrine phase (e.g., DEUSER, 1972) and
thus a fossil source from Chlorobiaceae, which is the only known source for ChQ7:7 , is
unlikely. Additionally, isorenieratene was not detected in the samples from Unit II and
the preservation potential of this compound seems to be much higher as observed for
Unit II. The occurrence of ChQ7:7 in Unit II sediments thus suggests that there is either
a so far unconstrained benthic source or a specific preservation mechanism for this
compound.
Apart from microbial life in situ, fossilization of IPLs might significantly contribute
to the observed signal. Although it is generally assumed that IPLs are degraded quickly
after cell death (WHITE et al., 1979; HARVEY et al., 1986), more recent studies revealed
evidence that the turnover times of IPLs outside living cells are dependent on their
structural properties (LOGEMANN et al., 2011). Whereas intact lipids that contain
ester-bound moieties are rapidly degraded by microbes independent of the polar
head group, significant proportions of ether-lipids, such as archaeal and bacterial
diether and archaeal tetraether lipids, may not be degraded during early diagenesis
and may thus contribute to the recalcitrant organic matter in deeply buried sediments
(SCHOUTEN et al., 2010; LOGEMANN et al., 2011; XIE et al., 2013). The turnover
times for respiratory quinones have not been studied yet, but incubation experiments
by HEDRICK and WHITE (1986) indicate rapid changes of the quinone distribution
within a few days when anoxic sediments were incubated under aerobic conditions
and vice versa. However, particularly the high relatively high abundances of PQ9:9
observed in Unit I sediments may attest a recalcitrant character at least to some
quinone types. Thus, the quinone and IPL signals in Black Sea sediments likely reflect
mixed allochthonous and autochthonous sources.

7.5. Conclusions
Our comprehensive analysis of respiratory quinone and membrane lipid distributions
in the Black Sea water column demonstrates that this combined approach is capable of resolving the stratification of microbial abundances, community composition
and metabolisms along the redox gradients of the southern Black Sea, which are
summarized in Fig. 7.16.
The oxic, photic zone of the Black Sea water column was dominated by high
abundances of quinones (UQs, vitamin K1, PQ9:9 ) and IPLs (G-DAG, BL, P-DAG)
associated with oxygenic photosynthesis and aerobic respiration. In contrast, low
concentrations of IPLs and respiratory quinones indicated comparatively low biomass
and metabolic activity in the suboxic zone at the upper chemocline. Here, high relative
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abundances of thaumarchaeal menaquinones (MK6:0 and MK6:1 ) and low relative
abundances of thaumarchaeal IPLs (IP-GDGTs) indicated that respiratory activity but
not biomass was dominated by thaumarchaeal ammonia-oxidizers. In contrast, low
respiratory activity but high contributions to the total microbial biomass were likely
associated with aerobic proteobacterial methane-, iron-, and nitrite-oxidizers (UQs,
P-DAGs, G-DAGs).

Figure 7.16. Schematic representation of the distribution of respiratory quinones and
associated metabolic processes.in the different geochemical zones of the Black Sea.

A pronounced maximum in ChQ7:7 and the pigment isorenieratene indicated metabolically active, extremely low-light-adapted Chlorobiaceae performing anoxygenic photosynthesis in the lower anoxic chemocline.
High abundances of MKs, distinct UQ isomers and bacterial ether (AEG, DEG) and
ester (DAG) IPLs indicated high respiratory activity and biomass in the dark anoxic
zone below the chemocline associated with a high diversity of bacterial metabolisms
such as sulfate reduction, anammox and denitrification by -, and -Proteobacteria,
Firmicutes, Planctomycetes, and Actinobacteria. Presence of methanogens affiliated
with the Methanosarcinales and/or methanotrophic archaea of the ANME-2 clade was
indicated by characteristic MPs and high abundances of IP-ARs.
Sulfate reduction and sulfate-dependent anaerobic oxidation of methane were
the major processes identified in the upper sediment based on sulfate and methane
concentration and

13

CCH4 profiles, high abundances of bacterial MKs as well as ester

and ether lipids and archaeal MPs and IP-ARs. Alternatively, MPs and IP-ARs might also
be sourced by Methanosarcinales performing methylotrophic methanogenesis in the
presence of sulfate. The sapropel layer located at 4 mbsf was associated with a peak of
dissolved ammonium concentration as well as maximum abundances of bacterial and
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archaeal IPLs and quinones, suggesting intense microbial heterotrophic activity in this
organic-matter rich layer. The detection of high abundances of biogenic methane in the
deeper sediment and the disappearance of MPs near and below the sapropel indicated
that methanogenesis in the deep sediment was not driven by Methanosarcinales but
by hydrogenotrophic methanogens, e.g., Methanobacteriales and Methanococcales.
In conclusion, combined membrane lipid and respiratory quinone profiling provides
a useful tool to trace abundances and metabolic processes of microbial communities
involved in the cycling of carbon, nitrogen, and sulfur in the stratified Black Sea.
Thus, it appears as a promising technique for enhancing the quantitative aspect of
membrane lipid analyses with process-related information from respiratory quinones.
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Conclusions and Outlook

Thaumarchaeal GDGT membrane lipids are used as biomarkers for the distribution and
metabolisms of archaeal communities in the environment as well as for the reconstruction of paleoenvironmental conditions (cf. BROCKS and PEARSON, 2005; SCHOUTEN
et al., 2013). The interpretation of lipid signatures in environmental samples relies
on an accurate knowledge of the distribution of lipid biomarkers among cultivated
organisms, the environmental factors influencing their abundance as well as their
geological fate in the environment (cf. BROCKS and PEARSON, 2005; BROCKS and
BANFIELD, 2009). However, the interpretation of GDGTs as biomarkers of living Thaumarchaeota is restricted by the paucity of direct observations in culture experiments
and the limited availability of cultured thaumarchaeal representatives. The aim of this
thesis was to constrain the influences of physiological and environmental parameters
on lipid composition in thaumarchaeal pure cultures in order to enhance our ability to
reliably reconstruct past environments based on the geologic record and to improve
interpretations of intact polar GDGT distributions used for tracing thaumarchaeal
abundance and activity in the marine water column (Part I). Utilization of recently
developed analytical protocols that enable simultaneous quantification of the relative
abundances of archaeal IPLs and their core lipid compositions facilitated a re-appraisal
of the complexity of the thaumarchaeal lipidome and allowed identification of novel
biomarkers (Parts I and II).
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Influence of physiological and environmental factors on membrane lipid
composition in Thaumarchaeota
In this thesis, the influences of growth phase, temperature, salinity, and pH on lipid
composition were investigated in batch culture experiments with a pure culture of the
marine planktonic thaumarchaeon Nitrosopumilus maritimus. Two novel planktonic
thaumarchaeal strains phylogenetically closely related to N. maritimus, strain NAOA2
and strain NAOA6, were isolated from the South Atlantic Ocean, which represent the
first thaumarchaeal pure cultures obtained from the open ocean.
In Chapter 3, I demonstrated that the lipid composition of N. maritimus changes
markedly with growth phase. The results indicate that high abundances of 1G-GDGTs
relative to HPH-GDGTs in the water column do not necessarily indicate ‘fossil’ intact
polar lipids originating from unviable biomass. Instead, HPH-GDGT abundance seems
to be linked to growing and metabolically active cells rather than to the abundance of
viable cells. I therefore propose that a high ratio of 1G- to HPH-GDGTs indicates thaumarchaeal communities at steady state, i.e., scarcity of suitable electron donors, while
relatively high HPH-GDGT proportions indicate metabolically active thaumarchaeal
assemblages. As demonstrated in Chapter 5, HPH-GDGTs are also not abundant in
most marine planktonic thaumarchaeal strains. Consequently, lipids such as 2G- and
2G-OH-GDGTs, i.e., compounds whose relative proportions do not change significantly
during growth and are abundant in all cultivated marine planktonic Thaumarchaeota,
have the greatest potential for quantification of viable thaumarchaeal biomass in
aquatic samples. Furthermore, I show that distinct TEX86 values of the different intact
polar GDGT classes observed in the marine water column are biosynthetic signatures
of Thaumarchaeota. A strong increase of TEX86 -temperatures of specific IPLs and total
GDGTs between growth phase and stationary phase indicates that metabolic state has a
profound effect on GDGT cyclization and thus TEX86 -derived temperatures. Moreover,
the relative contributions of individual IPLs as potential sources of individual core
GDGTs change during growth, and the four core GDGTs included in the TEX86 are
generally sourced in different proportions from the principal IPL precursors. Consequently, diagenetic processes may distinctly affect the individual core GDGTs during
their hydrolytic release from polar precursors.
In Chapter 4, I demonstrate that marine planktonic Thaumarchaeota respond sensitively to changing growth temperatures by adjusting their membrane lipid composition,
in particular the content of crenarchaeol. In contrast to previous hypotheses suggesting that crenarchaeol increases membrane fluidity and might therefore represent an
adaptation to cold environments, crenarchaeol appears to be involved in maintaining
membrane functioning at elevated temperatures. Significantly different IPL composi-
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tions in the three marine thaumarchaeal isolates N. maritimus, strain NAOA2, and
strain NAOA6 imply that the IPL composition of environmental samples might be
driven not only by physiological and environmental factors but also by thaumarchaeal
diversity. In the three studied thaumarchaeal strains, changes of TEX86 signatures with
temperature result primarily from changes in the relative abundances of the major
IPL classes 1G-, HPH- and 2G-GDGTs, each of which are affiliated with distinct core
GDGT compositions. The disparate relationships of TEX86 and growth temperature
that we observed among the three closely related thaumarchaeal strains suggests that
changes in community composition may exert a strong control on TEX86 . Therefore,
environmental TEX86 signals may represent a mixture of temperature adaptation,
nutrient conditions and community dynamics, which might account for the subsurface decoupling of TEX86 and in situ temperature observed in marine water column
profiles. In contrast, salinity does not appear to influence lipid composition and TEX86
in marine Thaumarchaeota while pH exerts a minor influence on these parameters.
Collectively, these results suggest that a complex interplay of physiological and environmental processes influences the formation of the TEX86 signal, thus questioning
the paleogeographical and temporal applicability of the TEX86 paleothermometer.

Novel chemotaxonomic biomarkers for distinct archaeal clades
In order to identify diagnostic biomarkers for specific archaeal clades, the lipidomes
of 11 thaumarchaeal pure and enrichment cultures from soil, geothermal habitats,
and the surface ocean were analyzed (Chapter 5). The relative abundances of core
lipids in cultivated Thaumarchaeota appear to be determined by phylogeny, while
the IPL composition is reflective of the habitat or growth conditions. While all thaumarchaeal strains synthesize crenarchaeol as a major core lipid, OH-GDGTs are only
found in Group I.1a as well as the sister group SAGMCG-1. High abundances of
GDGT-4, GDDs, and the crenarchaeol regioisomer are characteristic for group I.1b
Thaumarchaeota, while the apolar lipid methoxy archaeol is particularly abundant in
SAGMCG-1. Thermophilic Thaumarchaeota of the HWCG-III cluster are distinct from
the other thaumarchaeal groups by synthesizing large amounts of GTGTs. The described core lipid and IPL profiles in cultivated Thaumarchaeota may help to interpret
the IPL signatures observed in environmental samples and may be used to identify
specific thaumarchaeal clades.
The complementary analysis of 21 euryarchaeal and crenarchaeal species shows that
the novel apolar lipid methoxy archaeol is found exclusively in Thaumarchaeota. The
characteristic distribution of methoxy archaeol and intact polar GDGTs along a depth
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profile through the OMZ in the equatorial North Pacific Ocean further suggests that
methoxy archaeol may be used as a biomarker for Thaumarchaeota in the environment.
Two abundant compounds in the lipidome of N. maritimus were identified as respiratory quinones, which are membrane-bound lipids functioning as electron carriers
in the respiratory chains of almost all organisms (Chapters 5 and 6). Analysis of
11 thaumarchaeal as well as 21 eury- and crenarchaeal species revealed that the
menaquinones MK6:0 and MK6:1 are the sole respiratory quinones in Thaumarchaeota
and that the structural variations of quinones and their distribution among the Archaea
bear significant chemotaxonomic information and high biomarker potential for classification and quantification of distinct archaeal orders in the environment. In Chapter 7,
we demonstrate that combined membrane lipid and respiratory quinone profiling
can be used to trace abundances and metabolic processes of archaeal, bacterial, and
eukaryotal clades involved in the cycling of carbon, nitrogen, and sulfur and thus
resolve the microbial stratification in the chemocline, anoxic waters and sediments of
the Black Sea. Therefore, the simultaneous analysis of membrane lipids and respiratory
quinones appears as a promising technique for enhancing the quantitative aspect of
membrane lipid analyses with process-related information from respiratory quinones.

Outlook
While results from batch culture experiments might not be directly transferable to the
environment, the absence of a universal TEX86 –temperature relationship in cultivated
Thaumarchaeota and the influences of growth phase and pH on TEX86 in N. maritimus
suggest that current global calibration models for the TEX86 paleothermometer might
not be universally applicable. Therefore, the comprehensive investigation of TEX86 –
temperature relationships in yet to be cultivated Thaumarchaeota from a wide range
of environments, e.g., from the deep marine water column, are needed to develop
a mechanistic understanding of the influence of community composition on TEX86
signals and to reliably interpret the geologic GDGT record. The results presented here
further imply that specifically adapted archaeal communities may be recognizable by
distinct GDGT distributions. Knowledge of the ecological significance of distinct GDGT
signatures may then be used to develop alternative calibration models using modern
analogue environments as suggested by (TIERNEY and TINGLEY, 2014). Additional
parameters that have not been assessed here are the influence of growth rate, i.e., the
dependency on the rate of electron donor supply, and the influence of dissolved oxygen
concentration on lipid composition in Thaumarchaeota. These parameters might be
especially important in environments with extremely limited ammonia availability
such as the deep ocean as well as in oceanic oxygen minimum zones, respectively.
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The novel biomarkers diagnostic for Thaumarchaeota described here – methoxy
archaeol, MK6:0 and MK6:1 menaquinones – appear to be well suited for tracing the
presence and activity of planktonic Thaumarchaeota independently from GDGTs.
Thus, these biomarkers offer a high potential for distinguishing thaumarchaeal and
euryarchaeal sources of GDGTs in the environment, the latter having recently been
implicated as a major source of GDGTs in the ocean (LINCOLN et al., 2014a).
The combined study of membrane lipids and respiratory quinones in the marine
water column and sediments from a range of environments harboring different microbial communities may facilitate the assignment of specific metabolisms to microbial
’orphan lipids’ and thus, the identification of possible source organisms. However, the
effects of physiological and environmental parameters on quinone composition in
archaea and bacteria as well as the role of quinone in membrane lipid adaptation
remain largely unconstrained, but may be determined using pure culture- or mesocosm experiments. Moreover, the fate of respiratory quinones in the marine water
column and sediments, i.e., their diagenetic stability, needs to be constrained in order
to confirm their utility as biomarkers for living cells.
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9.1. Identification of isoprenoid glycosidic glycerol dibiphytanol diethers
and indications for their biosynthetic origin

Travis B. Meadora, , Chun Zhua , Felix J. Ellinga , Martin Könnekea and Kai-Uwe
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Abstract A series of archaeal lipid biomarkers, the isoprenoid glycerol dibiphytanol
diethers (GDDs), was recently described and proposed to represent either biosynthetic intermediates or diagenetic products of the relatively more abundant glycerol
dibiphytanyl glycerol tetraether (GDGT) lipids (Liu, X.-L., Lipp, J.S., Schröder, J.M.,
Summons, R.E., Hinrichs, K.-U., 2012. Isoprenoid glycerol dialkanol diethers: a series
of novel lipids in marine sediments. Organic Geochemistry 43, 50–55). Here we report
a novel series of polar lipids comprising a glycosidic head group and GDD core lipids
with varying cycloalkyl distributions (1G-GDDs), which were found in estuarine and
hot spring sediments, as well as in a pure culture of the mesophilic thaumarchaeon
Nitrosopumilus maritimus. 1G-GDDs represented up to 4% of the corresponding monoglycosidic GDGTs (1G-GDGTs). The distinct cycloalkyl distribution patterns of these
intact polar lipids (IPLs) and detection of 1G-GDDs in an archaeal culture suggest
a biosynthetic source of 1G-GDDs rather than formation exclusively via diagenetic
removal of a glycerol moiety from 1G-GDGTs.
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9.2. Membrane lipids from marine planktonic archaea: taxonomic
signatures and adaptive patterns
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In preparation

a

MARUM - Center for Marine Environmental Sciences & Department of Geosciences,

University of Bremen, 28359 Bremen, Germany
b

School of Earth and Ocean Sciences, Cardiff University, Cardiff, CF10 3AT, U.K.

c

Skidaway Institute of Oceanography, 10 Ocean Science Circle, Savannah, GA 31411

d

Alfred-Wegener-Institute for Polar and Marine Research (AWI), Bremerhaven, Ger-

many
Corresponding author. E-mail: zhuc3@cardiff.ac.uk
Abstract Archaea colonize the entire ocean and mediate globally relevant biogeochemical processes. Their membrane lipids have provided unique insights into present
and past archaeal ecology. However, studies of archaeal lipid patterns in marine suspended particulate matter (SPM) and sediments mainly focused on fully saturated
glycerol dibiphytanyl glycerol tetraethers (GDGTs), which do not capture the considerable diversity of planktonic archaea. Moreover, GDGTs are primarily considered to
be planktonic thaumarchaeotal products while diagnostic biomarkers for planktonic
Euryarchaeota have not been established. Likewise, adaptation of archaeal lipids to
conditions in sub- and aphotic zones remains unconstrained. Here, we comprehensively analyze the archaeal lipidome in 168 SPM samples ranging from surface to
abyssal depths in diverse oceanic regimes. We find numerous unsaturated archaeal
ether lipids that extend the known inventory of planktonic archaeal lipids. Based on
characteristic distributions, we tentatively assign tetra-unsaturated archaeol to the euphotic euryarchaeotal ecotype encoding proteorhodopsins, and tri- to octa-unsaturated
GDGTs to anaerobic and/or microaerophilic planktonic Euryarchaeota. Lipid patterns
further distinguish archaeal groups residing in surface (< 100 m) versus deep (
100 m) oxygenated waters. The deep water group overall produces more saturated
diglycosidic lipids than its surface counterpart. Adaptation of major membrane lipids
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to habitat temperature also differentiates these two archaeal groups is expressed
in distinct thermal regulations on the degrees of cyclization and hydroxylation of
saturated diglycosidic lipids. The chemotaxonomic and adaptive signatures identified
in this study extend the foundation for applications of archaeal lipids in microbial
ecology and paleoceanography.
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9.3. Hydroxylated isoprenoidal GDGTs in China coastal seas and their
potential as paleotemperature proxy in mid-to-low latitude marginal
seas

Xiaoxia Lüa,b,c, , Xiaolei Liua , Felix J. Ellinga , Huan Yang b , Shucheng Xie b , Jinming
Songd , Xuegang Lid , Huamao Yuand , Ning Lid and Kai-Uwe Hinrichsa
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Abstract Hydroxylated isoprenoidal GDGTs (OH-GDGTs), with one or two hydroxyl

groups in the biphytane chains, major compounds of planktonic thaumarchaeota,
occur widely in marine and lacustrine sediments. In order to examine the potential
of OH-GDGTs as recorders of local variations of sea surface temperature (SST), we
collected 70 surface sediments from the China coastal seas (CCS), including 16
samples from the Yangtze Estuary, to determine their tetraether lipid compositions.
The proportion of OH-GDGTs of total isoprenoidal GDGTs increases with latitude from
1.8% to 12.8% and is highly correlated to SST as indicated by redundancy analysis. The
variation of OH-GDGT composition is best captured by the ring index (RI-OH), which
is significantly correlated with both summer and autumn SST and is associated with
minimum residual SST relative to remote sensing data. The large input of terrigenous
organic matter in the Yangtze Estuary appears to have no significant influence on the
OH-GDGT-based proxy. Our analyses suggest the RI-OH could serve as a useful proxy
for recording warm seasonal SST in the China coastal seas.
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9.4. Multiple evidences for methylotrophic methanogenesis as the
dominant methanogenic pathway in deep-sea hypersaline
sediments
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Abstract Among Earth’s most extreme habitats, dark, deep and anoxic brines host

unique microbial ecosystems that remain largely unexplored. As the terminal step of
organic matter degradation, methanogenesis is a potentially significant but poorly
constrained process supporting carbon cycling in deep-sea hypersaline environments.
Here we integrated biogeochemical and phylogenetic analyses as well as incubation
experiments to unravel the origin of methane in hypersaline sediments of Orca Basin
in the northern Gulf of Mexico. Significant concentrations of methane (up to 3.4
mM) coexisted with high concentrations of sulfate (16-43 mM) in two sediment cores
retrieved from the southern and northern sections of Orca Basin. Strong 13 C-depletion
(

13

CH4 :

76.7 to

89.1h) as well as high methane to ethane ratios (600-3000)

pointed to a biological source of methane. While low concentrations of competitive

substrates limited the significance of hydrogenotrophic and acetoclastic methanogenesis, the high abundance of non-competitive methylated substrates and their precursors
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(e.g., methanol, trimethylamine, dimethylsulfide, dimethylsulfoniopropionate) suggested that methane could be generated through methylotrophic methanogenesis in
the hypersaline sediment of Orca Basin. The carbon isotope systematics of methylated
substrates and methane supported methylotrophic methanogenesis as the dominant
source of methane in Orca Basin sediments. Thermodynamic calculations demonstrated that hydrogenotrophic and acetoclastic methanogenesis were unlikely to occur
under in situ conditions, while methylotrophic methanogenesis from methylated substrates was highly favorable. Stable isotope tracer and radiotracer experiments with
13

C bicarbonate, acetate and methanol as well as 14 C-labeled methylamine indicated

that methylotrophic methanogenesis was the predominant methanogenic pathway in
Orca Basin sediment. Based on 16S rRNA gene sequences, halophilic methylotrophic
methanogens related to the genus Methanohalophilus dominated the benthic archaeal
community in the northern basin but also occurred in the southern basin. High abundances of methanogen lipid biomarkers such as intact polar and polyunsaturated
hydroxyarchaeols were detected in sediments from the northern basin but were of
lower abundance in sediments from the southern basin. Strong 13 C-depletion of saturated and monounsaturated hydroxyarchaeol were consistent with methylotrophic
methanogenesis as the major methanogenic pathway. Collectively, the availability
of methylated substrates, thermodynamic calculations, experimentally determined
methanogenic activity as well as lipid and gene biomarkers strongly suggested the occurrence and predominance of methylotrophic methanogenesis in Orca Basin sediment.
Our findings elucidate the significance of methylotrophic methanogenesis for methane
production in the presence of sulfate in deep marine hypersaline environments.
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9.5. The contribution of biogas residues to soil organic matter formation
and CO2 emissions in an arable soil
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Abstract The biogas production process generates as side-products biogas residues
containing microbial biomass which could contribute to soil organic matter formation
or induce CO2 emissions when applied to arable soil as fertilizer. Using an isotope
labelling approach, we labelled the microbial biomass in biogas residues, mainly G+
bacteria and methanogenic archaea via KH13 CO3 , and traced the fate of microbial
biomass carbon in soil with an incubation experiment lasting 378 days. Within the
first seven days, 40% of the carbon was rapidly mineralized and after that point
mineralization continued, reaching 65% by the end of the experiment. Carbon mineralization data with 93% recovery could be fitted to a two-pool degradation model
which estimated proportions and degradation rate constants of readily and slowly
degrading pools. About 49% of the carbon was in the slowly degrading pool with a
half-life of 1.9 years, suggesting mid-term contribution to living and non-living soil
organic matter formation. Biogas residues caused a priming effect at the beginning,
thus their intensive application should be avoided.
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9.6. Heterotrophic bacteria from a lake without phosphate
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Abstract Phosphorus-starved heterotrophic bacteria were isolated from Lake Matano,
Indonesia, a lake whose phosphate concentration is below the detection limit of standard techniques. Here, we de-scribe the isolation of 8 strains of heterotrophic bacteria
capable of growth on vanishingly low amounts of phosphate. These isolates are closely
related to soil bacteria and are capable of growth on a variety of soluble and insoluble
sources of phosphorus. When transferred to medium without phosphate, the isolates
reduce their growth rates, reduce the RNA content, and replace 86-100% of their
membrane lipids with phosphorus-free lipids. Similar changes in lipid composition
have been observed in marine photoautotrophs and soil heterotrophs, and similar
flexibility in phosphorus sources has been demonstrated in marine and soil-dwelling
heterotrophs. Our results demonstrate that the strategies used in marine and soil
environments are also employed in ultra-oligotrophic freshwater systems, but are
taken further than their normal ranges.
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9.7. Identification, formation and distribution of fatty acid-substituted
glycerol dialkyl glycerol tetraethers in marine sediments

Kevin W. Beckera, , Felix J. Ellinga , Julius S. Lippa , Jan M. Schrödera , Thomas W.
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Abstract Archaeal isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs) are
abundant components of marine sedimentary organic matter and are used in paleoenvironmental reconstructions. During diagenesis, a significant fraction of free iGDGTs
can be incorporated into macromolecules. However, the diagenetic reaction mechanisms involving iGDGTs remain unresolved. We identified a potential macromolecule
precursor, fatty acid-substituted iGDGTs (FA-iGDGTs), in a globally distributed set
of sediment samples and the archaeal culture Nitrosopumilus maritimus by high performance liquid chromatography-tandem mass spectrometry (HPLC-MS2 ). Instead
of a biosynthetic origin, a diagenetic origin of these compounds is proposed. First,
a stable isotope probing experiment with N. maritimus did not reveal label uptake
into the fatty acids and second, FA-iGDGTs in environmental samples appear to be in
chemical equilibrium with iGDGTs. Moreover, the fatty acids connected to FA-iGDGTs
are similar to the free fatty acids found in the investigated sediments. FA-iGDGTs are
likely produced by esterification of free fatty acids and iGDGTs in sediments during
early diagenesis and their formation seems to be dependent on reactant availability,
hydrolytic conditions and water activity.
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