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Abstract

Microorganisms catalyze processes which shape the chemistry of the biosphere, drive
global element cycles, and ultimately in�uence the composition of Earth’s surface and
interior on geological timescales. In the mid-1980’s, when the study of genetic material
in environmental samples started, metagenomics revealed that the composition of mi-
crobial communities in the natural world is far more complex than culturing methods
had suggested. Since then, the number of unexplored species has been continuously
increasing, but to date our understanding of their physiology and ecology has remained
fragmentary. The investigation of microbial membrane lipids provides an alternative
culture-independent route of investigation to study microbial life in the environment,
as membrane lipids carry taxonomic information on source organisms and in addition
also re�ect their adaptation to the habitat. The latter is due to the fact that lipids play an
important role in the regulation of membrane �uidity in response to external pressure,
temperature, and pH. Moreover, certain membrane lipids have fundamental physiolog-
ical functions; for example respiratory quinones facilitate cellular electron transport
processes. The goals of this PhD project were to (i) develop advanced chromatographic
methods for lipid analysis, (ii) to expand the portfolio of lipid biomarkers for the char-
acterization of microbial life in marine environments, and (iii) to investigate the proxy
potential of novel lipids and respiratory quinones as chemotaxonomic markers and
indicator for redox conditions.

The systematic work on analytical protocols resulted in a new chromatographic
method which allows not only detection of a series of novel lipids but also better
separation of established biomarker lipids (Chapter III). The improved method for lipid
analysis is based on ultra-high performance liquid chromatography (UHPLC) multiple
stage mass spectrometry (MSn). Compared to conventional HPLC protocols it provides
superior chromatographic separation of archaeal and bacterial glycerol dialkyl glycerol
tetraethers (GDGT) core lipids: the previously co-eluting isomers of GDGTs can now
be separated, and the analytical window has been extended to encompass the whole
spectrum of ether core lipids found in environmental samples. The novel protocol further
allows to determine the three organic geochemical sea surface temperature (SST) proxies
UK′

37 (based on long chain alkenones from phytoplanktonic haptophytes), LDI (based on
long chain diols from phytoplanktonic eustigmatophytes) and TEX86 (based on GDGTs
from planktonic archaea) with one single HPLC analysis. The new protocol does not
only reduce analysis time and costs, but also achieves a one order of magnitude increase
in sensitivity compared to the commonly applied methods. Application of the new
analytical protocol to a sediment core from the Sea of Marmara revealed signi�cant
discrepancies in the SST reconstructed from the three di�erent proxies, which might be
related to di�erences in the ecology of the signal producers (Chapter IV). This �nding
underlines the need for multiproxy approaches in order to arrive at robust estimates of
paleo SST. Furthermore, analysis of diverse environmental samples and identi�cation
of previously unresolved and unknown compounds lead to the discovery of fatty acid
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Abstract

substituted isoprenoid GDGTs (Chapter V). These compounds are likely of diagenetic
origin rather than biologically produced and their abundance in marine sediments
appears to depend on reactant availability as well as hydrolytic conditions.

In order to study benthic archaea and their life strategies in the deep subsea�oor, a suite
of new analytical protocols, which had been developed both within this PhD project and
by colleagues, were applied to investigate core and intact polar lipids (IPLs) in concert
with metagenomics and geochemistry at various sites in the Mediterranean, Marmara
and Black Sea. This approach allowed us to identify distinct microbial communities
in the hostile environment of the deep-sea hypersaline anoxic Discovery Basin in the
Eastern Mediterranean Sea (Chapter VI). At the brine-seawater interface, the detection
of intact polar and polyunsaturated archaeols that are only known to occur in extremely
halophilic and methanogenic archaea as well as thaumarchaeal-speci�c intact GDGTs
indicate an active participation of this community in carbon, and nitrogen cycling. Other
diagnostic lipids include phospholipids containing diether and ether/ester core lipids,
which are associated with sulfate-reducing bacteria. Several intact membrane lipids
have been identi�ed for the �rst time in environmental samples, such as (N -acetyl)-
glucosamine-monoglycosyl and N -acetylglucosamine archaeol, which are associated
with archaeal methanogens belonging to Methanohalophilus. We further identi�ed for
the �rst time intact forms of hybrid isoprenoid/branched GDGTs, lipids that combine
archaeal and bacterial traits. Their biological sources remain unknown, while the stable
carbon isotopic composition indicates chemolithoautotrophic growth of their producers.

The new analytical methods revealed a widespread occurrence of respiratory quinones
in environmental samples and triggered our interest in their proxy potential. To examine
their utility as chemotaxonomic markers for archaea, the quinone pro�les of 25 culti-
vated strains including members of three di�erent phyla Crenarchaeota, Euryarchaeota,
and Thaumarchaeota were investigated (Chapter VII). The results demonstrate that the
quinone inventories can be used to distinguish environmentally relevant archaea as
well as metabolisms. For example, saturated and monounsaturated menaquinones con-
taining side chains with six isoprenoid units are diagnostic for Thaumarchaeota, while
thiophene-bearing quinones are speci�c for Sulfolobales and methanophenazines, which
are functional quinone analogs, only occur in the Methanosarcinales. The obtained data
have also implications for the evolution of respiratory quinone systems of archaea and
bacteria and indicate that the highly divergent quinone distribution in Euryarchaeota

may result from a combination of vertical inheritance, lateral gene transfer and gene loss.
To showcase the utility of environmental quinone pro�ling, we studied the distribution of
respiratory quinones and membrane lipids in a sequence of water column and sediment
samples in the Black Sea (Chapter VIII). The Black Sea is separated into oxic, suboxic, and
euxinic zones, each characterized by di�erent biogeochemical processes and by distinct
microbial communities, which respire through a succession of redox reactions. Depth
distributions of diagnostic quinones and IPLs were well correlated with the zonation of
microbial processes, demonstrating that the combined biomarker approach provides a
valuable tool for tracking the abundances and metabolic processes of bacterial, archaeal,
and eukaryotal organisms. Thus, the quinone composition carries valuable information
on microbes involved in redox cycling of carbon, sulfur and nitrogen in the water column
and sediments.
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Zusammenfassung

Mikroorganismen spielen eine Schlüsselrolle für die Steuerung der globalen Sto�kreisläu-
fe und katalysieren Prozesse, die grundlegend die Zusammensetzung der Erdober�äche
sowie des Erdinneren über geologische Zeiträume verändern. Mitte der 1980 Jahre, als
man begann genetisches Material in Umweltproben zu untersuchen, haben metagenomi-
sche Studien gezeigt, dass die Zusammensetzung von Mikroorganismen in der Umwelt
viel komplexer ist als mit Hilfe von kulturabhängigen Methoden angenommen wurde.
Seitdem ist die Anzahl unerforschter Spezies stetig gestiegen, doch ihre Physiologie und
Ökologie ist weitgehend unbekannt. Eine alternative kulturunabhängige Methode ist die
Untersuchung mikrobieller Membranlipide, da sie zum einen taxonomischen Bezug zu
ihren produzierenden Organismen besitzen und zum anderen die Adaption von Organis-
men an ihren Lebensraum widerspiegeln. Die Adaption von Membranlipiden spielt eine
wichtige Rolle bei der Regulierung von Membran�uidität. So passen Organismen ihre
Lipidzusammensetzung in Abhängigkeit von äußerem Druck, Temperatur und pH-Wert
an, um eine de�nierte Fluidität der Membran aufrecht zu erhalten. Des Weiteren haben
bestimmte Lipide grundlegende physiologische Funktionen. So ermöglichen z.B. respi-
ratorische Chinone den Transport von Elektronen in der Atmungskette. Ziele dieser
Dissertation waren (i) die Weiterentwicklung chromatographischer Methoden für die
Analyse mikrobieller Lipide, (ii) die Identi�zierung von neuen Lipidbiomarkern, die für
die Charakterisierung von mikrobiellem Leben in marinen Lebensräumen geeignet sind,
und (iii) das Untersuchen des Proxypotentials von neuentdeckten Lipiden und respirato-
rischer Chinone als chemotaxonomische Marker und Indikator für Redoxbedingungen.

Die systematische Arbeit an Analyseprotokollen resultierte in einer neuen chromato-
graphischen Methode, die nicht nur die Detektion von neuen Lipiden ermöglicht, sondern
auch eine bessere Trennung etablierter Biomarkerlipide (Kapitel III). Die verbesserte
Methode zur Lipidanalyse basiert auf Ultra-Hochleistungs-Flüssigkeit-Chromatographie
(UHPLC) gekoppelt mit Mehrfach-Massenspektrometrie (MSn). Verglichen mit den kon-
ventionellen HPLC Protokollen ermöglicht sie deutlich verbesserte chromatographische
Trennung von archaeellen und bakteriellen Glyceroldialkylglyceroltetraether (GDGT)
Kernlipiden: die bisher koeluierenden Isomere von GDGTs können nun getrennt werden,
und das analytische Fenster wurde um das gesamte Spektrum der Etherkernlipide, die
in Umweltproben zu �nden sind, erweitert. Das neue Protokoll ermöglicht außerdem,
drei organisch-geochemische Proxies für die Rekonstruktion von Ober�ächenwasser-
temperatur (SST) UK′

37 (basierend auf langkettigen Alkenonen von phytoplanktonischen
Haptophyten), LDI (basierend auf langkettigen Diolen von phytoplanktonischen Eustig-
matophyten) und TEX86 (basierend auf GDGTs von planktonischen Archaeen) in einer
einzigen HPLC-Analyse zu bestimmen. Das neue Protokoll reduziert dabei nicht nur die
Analysezeit, sondern erhöht auch die Sensitivität um eine Größenordnung verglichen
mit der herkömmlichen Methode. Die Anwendung des neuen analytischen Protokolls
auf Proben eines Sedimentkerns vom Marmara Meer zeigte signi�kante Unterschiede
in der SST, die mithilfe der drei verschiedenen Proxies rekonstruiert wurde, was auf
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Zusammenfassung

Unterschiede in der Ökologie der lipidproduzierenden Organismen zurückzuführen ist
(Kapitel IV). Diese Erkenntnis macht die Notwendigkeit von Multiproxy-Ansätzen für
verlässliche Bestimmungen der Paläo-SST Proxies deutlich. Darüber hinaus führte die
Analyse von diversen Umweltproben und die Identi�zierung von bisher unbekannten
Komponenten zur Entdeckung von fettsäuresubstituierten isoprenoiden GDGTs (Ka-
pitel V). Diese Komponenten sind vermutlich diagenetischen und nicht biologischen
Ursprungs, und ihre Häu�gkeit in marinen Sedimenten scheint von der Verfügbarkeit
von Reaktanten und hydrolytischen Bedingungen abzuhängen.

Um benthische Archaeen und ihre Überlebensstrategien im Meeresgrund der Tief-
see zu untersuchen, wurde eine Reihe von neuen analytischen Protokollen, die im
Rahmen dieser Doktorarbeit und von Kollegen entwickelt worden sind, angewendet,
um sowohl Kernlipide als auch intakte polare Lipide (IPLs) in Kombination mit Me-
tagenomik und Geochemie an unterschiedlichen Standorten im Mittelmeer, Marmara
Meer und dem Schwarzen Meer zu untersuchen. Dieser Ansatz ermöglichte es uns,
unterschiedliche mikrobielle Gemeinschaften im lebensfeindlichen hypersalinen und
anoxischen Tiefseebecken des Discovery Basin im westlichen Mittelmeer zu identi�zie-
ren (Kapitel VI). Die Identi�zierung von intakten polaren und vielfach ungesättigten
Archaeolen, die bisher nur in extrem halophilen und methanogenen Archaeen nachge-
wiesen wurden, sowie Thaumarchaeen-spezi�schen intakte GDGTs an der Grenz�äche
zwischen dem hypersalinen und normal salinen Meerwasser, deuten auf eine aktive Rolle
dieser Mikroorganismen am Kohlensto�- und Sticksto�kreislauf hin. Weitere diagnosti-
sche Lipide umfassten Phospholipid-diether und acylether, die mit sulfatreduzierenden
Bakterien assoziiert sind. Mehrere intakte Membranlipide wurden zum ersten Mal in
Umweltproben identi�ziert, wie zum Beispiel (N -acetyl)-glucosamine-monoglycosyl
und N -acetylglucosamine Archaeol, welche mit methanogenen Archaeen der Gruppe
Methanohalophilus assoziiert sind. Wir haben außerdem zum ersten Mal intakte Formen
von hybriden isoprenoid/verzweigten GDGTs identi�ziert; diese Lipide kombinieren
archaeelle und bakterielle Eigenschaften. Obgleich ihre biologischen Ursprünge noch
unbekannt sind, weist ihre isotopische Zusammensetzung des Kohlensto�s auf chemoli-
thoautotrophisches Wachstum der Quellorganismen hin.

Die neuen analytischen Methoden zeigten ein weitverbreitetes Vorkommen von re-
spiratorischen Chinonen in Umweltproben auf und weckten unser Interesse an ihrer
möglichen Verwendbarkeit als Proxies. Um ihre Eignung als chemotaxonomische Marker
für Archaeen zu überprüfen, wurden die Chinonpro�le von 25 kultivierten Stämmen
inklusive Vertretern der Phyla Crenarchaeota, Euryarchaeota, und Thaumarchaeota un-
tersucht (Kapitel VII). Die Ergebnisse zeigen, dass die Chinonzusammensetzung ge-
nutzt werden kann, um umweltrelevante Archaeen und Metabolismen zu unterscheiden.
Zum Beispiel sind gesättigte und einfachungesättigte Menachinone, die sechs Isopre-
noideinheiten in ihrer Seitenkette enthalten, spezi�sch für Thaumarchaeota, während
Thiophen-enthaltene Chinone spezi�sch für Sulfolobales sind und Methanophenazine,
welche funktionale Chinonanaloge darstellen, nur in Methanosarcinales auftreten. Die
gesammelten Daten weisen auch Implikationen für die Evolution des respirativen Chin-
onsystems von Archaeen und Bakterien auf und deuten zum Beispiel darauf hin, dass die
hoch divergente Chinonverteilung in Euryarchaeota eine Folge aus einer Kombination
von Vererbung, lateralem Gentransfer und Genverlust ist. Um die Nützlichkeit von
Chinonpro�len für die Charakterisierung von mikrobieller Aktivität zu demonstrieren,
haben wir die Verteilung von respiratorischen Chinonen und Membranlipiden in einer
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Sequenz der Wassersäule und Sedimentproben im Schwarzen Meer untersucht (Kapitel
VIII). Das Schwarze Meer ist in oxische, suboxische, und euxinische Zonen unterteilt,
die sich jeweils durch unterschiedliche biogeochemische Prozesse und mikrobieller
Gemeinschaften auszeichnen. Die Tiefenverteilung von spezi�schen Chinonen und IPLs
korrelierten mit der Zonierung der mikrobiellen Prozesse, was zeigt, dass der kombi-
nierte Biomarkeransatz es ermöglicht, die Verteilung und metabolische Aktivität der
bakteriellen, archaeellen, und eukaryotischen Organismen aufzuklären. Somit enthält
die Chinonzusammensetzung wichtige Informationen über Mikroorganismen, die in
biogeochemische Kreisläufe von Kohlensto�, Schwefel und Sticksto� in der Wassersäule
und im Sediment involviert sind.
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Chapter I

Introduction

I.1. Microbial life in the oceans

Microorganisms drive globally important biogeochemical cycles and they have shaped
the elemental composition of Earth’s surface environments and interior (see review by
Falkowski et al., 2008). Within the marine carbon cycle, they are involved in both, a large
fraction of primary production and turnover of organic carbon through mineralization
processes. Thus, the oxygen we breathe is to a large extent produced by microbes, but
they also play an important role for the regulation of greenhouse gases, such as CO2

and CH4, and are consequently involved in processes that drive climate at geological
time scales. Microbial life on Earth has further adapted to a wide range of environments
including some of the most hostile imaginable, exhibiting for example extreme pressures,
temperatures, acidity and alkalinity, and limited energy and nutrient availability (e.g.,
Rothschild and Mancinelli, 2001; Pikuta et al., 2007). The introduction provides an
overview about the importance of microbial life in natural environments and its role
within carbon and nutrient cycling. Additionally, a detailed introduction on the role
of microbial membrane lipids as biological marker molecules is presented as well as
the research approaches to study present and past microbial activity based on lipid
biomarkers. Finally, the utilized analytical methods are introduced.

I.1.1. The three domains of life

All of life on Earth is divided into the three domains: Bacteria, Archaea and Eukarya

(Figure I.2; Woese et al., 1990). The classi�cation is based on the relatedness of small
subunit ribosomal RNA (SSU rRNA), which occurs in all organisms (e.g., Woese et
al., 1990; Pace, 1997). The current view of evolutionary relationships was established

1



Chapter I. Introduction

Figure I.1. Schematic and simplified phylogenetic tree of life based on SSU rRNA and other
molecular evidence. The bacterial domain is colored in blue, the eukaryotal in green and the
archaeal in red. Figure adapted from López-García and Moreira (2008).

by (Woese and Fox, 1977), who first recognized the Archaea as a separate domain;

traditionally, archaea had been classified as archaebacteria within the Bacteria. Despite

their visual similarity, the archaea and bacteria are not closely related. Instead, it appears

that archaea possess genes and some metabolic pathways that are more closely related

to eukarya (Woese et al., 1990). Recently, the identification and genomic characterization

of a novel archaeal group that shares a common ancestry with eukaryotes by Spang

et al. (2015) further “bridged the gap” between archaea and eukaryotes. However, one of

the most pronounced differences between the domains is the high metabolic versatility

of archaea and bacteria compared to eukaryotes. Their outstanding metabolic properties

include the use of inorganic electron donors for energy generation, anaerobic growth,

and the fixation of molecular nitrogen, whereas in eukaryotes these properties are either

restricted to a few species or completely lacking. Today’s microbial diversity results

from almost 4 billion years of evolution (Madigan et al., 2011) and the development of

diverse metabolic strategies allows microbes to not only survive but to grow and thrive

under a large range of environmental conditions, including environmental extremes,

such as low (<5 ◦C) and high (>50 ◦C) temperatures, acidic or alkaline pH values, high
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salinities, energy limitation as well as high pressures that are present in the deep ocean
and sediments (e.g., Mesbah and Wiegel, 2008). Particularly archaea have long been
thought to be restricted to extreme environments due to their distinct physiologies,
but since the early 1990s mesophilic archaea have been recognized to be an ubiquitous
component of marine plankton (DeLong, 1992; Fuhrman et al., 1992; Karner et al., 2001)
and they appear to be key players in the global nitrogen cycle and control nutrient levels
in the ocean (e.g., Wuchter et al., 2006). The distinct physiologies of prokaryotes and
their ubiquity in a wide range of habitats emphasizes their crucial role within global
biogeochemical cycles.

I.1.2. Biogeochemical cycles in the ocean and sediments

The environment not only determines the conditions under which life exists,

but the organisms in�uence the conditions prevailing in their environment.

(Red�eld, 1958)

Euphotic zone. Oceans cover almost 70 % of the Earth’s surface and host half of the
global primary production (ca. 50 Pg C yr−1; Falkowski, 1998; Field, 1998). Most of the
organic carbon in the marine environment is produced by photosynthetic activity in
the illuminated, upper 200 m of the water column by cyanobacteria (e.g., Prochloro-
coccus, Synechococcus) and eukaryotic algae (e.g., diatoms and coccolithophorids; e.g.,
DeLong, 2006; Boyd et al., 2010). Besides the oxygenic photolithotrophs, anoxygenic
photolithotrophs and chemolithotrophs contribute 0.5 to 1.0 % to autotrophic inorganic
carbon assimilation of the net primary productivity (Raven, 2009; Hügler and Sievert,
2011). Primary production is further strongly dependent on the availability of nutrients,
such as nitrate and phosphorous, which are supplied for example by upwelling, bacterial
nitrogen �xation, terrestrial input, and the decomposition of organic matter (cf. Arrigo,
2005). Although the organic carbon produced in the photic zone is mostly remineralized
to CO2 by aerobic heterotrophs (e.g., diverse Proteobacteria), a small portion (ca. 20 %)
escapes respiration and is exported in the form of particulate and dissolved organic
matter to the deep ocean (e.g., Ducklow, 1995).

Meso- and bathypelagic zones. In the deep waters below the photic zone, life is
independent from sunlight. Thus, microbes living in this largest continuous habitat
on Earth need alternative energy sources. We still have only limited knowledge about
the microbial diversity and the response of microbes to changes in the distribution,
composition, and �ux of organic carbon in the deep ocean (Azam, 1998; Arístegui et al.,
2009). It was generally assumed that the degradation of sinking organic matter from the
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photic zone is the major microbial activity in the deep ocean, which is an important
process for the re-supply of inorganic nutrients to the photic layer and the concomitant
release of CO2 (e.g., Vidal et al., 1999; Arístegui et al., 2005, 2009). However, more recent
studies revealed evidence that planktonic Crenarchaeota belonging to the Marine Group
I (MG-I) dominate prokaryotic cell numbers in the mesopelagic zone of the Paci�c Ocean
(Karner et al., 2001). They catalyze the �rst and rate-limiting step of nitri�cation, the
oxidation of ammonia to nitrite, and are well adapted to the oligotrophic conditions
commonly found in the open and deep ocean (Martens-Habbena et al., 2009; Stahl and
de la Torre, 2012; Könneke et al., 2014). The most recent studies have a�liated MG-I Cre-
narchaeota with the Thaumarchaeota, a recently proposed novel phylum of the domain
Archaea (Brochier-Armanet et al., 2008; Spang et al., 2010) and they have been found to
be the predominant ammonium oxidizers in the marine environment (e.g., Schattenhofer
et al., 2009) depicting their importance not only in nitrogen but also in carbon cycling
(Herndl et al., 2005; Wuchter et al., 2006). However, their contribution to total biomass
is generally small due to the small cell size of these organisms (Schattenhofer et al.,
2009). Other ubiquitously occurring archaea in the oceans belong to the MG-II (Karner
et al., 2001), but the function and metabolisms of these planktonic Euryarchaeota remain
unknown due to their resistance against cultivation. Besides the ammonia oxidizing
archaea (AOA), ammonium oxidizing bacteria (AOB) are abundant in the meso- and
bathypelagic zones (cf. Hügler and Sievert, 2011). AOBs typically occur in association
with nitrite oxidizing bacteria, providing their energy source (Abeliovich, 2006). Nitrite
oxidation is the second step of the nitri�cation process, which is oxidation of nitrite to
nitrate. Remarkably, this process results in the dissolution of carbonate in exchange for
CO2, which is they assimilate (Abeliovich, 2006).

Oxygen minimum zones. The mesopelagic waters may become anoxic if the �ux of
detrital organic matter and its subsequent decomposition exceeds the available quantity
of dissolved oxygen, resulting in the formation of oxygen minimum zones (OMZ) between
ca. 100-1000 m, which occur widespread in the modern oceans (Karstensen et al., 2008;
Paulmier and Ruiz-Pino, 2009). It is assumed that these areas will signi�cantly expand as
a result of ocean warming and increased water column strati�cation (Keeling et al., 2010;
Stramma et al., 2010), and thus OMZs have received increased attention during the last
decade. Generally, two types of OMZ environments can be distinguished: (i) open ocean
OMZs, which are located enclosed between oxygenated water layers and (ii) OMZs that
are characterized by a transition from oxic to anoxic (euxinic) marine bottom waters. In
the sul�dic waters, sulfur-oxidizing microorganisms, including anaerobic phototrophs,
particularly Chlorobiales, can play important roles for element cycling, while they are
absent from most open ocean OMZs (cf. Hügler and Sievert, 2011).
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Figure I.2. Schematic diagram illustrating the major oceanic microbial habitats including the
water body and different environments in the subseafloor as well as the major biogeochemical
processes the microbes are mediating in each habitat. The importance of the major microbial
processes is shown in the pie charts. Additionally, the major fluxes of the marine carbon cycle
are shown. The largest fraction of organic carbon is produced by photosynthetic activity in the
euphotic zone and is subsequently remineralized by heterotrophic activity while sinking with
debris to the seabed. With increasing water depth, the importance of organic matter as carbon
source is decreasing, whereas in the sediments organic matter is again the major carbon source.
Ecosystems that rely predominantly on inorganic carbon and chemical energy sources, thus
being independant of photosynthesis, are abundant in the deep ocean and occur for example
at hydrothermal and cold vents. Figure modified after Bach et al. (2006), Jørgensen and Boetius
(2007), Wefer (2010), Hügler and Sievert (2011), and Kellermann (2012).

Open ocean OMZs contain diverse communities of bacteria and archaea whose

metabolisms control key steps in marine biogeochemical cycling and strong vertical

oxygen gradients (oxyclines) structure biological assemblages and the associated pro-

cesses (Wright et al., 2012). Similarly to the oxygenated deep waters, heterotrophic

processes, i.e., the oxidation of sinking phototrophic organic matter by aerobic respi-

ration and denitrification coupled to the concomitant release of CO2, were thought to

predominate in OMZs. However, extensive surveys of the microbial ecology in several

of the ocean’s OMZs revealed abundant and widespread chemoautotrophic assemblages

that fix CO2 rather than release it. Along the oxycline, microaerophilic assemblages,

which include ammonia- and nitrite-oxidizing communities, and anaerobic communities
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co-occur (Stewart et al., 2012). Particularly, AOA have been shown to be abundant at
marine oxyclines (e.g, Coolen et al., 2007; Schouten et al., 2012; Hernández-Sánchez
et al., 2014; Xie et al., 2014) and to dominate over AOB (e.g., Stewart et al., 2012). The
community structure in the anoxic OMZ core is dominated by anaerobic heterotrophic
and autotrophic organisms (Wright et al., 2012). The organic carbon mineralization oc-
curs according to a de�ned order of terminal electron acceptors. The major autotrophic
process is the anaerobic oxidation of ammonium (anammox) by a speci�c group of
Planctomycetes, which may be responsible for the majority of nitrogen loss in OMZs
(Kuypers et al., 2003; Dalsgaard et al., 2005; Kuypers et al., 2005; Thamdrup et al., 2006).
The required ammonium for the anammox bacteria is supplied by the mineralization
processes. Anammox as well as the denitri�cation process that occurs in the upper
oxycline regenerate N2, while denitri�cation also produces N2O and thus contribute to
a loss in �xed nitrogen and to the production of greenhouse gases. Nitrogen cycling was
generally thought to dominate the biogeochemistry and microbial ecology of OMZs,
but recent studies also identi�ed sulfur oxidizing bacteria that use nitrite as alternate
electron acceptor as important community members as well as sulfate-reducing het-
erotrophs (Stevens and Ulloa, 2008; Lavik et al., 2009; Walsh et al., 2009; Can�eld et al.,
2010; Stewart et al., 2012). Thus, although OMZs have long been seen as “dead zones“,
metabolic activities in these oceanographic features signi�cantly a�ect nitrogen, sulfur
and carbon cycling within the global ocean.

Subseafloor sediments. Diverse populations of microorganisms, utilizing a variety
of electron acceptors, are responsible for the oxidation of organic matter in marine sedi-
ments. Organic material is deposited on the sea�oor principally as aggregates which sink
down through the water column as a continuous particle rain. This particulate organic
�ux is related to the primary productivity of the overlying plankton community and to
the water depth through which the detritus sinks while being gradually decomposed as
described in the previous paragraph.

The order of the utilized electron acceptors for organic matter degradation in the
sediments – oxygen, nitrate, manganese and iron cations or sulfate anions, which di�use
into sediments from the seawater, is determined by their abundance and energy yield
(Figure I.3; Froelich et al., 1979). Aerobic respiration is the most e�cient pathway for
organic matter degradation and O2 is thus depleted �rst, followed by respiration using
nitrite, iron(III), manganese(IV), sulfate, and �nally CO2. When all inorganic electron
acceptors are depleted, organic matter can only be mineralized by fermentation. The
degradation of organic matter via fermentative pathways to small organic molecules
such as lactate, butyrate, propionate, acetate, formate, H2 and CO2 is important in marine
sediments, since these compounds are the main substrates for sulfate reduction and
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partly for methane formation (e.g., Fry et al., 2008). Consequently, chemoautotrophy in

the sediments is primarily fuelled by anaerobic organic matter degradation.

The last step in the sedimentary metabolic pathway succession is methanogene-

sis. This process is performed exclusively by strictly anaerobic archaea and the most

prominent pathways are the reduction of carbon dioxide with molecular hydrogen

(hydrogenotrophic methanogenesis) and the transformation of acetic acid into methane

and carbon dioxide (acetoclastic methanogenesis). Since methanogens are outcompeted

for acetate and H2 by sulfate-reducing bacteria, the archaea using these two pathways

are restricted to the sulfate-free zone (e.g., Abram and Nedwell, 1978; Oremland and

Polcin, 1982; Lin et al., 2012). Non-competitive substrates that can be utilized only by

methanogens from the orderMethanosarcinales are several methylated compounds, such

as methanol, methylated amines and methylated sulfides, allowing these archaea to

co-occur with the sulfate reducers (methylotrophic methanogenesis; e.g., Oremland

and Polcin, 1982), but in contrast to hydrogen and acetate, quite limited information is

available on those methylated methanogenic substrates in marine sediments (Zhuang,

2014).

Figure I.3. (a) Schematic representation of redox–active compounds in marine sediments (modi-
fied after Froelich et al., 1979; Canfield and Thamdrup, 2009). (b) Simplified oxidation reactions
of sedimentary organic matter with different electron acceptors and associated free energy yield
(ΔG0; Froelich et al., 1979). Organic matter of unspecified composition is symbolized by [CH2O].
The ΔG0 are presented as kilojoules per mole of glucose (C3H12O6).
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Another important process that occurs ubiquitously in marine sediments is the anaer-
obic oxidation of methane (AOM), which is also exclusively performed by members of
the Archaea. This process is a major sink for methane that is produced in the sediments
either by biotic or abiotic processes and thus plays a crucial role of maintaining a sensi-
tive balance of our atmosphere’s greenhouse gas content. AOM usually occurs at sulfate
methane transition zones, where both methane (from below) and sulfate (from above) are
simultaneously consumed by a consortium of autotrophic sulfate reducing bacteria and
methane oxidizing archaea according to the equation CH4 + SO2−

4 →HCO−3 + HS− + H2O
(Hoehler et al., 1994; Hinrichs et al., 1999; Boetius et al., 2000; Hinrichs and Boetius, 2002).

Deeply buried sediments. Of the ca. 50 Pg C yr−1 (Field, 1998; Dunne et al., 2007)
that is produced in the euphotic zone, only 0.2 to 0.79 Pg C yr−1 (ca. 1 %) is buried in
marine sediments (Hedges and Keil, 1995; Duarte et al., 2005; Burdige, 2007; Dunne et al.,
2007), implying that almost all net marine primary production is recycled. Still, a small
fraction escapes respiration and reaches deeper sediments and this �ux continuously
fuels the largest reservoir of organic carbon on Earth.

The deep sediments can be considered as extreme environment due to the prevailing
high pressures, low pore space, extreme energy limitation as well as high temperatures
at depth. However, it is suggested that Earth’s subsurface environments provide ubiq-
uitous microbial habitats (Jørgensen and Boetius, 2007; Fry et al., 2008) containing a
multitude of di�erent physicochemical settings from completely oxidized sediments
in oligotrophic deep-sea sediments (D’Hondt et al., 2009) to highly reduced systems
typically found in coastal and shelf sediments, (Parkes et al., 1990). Yet, we have only
fragmentary understanding of the abundance, diversity and function of microbial life
in these hardly accessible systems (e.g., Hinrichs and Inagaki, 2012; Orcutt et al., 2013).
Based on geochemical analysis of marine pore waters, it was suggested that microbial
life in the deep sediments is involved in the slow degradation of organic matter (e.g.,
D’Hondt et al., 2004) and thus, most microbial subsurface communities would indeed
be ultimately – though indirectly – dependent on photosynthesis. Although micro-
bial activity typically concentrates at geochemical interfaces, such as sulfate methane
transition zones, it was generally observed that with increasing sediment depth the
microbial abundance is exponentially decreasing (e.g., Parkes et al., 1994; Parkes et
al., 2000). In the deepest subsea�oor samples investigated to date (IODP Expedition
337, Shimokita Deep Coalbed Biosphere, sampled down to 2,466 mbsf, Inagaki et al.,
2013), this trend did not continue at depth >1.5 kmbsf. However, the lower margin of
the deep subsea�oor biosphere has not been found yet and to date it is unclear which
factors (energy, temperature, pore space) are ultimately limiting life at depth. There
is an ongoing debate whether archaea or bacteria are numerically more abundant in
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subsea�oor sediments. Di�erent approaches even on the same sediments (e.g., Peru
Margin; Mauclaire et al., 2004; Schippers et al., 2005; Biddle et al., 2006; Sørensen and
Teske, 2006; Webster et al., 2006; Lipp et al., 2008) have yielded contradictory results,
while most of them detected similar bacterial as well as archaeal molecular markers.
Since most of the organisms of the so called deep biosphere belong to uncultivated
species, their metabolisms still remain largely unconstrained. However, recent studies
based on lipid biomarker and genomic approaches suggested that uncultured subsea�oor
archaea are mainly heterotrophs (Biddle et al., 2006) and involved in the degradation of
detrital proteins (Lloyd et al., 2013). Moreover, when inorganic electron acceptors other
than CO2 are depleted and thus not available in the deep subsurface (e.g., nitrate, ferric
iron and sulfate), subsequent consumption of H2 mediated by methanogenic archaea
and acetogenic bacteria has been shown to be a major metabolic process (e.g., Conrad,
1999; Hoehler et al., 1999; Drake et al., 2006; Heuer et al., 2009). The substrates for these
reactions are mainly provided by fermenting bacteria or by radiolysis of water, of which
the latter supports life independent of photosynthesis (Lin et al., 2005; D’Hondt et al.,
2009).

Hydrothermal vents and cold seeps. Microbial hot-spot ecosystems on the ocean
�oor are hydrothermal vents, cold seeps and gas-hydrate systems, which are charac-
terized by high or special biodiversity compared to the surrounding larger area of low
or normal biodiversity. Hydrothermal vent sites occur in all of the World’s oceans at
all active mid-ocean ridges and back-arc spreading centers, while cold seeps are found
at passive and active continental margins, with the largest number occurring at active
margins where the oceanic plates are being subducted beneath continents (cf. Campbell,
2006). At hydrothermal vents and cold seeps chemical-rich �uids emanate from the
sea�oor and often provide energy to sustain diverse microbial communities in some very
harsh environments (e.g., Kelley et al., 2002; Schrenk et al., 2010). The two environments
di�er from one another in the underlying conditions that form and drive these ecosys-
tems, but both predominantly support chemolithoautotrophic growth of the inhabiting
microbes, while microbial heterotrophy seems to be of only minor importance (Hügler
and Sievert, 2011).

In hydrothermal systems, hot �uids altered from seawater-rock interactions and rich in
reduced chemicals, such as H2, H2S, Fe2+, or methane, depending on the geological setting
(Kelley et al., 2002), are discharged and provide the basis for microbial growth. Thus,
a large variety of redox reactions available to chemolithoautotrophic microorganisms
occur in these systems and the predominant microbial processes include sulfur oxidation,
methanotrophy, sulfate reduction, methanogenesis and metal reduction (cf. Fisher et al.,
2007). At cold vents, methane-rich interstitial �uids of non-hydrothermal origin migrate
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along faults and fractures from deeper sedimentary sources to the sea�oor and thus,
methane serves as major source of energy in these systems (cf. Jørgensen and Boetius,
2007). The methane either derives from biogenic sources, i.e. archaeal methanogenesis,
or from abiogenic production during rock-water interactions, thermogenic sources from
pyrolysis of organic matter, or the dissociation of gas hydrates (e.g., Claypool and Kaplan,
1974; Schoell, 1988; Bohrmann and Torres, 2006; McCollom and Seewald, 2007). The key
microbial metabolic process at cold seep sites is the anaerobic oxidation of methane
coupled to sulfate reduction (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al.,
2001). Hence, both cold and hot vents support vast amounts of microbial biomass and
the estimated carbon production at deep-sea vents is in the range of 5 Tg C yr−1, which
is ca. 0.02 % of marine primary production by photosynthesis (McCollom and Shock,
1997).

I.2. How to study microbes in the environment? – The lipid
biomarker concept

Molecular techniques are powerful tools for studying microbial life in both molecular bi-
ology and organic geochemistry. While the former discipline targets genetic information
that is encoded in DNA and RNA molecules, the latter investigates the translation of this
information into building blocks of cells. Molecular biomarkers are compounds that can
be unambiguously linked to speci�c precursor molecules produced by living organisms
(Eglinton et al., 1964; Eglinton and Calvin, 1967). Among these compounds are lipids
from eukaryotic and prokaryotic cell membranes serving as source of information on
the biogeochemistry and microbial ecology of natural ecosystems in modern (White
et al., 1979; Harvey et al., 1986) and in ancient environments (e.g.; Brocks and Summons,
2003). The application of a biomarker to reconstruct (paleo)environments depends for
example on knowledge about the biogeochemistry of such compounds, both within and
outside the precursor organisms, the detailed chemical structure, and valid methods
to accurately identify and quantify the concentration of appropriate compounds in a
variety of samples including di�erent sediment matrices, waters and cells (Poynter and
Eglinton, 1991).

I.2.1. Membrane lipids – structure, chemotaxonomy and function

All cells are surrounded by membranes that ensure the individuality and integrity of
cells and mediate their interactions with the surrounding environment (Madigan et al.,
2011; Killops and Killops, 2013). The cytoplasmic membrane forms a di�usion barrier
and constitutes a physical barrier between the cytoplasm and the external medium. This
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barrier function regulates the �ux of ions and other solutes, including nutrients and
metabolic products, in and out of the cell. Moreover, the restricted ion-permeability
involves a variety of ion transport systems, such as the electron transport chain, that can
generate electrochemical ion and proton gradients across the membrane. This results for
example in the so called ‘proton motive force’ and is essential for energy conservation and
biosynthesis of ATP (Madigan et al., 2011). The building blocks of every cell membrane
are lipids, which can represent up to 7 % of the cell dry weight and form a matrix in
which various membrane proteins �oat. An essential general feature that is required for
lipid membrane function is the capacity to persist in the liquid crystalline phase. In order
to keep the cell integrity intact and to maintain the liquid crystalline state, membrane
�uidity is carefully regulated by adapting the lipid composition to external variations in
pressure, temperature, pH or other environmental factors (e.g.; Cronan and Gelmann,
1975; Hazel and Williams, 1990; Russell et al., 1995). The functional properties of the
cytoplasmic membrane are thus crucial factors that determine whether an organism
is capable of coping with and surviving in its continuously changing and often hostile
environment.

I.2.1.1. Structure and chemotaxonomy

Membrane-building lipids are typically composed of a hydrophilic polar head group and
a hydrophobic tail, and they separate the inside of the cell from the outside environ-
ment by arranging in a mono- or bilayer (Figure I.4; e.g.; Madigan et al., 2011). While
organisms from all domains produce glycerol-based lipids, intrinsic di�erences occur in
the biosynthetic pathways of membrane formation. Archaeal membrane lipids can be
unequivocally di�erentiated from the other domains based by the glycerol backbone
stereochemistry (Kates et al., 1965; Koga and Morii, 2005). In the Archaea, hydrophobic
side chains are bound at sn-2 and sn-3 positions of the glycerol and linked to a head group
attached to the sn-glycerol-1 position (Figure I.4b). Bacterial and eukaryotal membranes
share the same lipid biochemistry and contain head groups attached to the sn-glycerol-3
position and core lipids bound at sn-1,2-positions (Figure I.4c). The synthesis of polar
head groups is similar among all domains. The head groups are typically phosphate-
based, but membranes with glycosidic-, amino-or sulfate-based head groups are also
widely distributed (Dembitsky, 1996; Hölzl and Dörmann, 2007).

Bacterial and eukaryotal lipids. Intact polar lipids (IPLs) of bacteria and eukarya
mainly form bilayer membranes and the core lipids typically consist of n- or methyl-
branched fatty acids (diacylglycerols) with variable length of carbon chains and degrees
of unsaturation. However, mixed ether/ester (acyletherglycerol) and dietherglycerols
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Figure I.4. Schematic structure of lipid membranes from Archaea, Bacteria and Eukarya. (a) Gen-
eral structure of the cytoplasmic membrane showing lipid molecules, forming either a mono- or a
bilayer, and embedded proteins. The general structures of archaeal (red) and bacterial/eukaryotal
lipids (green) are also shown. (b) Detailed structures of archaeal and bacterial membrane lipids
including stereochemistry of the glycerol backbone and side chain linkage for Archaea and
Bacteria/Eukarya. Structures of archaeal lipids: I, cyclopentane ring-containing glycerol dibiphy-
tanyl glycerol tetraether (GDGT); II, Acyclic GDGT; III, fully saturated and unsaturated archaeol.
Structures of bacterial lipids: IV, dietherglycerol, V, acyletherglycerol; VI, diacylglycerol. Bacterial
lipids contain variable chain lengths and degrees of unsaturation. The general trend of increasing
permeability to ions is indicated by the arrow at the bottom of the figure. Figure adapted from
Valentine (2007), Madigan et al. (2011), and Kellermann (2012).
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are widespread among anaerobic and microaerophilic bacteria (see Pearson, 2014, and
references therein). For example, ether lipids are common in thermophiles (e.g., Lang-
worthy et al., 1983; Huber et al., 1992) as well as in some sulfate-reducing species (Kamio
et al., 1969; Rütters et al., 2001; Sturt et al., 2004). Another exception is the synthesis of
diglycerol tetraether and tetraester lipids in some species from the order Thermotogales

(Sinninghe Damsté et al., 2007; Sinninghe Damsté et al., 2011). Although ether lipid-
containing lipids have been mainly reported from thermophilic bacteria, there seems
to be no strict temperature-based association. Eukaryotes and some bacteria can also
synthesize sphingolipids, which are composed of an alkyl chain and a fatty acid linked
via an amide-bond to the alkyl chain (Olsen and Jantzen, 2001) as well as betaine lipids
(BL), such as diacylglyceryl-N,N,N -trimethylhomoserine (DGTS). Other amino-based
lipids, which seem to be restricted to the bacterial domain, are ornithine-containing
(OL) lipids. They have been shown to be widespread among Gram-negative bacteria
(Makula and Finnerty, 1975; Geiger et al., 2010). Additionally, hopanoids and steroids
occur in bacteria and eukaryotes, respectively, which are suggested to act as membrane
rigidi�ers and are thus involved in membrane ordering (Ourisson et al., 1987; Dowhan
and Bogdanov, 2002; Sáenz et al., 2012).

Archaeal diether lipids. In contrast to bacteria and eukaryotes, archaeal membranes
are comprised of C15 to C40 isoprenoid alkyl chains bound to the glycerol exclusively
through ether linkages (e.g.; Gold�ne and Langworthy, 1988; Kates, 1993b; Koga and
Morii, 2005). The most common archaeal core lipids are glycerol diethers (archaeols),
which are composed of two C20 isoprenoids ether-linked to the glycerol and they pre-
dominantly occur in Euryarchaeota, although Cren- and Thaumarchaeota are also known
to synthesize archaeols (Koga and Morii, 2005; Schouten et al., 2008). Diether core lipids
comprise a diverse array of structures, including C15 to C25 isoprenoid chains (e.g.;
de Rosa et al., 1982; De Rosa et al., 1983; Mancuso et al., 1985; Kates, 1993b), hydrox-
ylated side chains (sn-2 hydroxyarchaeol), which are distinct for methanogenic and
methanotrophic archaea (Koga et al., 1993a; Sprott et al., 1993; Koga et al., 1998; Hinrichs
et al., 1999; Stadnitskaia et al., 2008), macrocyclic structures, which were identi�ed in
the methanogens Methanococcus jannaschii and Methanococcus igneus (Comita et al.,
1984; Sprott et al., 1991; Trincone et al., 1992) as well as unsaturated phytanyl chains
(Franzmann et al., 1988; Gibson et al., 2005; Dawson et al., 2012).

Archaeal tetraether lipids. Other unique structures of archaeal membrane lipids are
glycerol dibiphytanyl glycerol tetraethers (GDGTs or caldarchaeols), which were �rst dis-
covered in the thermoacidophilic archaeon Thermoplasma acidophilum by Langworthy
(1977). Isoprenoid GDGTs contain two C40 biphytane molecules ether-linked to two glyc-
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erols and are mainly found in thermophilic archaea, some mesophilic methanogenic Eu-
ryarchaeota, as well as Thaumarchaeota (see reviews by Koga and Morii, 2005; Schouten
et al., 2013a). Whereas archaeols are incorporated into a bilayer within the archaeal
cell membrane (de Rosa et al., 1982; De Rosa et al., 1983), the bipolar isoprenoid GDGT
lipids span the whole cell membranes and build a monolayer (see Figure I.4; Langworthy,
1982; Gliozzi et al., 2002). Tetraether lipids can be found in large variety of structures.
For instance, GDGTs with up to eight cyclopentane rings (De Rosa et al., 1977; De Rosa
et al., 1983), glycerol trialkyl glycerol tetraethers (GTGT; de Rosa et al., 1986), H-shaped
GDGTs (Morii et al., 1998) as well as hydroxylated (OH; Liu et al., 2012b) and methylated
(Me; Knappy et al., 2009; Knappy et al., 2011) GDGTs have been identi�ed in various
mainly thermophilic archaeal isolates. However, in mesophilic Thaumarchaeota, GTGTs
as well as OH-GDGTs have also been identi�ed (Schouten et al., 2008; Elling et al., 2014).
A unique GDGT structure represents crenarchaeol, which contains of four cyclopen-
tane and one cyclohexyl ring (Sinninghe Damsté et al., 2002). This lipid has so far only
been found in Thaumarchaeota and seems diagnostic for this phylum (e.g., Pitcher et al.,
2011a). Additionally, glycerol dialkanol diethers (GDDs), which appear to be derivatives
of GDGTs lacking one glycerol moiety, have been reported to represent minor com-
pounds in some archaea (Knappy and Keely, 2012; Liu et al., 2012a; Elling et al., 2014;
Bauersachs et al., 2015). A variety of archaeal lipids that have not been identi�ed in
cultures, but appear to be abundant in the environment have recently been reported.
These orphan lipids include tetraether lipids in which one glycerol moiety has been
substituted by butanetriol (BDGT) or pentanetriol (PDGT; Knappy et al., 2014; Zhu et al.,
2014a), and GDGTs with unsaturated biphytanyl moieties (Zhu et al., 2014b). The former
molecules have been tentatively linked to members of the Miscellaneous Crenarchaeotal
Group (MCG) archaea (Meador et al., 2014a), while the latter are potentially associated
with Euryarchaeota a�liated with the Marine Benthic Group D (Yoshinaga et al., 2015b).
Both archaeal groups are globally distributed in subsea�oor environments (e.g., Teske,
2006).

I.2.1.2. Function of microbial membrane lipids and adaptation to environmental

conditions

Function of apolar side chains. In general, the isoprenoid ether lipids of archaea are
considered to be more stable and less permeable to ions than bacterial and eukary-
otal ester lipid, and tetraether-based membranes are less permeable than diether-based
membranes (Figure I.4; Yamauchi et al., 1993; Elferink et al., 1994; Mathai et al., 2001).
The distinctive lipid-membrane composition among archaea is further considered as a
primary adaptation to energy stress. Physiological advantages of the low-permeability
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membranes in archaea are (i) that less energy is lost during the maintenance of a chemios-
motic potential and (ii) that the high stability of the ether lipids results in less energy
requirement for cellular repair (see review of Valentine, 2007). All these properties
demonstrate why archaea are able to thrive at very harsh and energy-starved condi-
tions and generally outcompete bacteria in many extreme environments. Although the
classical view that archaea are exclusively extremophiles seems obsolete due to their
high abundance in mesophilic environments (DeLong, 1998), such as AOA in the open
ocean (Karner et al., 2001), they still seem to inhabit ecological niches and probably
face chronic energy stress in the form of energy �ux (Valentine, 2007). For example,
marine AOA outcompete AOB in the open ocean, where concentrations of ammonium
are generally one to two orders of magnitude lower than in nutrient replete regions
(Pester et al., 2011; Stahl and de la Torre, 2012), as well as in suboxic waters such as the
Black Sea chemocline (Coolen et al., 2007; Lam et al., 2007), which is likely due to their
high a�nity to ammonia and potentially, low oxygen requirement (Martens-Habbena
et al., 2009).

Function of polar head groups. Di�erent head group structures also signi�cantly
vary in their properties and functions. For example, the size of polar head groups di�ers
considerably between di�erent structural types, which has implications for the pack-
ing and organization and consequently for the physical properties of the membrane
(Dowhan, 1997; Dowhan and Bogdanov, 2002). When small head groups are bound
to large hydrophobic side chains, nonbilayer lipids are formed that are involved in
generating membrane curvature. Other functions of nonbilayer forming lipids are stabi-
lization of proteins, providing nonleaky discontinuity in the bilayer structure, supporting
movement of macromolecules through the membrane, and to enable membrane vesicle
formation during cell division (see review by Dowhan, 1997). Moreover, di�erent polar
head groups have di�erent ionic characters, i.e., zwitterionic or anionic, at physiological
pH. Of the phosphate-based head groups, phosphatidylethanolamine (PE), phosphatidyl-
(N )-methylethanolamine (PME), phosphatidyl-(N,N )-dimethylethanolamine (PDME),
and phosphatidylcholine (PC) represent zwitterionic lipids, while others such as phos-
phatidylglycerol (PG), diphosphatidylglycerol (DPG), and phosphatidyl inositol (PI) are
anionic. The type of ionic head group in�uences the physiological and physical mem-
brane properties and helps to maintain the optimal activity of major integral proteins
(Dowhan, 1997).

Membrane lipid adaptation. An intriguing feature of bacteria and archaea is their
ability to grow and thrive under a wide range of environmental conditions. In order
to regulate membrane functioning under di�erent conditions, such as variations in
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temperature, salinity, pH and hydrostatic pressure, microorganisms adapt both the
polar head group and the apolar core lipid composition (Beney and Gervais, 2001). For
example, bacteria respond to growth at higher temperatures by increasing the length of
the fatty acyl chains, changing the ratio of iso to anteiso branching, or by increasing
the degree of unsaturation (cf. Zhang and Rock, 2008). Moreover, higher proportions of
phosphatidylglycerol (PG) head groups in expense of phosphatidylethanolamine (PE)
have been observed (e.g., Hasegawa et al., 1980), but changes in the polar head group
composition are generally minor compared to changes in the core lipid composition at
di�erent temperatures (Russell et al., 1995). The increasing proportions of higher-melting
lipids at higher temperatures result in a lower passive permeability of the membrane
and keeps it in a liquid crystalline state (Suutari and Laakso, 1994). The response of
archaeal membrane lipid compositions to temperature is also well studied. At increasing
temperatures, thermophilic archaea increase the average number of cyclopentyl moieties
in their isoprenoid side chains, while the temperature-cyclization relationship is distinct
for di�erent species (De Rosa et al., 1980; Gliozzi et al., 1983; Uda et al., 2001). Moreover,
phospho-based head groups are substituted by glycosidic compounds (e.g., Shimada et al.,
2008). These adaptations result in tight and rigid lipid packing and induce extremely low
proton permeation required at high temperatures (Komatsu and Chong, 1998). In contrast,
at cold temperatures, the psychrophilic methanogen Methanococcoides burtonii has been
shown to increase the abundance of lipid unsaturation in order to keep the membrane
in a liquid crystalline state and to help maintaining normal membrane function (Nichols
et al., 2004). In acidic environments both archaea and bacteria use adaptations similar to
those at high temperatures (Gabriel and Chong, 2000; Shimada et al., 2008; Zhang and
Rock, 2008).

At high salt concentrations, adaptation of the polar head group and core lipids seems
to be of equal importance. In order to keep cell integrity and �uidity intact under high
ionic strength, halophilic archaea as well as bacteria increase the amount of anionic
lipids such as phosphatidylglycerol phosphate (PGP), methylated-PGP (Me-PGP), PG and
sulfated glycosidic based intact polar lipids in their membranes, while neutrally charged
species, such as PE and PC decrease in concentration (Kushwaha et al., 1982; Vreeland,
1987; Russell, 1989; Kates, 1993a; Ventosa et al., 1998; Oren, 2002b). The synthesis of a
high density of negative charges on the surface of membranes at high salt concentrations
brings the advantage that the negative charges on the polar head groups are shielded
by the high ionic concentration. This prevents disruption of the lipid bilayers due to
charge-repulsive forces and provides a charge-stabilized lipid bilayer (Kates, 1993a).
Besides head group adaptations, structural modi�cations of the apolar core lipids have
been shown to be important adjustments in halophiles as the interaction of polar head
groups and apolar side chains signi�cantly in�uences the geometry and size of the IPLs
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(Russell, 1989). For example, Dawson et al. (2012) showed higher degrees of unsaturation
in archaeal isolates that have higher salinity optima. Similarly, bacteria increase the
relative proportions of unsaturated fatty acids at high salt concentration, which enhances
membrane �uidity as well as permeability (Russell, 1989).

Additionally, nutrient limitation a�ects lipid compositions, which is well known for
bacteria and eukaryotes (e.g., Suutari and Laakso, 1994; Van Mooy et al., 2006). For
instance, in cyanobacteria grown under phosphate limitation, phosphate based head
groups have been shown to be substituted by either phosphate-free sulfate-based or
amino-based head groups (e.g., Benning et al., 1995). The in�uence of nutrient lim-
itation on lipid composition in archaea is less constrained. However, recent studies
revealed that the thermophilic methanogen Methanococcus thermautotrophicus accumu-
lates glycolipids relative to phospholipids during nutrient-limited growth (Yoshinaga
et al., 2015a).

I.2.2. Membrane lipids as proxies for modern and ancient environments

I.2.2.1. Microbial lipids as life markers

Structural lipid diversity in natural samples (Figure I.5) is linked to both species diversity
and the community’s adaptation to certain environmental conditions. For IPLs outside
living cells, it is generally assumed that they are quickly degraded (White et al., 1979;
Harvey et al., 1986), which, generally, makes them good indicators for living cells. In
a variety of aquatic environments, microbial IPLs have been successfully used for the
study of microbial ecology and biogeochemistry. These environments include marine
sediments (e.g., Rütters et al., 2002; Zink et al., 2003; Sturt et al., 2004; Biddle et al., 2006;
Lipp et al., 2008; Lipp and Hinrichs, 2009; Seidel et al., 2012), cold seeps (Rossel et al., 2008;
Yoshinaga et al., 2015b), hot springs (e.g., Schubotz et al., 2013), and the marine water
column (e.g., Schubotz et al., 2009; Van Mooy et al., 2009; Popendorf et al., 2011; Schouten
et al., 2012; Basse et al., 2014). Based on IPL analysis of globally distributed samples
from deeply buried sediments, it has for example been proposed that archaea are the
dominant prokaryotes in the marine deep biosphere (Lipp et al., 2008), which contradicts
earlier gene-based investigations (e.g., Schippers et al., 2005). However, recent studies
revealed evidence that the turnover time of the lipids outside living cells is strongly
dependent on their structural properties (Logemann et al., 2011). Whereas intact lipids
containing ester-bound moieties are rapidly degraded by microbes, ether-bound moieties,
such as archaeal and bacterial diether and archaeal tetraether lipids, can even survive
early diagenesis and thus contribute to the recalcitrant organic matter in deeply buried
sediments (Logemann et al., 2011; Xie et al., 2013). Thus, the di�erentiation between
intact and fossil signal in marine sediments is a �ne line (cf. Pearson, 2008) and especially
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Figure I.5. Structures of archaeal and bacterial core lipids and associated polar head groups
typically found in the marine environment. For archaeal ether lipids the different basic structures
are composed of two isoprenoid units X and Y or A and B, whichmay be interchangedwith respect
to their positions at sn-2 and sn-3 of glycerol. For the basic structure of a GDGT both the anti-
parallel and parallel configurations (regioisomer) are drawn. The vast number of combinations
of these components gives rise to many structural isomers. More structures are possible. For
bacterial core lipids the diversity is even higher due to highly variable chain lengths and degrees
of unsaturations in the fatty acid and alkyl side chains.

the sedimentary IPL signal has to be carefully evaluated in order to distinguish signals of

live and fossil microbial communities. Environmental IPL studies therefore benefit from

complementary biomarker approaches as well as from the search for new biomarkers

that can be applied as rigorous life markers.
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I.2.2.2. From bio- to geomolecules – Microbial lipids as proxies for

paleoenvironments

Organic matter of biogenic origin including lipids preserved in aquatic sediments can
provide a record of planktonic productivity as well as the environmental conditions
during deposition, since degradation products of intact lipid molecules are stable over
geological timescales (e.g., Brocks and Summons, 2003). Lipid-based molecular fossils
were found back to the late Archean (ca. 2.7 billion years; Waldbauer et al., 2009), demon-
strating their exceptional preservation potential. Since structural modi�cations of the
lipids over time are well studied, it is possible to utilize structures, functions, and phylo-
genetic distributions of modern biomolecules to predict their role in fossil ecosystems.
Based on this knowledge, the biomarker-centric tree of life has been constructed, which
provides an outstanding tool for the study of ancient microbial life and environmental
conditions (Brocks and Pearson, 2005; Gaines et al., 2009). The most valuable biomarkers
are taxonomically speci�c, carry environmental information and are resistant against
degradation during early diagenesis. In paleoceanography, several proxies have been
developed to reconstruct past environmental conditions such as ocean surface temper-
ature, salinity, paleoproductivity, soil input, changes in vegetation, and precipitation
patterns (e.g., Eglinton and Eglinton, 2008). These proxies use either lipid biomarker
structures, abundances, ratios or stable isotope compositions. Sources of selected lipids
used for paleoenvironmental reconstructions are shown in Figure I.6.

A prime concern in paleoceanography is the reconstruction of sea surface temperature
(SST). The oceans in�uence climate on a global scale and heat exchange between the
ocean’s surface and the atmosphere is crucial to both oceanic and atmospheric circulation
patterns. Moreover, it is essential to understand past climate variability in order to predict
future climate change, which is highly debated at present (IPCC, 2014). Two established
biomarker SST proxies have been developed: the UK′

37 index (Unsaturated Ketones with
37 carbon atoms), which is based on the relative distribution of long chain alkenones
mainly produced by the haptophyte algae Emiliania huxleyi (Brassell et al., 1986; Prahl
and Wakeham, 1987) and the TEX86 (Tetraether IndeX with 86 carbon atoms), based on
the relative abundance of core isoprenoid GDGTs biosynthesized by planktonic AOA
(Schouten et al., 2002). While the general concept of GDGT cyclization as adaptation to
temperature is well established for cultivated thermophilic archaea (see section I.2.1.2.),
the role of alkenones in haptophyte physiology is still uncertain, although energy
storage has been suggested (Eltgroth et al., 2005). These lipid based proxies bring the
advantage that they provide SST estimates independent of initial seawater chemistry
and, compared with carbonate microfossils, are less subjected to overprinting e�ects of
diagenesis. Both paleothermometers are based on the observation that di�erences in the
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Figure I.6. Sources of selected archaeal and eukaryotal lipids in the marine environment used for
the reconstruction of paleoenvironmental conditions. Figure modified after Liu (2011), landscape
modified after Jørgensen and Boetius (2007).

relative abundances of the proxy relevant lipids are strongly correlated to sea surface

temperature. The UK′
37 SST proxy is expressed as:

UK′
37 =

[C37:2alkenone]

[GDGT-1]+ [C37:2alkenone]+ [C37:3alkenone]
(Eq. 1)

and converted into temperature using global (e.g., Müller et al., 1998a; Conte et al.,

2006) or regional (e.g., Leider et al., 2010) core-top calibrations. The TEX86 SST proxy is

expressed as:

TEXH
86 =

[GDGT-2]+ [GDGT-3]+ [GDGT-5’]

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

where the number indicates the number of cyclopentyl rings in the GDGT and GDGT-5’

corresponds to the crenarchaeol regioisomer. Similarly to UK′
37 , TEX86, is converted into

SST by using global or regional core-top calibrations (Figure I.7; e.g., Schouten et al.,

2002; Kim et al., 2008). However, derivation of distinct calibration lines for high and

low temperatures have been observed and separate calibrations were proposed (TEXH
86,

TEXL
86; Kim et al., 2010). More recently, Tierney and Tingley (2014) developed a Bayesian
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regression approach to the TEX86-SST calibration, which considers uncertainties and

likely provides best SST estimates.

Another SST proxy that was recently proposed is the long chain diol index (LDI

Rampen et al., 2012), which is based on the relative distribution of long chain diols,

presumably produced by eustigmatophyte algae (Volkman et al., 1992; Versteegh and

de Leeuw, 1997):

LDI =
[C301,15 diol]

[C281,13 diol]+ [C301,13 diol]+ [C301,15 diol]
(Eq. 3)

The empirical calibration of this ratio with sea surface seems promising, but due to

the recent development the amount of available data is still limited (Rampen et al., 2012).

Figure I.7. Satellite derived sea surface temperature versus TEX86 from globally distributed
sediment core-top data (Kim et al., 2010) separated by latitude after Pearson and Ingalls (2013).
Additionally shown are the major TEX86 calibration lines. Since TEX86 uses different GDGT
components than TEX86, it was converted to fit on the TEX86 as described by Pearson and Ingalls
(2013).

Although the SST proxies have been widely applied in various marine settings, each

proxy has its limitations, such as alteration by selective degradation and diagenesis (e.g.,

Hoefs et al., 1998; Schouten et al., 2004; Kim et al., 2009) or vulnerability to transport and

re-deposition (e.g., Ohkouchi et al., 2002; Mollenhauer et al., 2003). Moreover, culture

experiments with different haptophytes revealed the alteration of the alkenone distribu-

tion with changing light intensity, cell division rate, salinity and nutrient concentration

(Epstein et al., 1998; Versteegh et al., 2001; Prahl et al., 2003; Ono et al., 2012). The

influence of physiology and environment on TEX86 in cultures of marine AOA has not

been systematically studied, but likely influences the TEX86 signal as well (Pearson and
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Ingalls, 2013). For example, a recent study by Elling et al. (2014) revealed that the TEX86

varies with growth phase of Nitrosopumilus maritimus, which is so far the only available
marine AOA isolate, indicating that the metabolic state impacts the GDGT cyclization.
Other largely unconstrained variables are contributions from other archaea to the GDGT
pool, e.g., planktonic Euryarchaeota (Turich et al., 2007; Lincoln et al., 2014b) and benthic
archaea (Lipp and Hinrichs, 2009; Xie et al., 2013). Age o�sets between crenarchaeol,
which is solely produced by AOA, and the crenarchaeol regioisomer observed by Shah
et al. (2008) suggest a mixed origin of GDGTs in marine sediments. The mechanism
behind the correlation between LDI and temperature, the exact biological source and
the e�ect of environmental factors on the LDI is not constrained and requires further
investigations (cf. Rampen et al., 2012). To overcome uncertainties of the proxies, the use
of more than one paleotemperature proxy within a marine sediment record is recom-
mended. This allows for example to verify the consistency of results between di�erent
methods and to overcome ecological biases of the signal producers.

I.2.3. Respiratory quinones – structure, function and biomarker potential

In addition to IPLs and core lipids, the analysis of respiratory quinone composition can
be used as indicator for microbial biomass and community composition and additionally
provides information on the redox state of the microbial community (Hedrick and White,
1986; Hiraishi and Kato, 1999). Respiratory quinones represent a diverse group of lipids
that play essential roles in electron and proton transport. As part of the respiratory
transport chain, they are for example involved in the generation of the proton motive
force during both aerobic and anaerobic respiration and they are important components
in photosynthetic transport systems (Madigan et al., 2011). Quinones are mainly located
within the cytoplasmic membrane (Figure I.8; Quinn, 2012) and are composed of a
cyclic polar head group containing two keto-groups and a head-to-tail linked apolar
isoprenoid side chain, which usually comprises 4 to 14 isoprenoid units (Figure I.9;
Collins and Jones, 1981). The polar head groups can interact with the hydrophilic parts
of proteins, while the small size of quinone molecules and the lipid-soluble character of
the isoprenoid side chain enables movement through the membrane. These properties
enable the transfer of electrons and protons between protein complexes (Nowicka and
Kruk, 2010). The transport occurs via reduction and oxidation of the quinone/quinol
couple (Figure I.8). Substantial di�erences in the redox potentials of the di�erent quinone
types have been observed (Figure I.9), i.e., high potential ubi- (UQ), plasto- (PQ) or
caldariellaquinones (CQ), low potential menaquinones (MK) as well as quinones of
intermediate potential, such as demethylmenaquinones (DMK; Hedrick and White, 1986;
Wissenbach et al., 1990; Bekker et al., 2007; Nowicka and Kruk, 2010). Besides central

22



I.2. The lipid biomarker concept

roles in transport systems, quinones are suggested to contribute to membrane adaptation

to physiological stress. For example, Sévin and Sauer (2014) observed the accumulation

of UQ in Escherichia coli grown at increased salt concentration and suggest that UQs

containing >8 isoprenoid units function to enhance membrane stability in response to

osmotic stress. Thus, quinones appear essential for a holistic understanding of membrane

properties in microorganisms.

Figure I.8. Respiratory quinones in the cytoplasmic membrane. One respiratory protein complex
transfers electrons and protons to the quinone (Q), which becomes reduced forming the quinol
(QH2). Another protein complex then accepts electrons and protons from QH2. The yellow dot
with the red tail within the phospholipid bilayer indicates the mobile character of quinones.
UQs with ≥ 6 isoprenoid units have further been shown to be located in the mid plane of the
membrane (Quinn, 2012) and they might be involved in membrane stabilization as response
to osmotic stress (Sévin and Sauer, 2014). The structures of oxidized and reduced forms of a
ubiquinone are shown at the bottom. The complete reduction of the quinone requires 2e− and
2H+ (dashed red circle). R = isoprenoid side chain. Figure modified after Madigan et al. (2011),
Kellermann (2012), and Clarke et al. (2014).

Respiratory quinones occur in almost all organisms, except for some obligatory fer-

mentative bacteria (Collins and Jones, 1981) and methanogens (e.g., Thauer et al., 2008)

and the type of quinone present in an organism is determined both by phylogeny and,

due to their distinct redox potentials, also by the operating respiratory pathway (Collins

and Jones, 1981; Bekker et al., 2007; Nowicka and Kruk, 2010). While microbes utilizing

O2 and nitrite mainly contain UQs, most anaerobic and facultative anaerobic prokary-

otes predominantly synthesize MKs. Bacterial and eukaryotic photosynthetic organisms
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contain neither UQs or MKs that are typically present in anaerobes, but phylloquinone

(Vitamin K1), which is involved in electron transfer in photosystem I, and PQ, which

is involved in in electron transfer in photosystem II. Besides the head groups, the side

chain structures are of considerable value in classification, as they not only differ in

length but also in the degree of unsaturation (Collins and Jones, 1981).
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Figure I.9. Structures and midpoint redox potentials (E
′
0 at pH 7) of selected respiratory quinone

classes as well as methanophenazine, an electron carrier in Methanosarcinales. The length
and degree of unsaturation of the isoprenoid side chains of quinones may vary from 4 to 14
isoprenoid units and completely saturated to fully unsaturated, respectively. Abbreviations: DMK,
Demethylmenaquinone; MK,Menaquinone; MMK,Methylmenaquinone; MP:Methanophenazine;
CQ, Caldariellaquinone; PQ, Plastoquinone; UQ, Ubiquinone. Vitamin K1 = phylloquinone.

While the quinone composition in bacteria has been investigated in great detail (cf.

Collins and Jones, 1981), the distribution of quinones in archaea is much less constrained

(De Rosa et al., 1988). Studies on the quinone content in the archaeal domain have been

restricted to halophiles, thermophiles and methanogens, while studies on the quinone

content of the Thaumarchaeota has not been performed, although a central role of

quinones in current models of the respiratory pathway for ammonia oxidation has been

proposed (Walker et al., 2010; Stahl and de la Torre, 2012). In contrast to bacteria and

eukaryotes, which contain polyunsaturated quinones (typically one double bond per

isoprenoid unit or partially saturated compounds), many thermophilic archaea have been

shown to produce fully saturated quinone compounds (Collins and Jones, 1981; Tindall et

al., 1989; Hiraishi and Kato, 1999). However, the quinone composition of archaea revealed
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a large structural diversity with specialized compounds in some lineages. For example, ar-
chaea from the order Sulfolobales contain quinones with an additional sulfur-containing
heterocyclic ring, such as CQ, and it was suggested that its synthesis occurred as an
adaptation to aerobic environments, due to the higher redox potential compared to MKs
(Figure I.9; De Rosa et al., 1977). The thermoacidophile Thermoplasma acidophilum has
further been shown to contain characteristic polyunsaturated methylated MKs (Shimada
et al., 2001), while halophilic archaea exclusively contain polyunsaturated MKs (Collins
and Jones, 1981), the latter likely having acquired quinone biosynthesis genes from
bacteria via lateral gene transfer (Nelson-Sathi et al., 2012). In methanogens, respiratory
quinones have not been detected; instead, representatives of the order Methanosarcinales

contain the functional quinone analogue methanophenazine, an electron carrier directly
involved in methanogenesis (Figure I.9; Abken et al., 1998).

Due to the physiological importance of isoprenoid quinones as well as their large
structural diversity and taxonomic speci�city, quinones likely provide valuable com-
plementary information to other biomarker approaches, but applications of quinone
analysis to marine environments are still very limited (Hedrick and White, 1986; Urakawa
et al., 2000; Urakawa et al., 2001; Villanueva et al., 2010; Kunihiro et al., 2014) and are even
lacking for the marine water column. Moreover, archaeal quinones have not been re-
ported from any natural environment although their distribution patterns might help to
constrain archaeal source organisms. Since additionally redox conditions and metabolism
are major controls on the occurrence and relative abundance of speci�c quinones in
microorganisms (Hedrick and White, 1986; Wissenbach et al., 1990; Bekker et al., 2007;
Nowicka and Kruk, 2010), quinone-pro�ling likely contains an additional functional
dimension to the quantitative aspects of for example IPL analysis.

The turnover times for respiratory quinones in marine environments have not been
studied yet, although incubation experiments by Hedrick and White (1986) indicate
rapid changes of the quinone distribution within a few days. This suggests that quinones
represent reasonable life markers, but further investigations on the post-depositional
behavior are required to use quinones as rigorous biomarkers especially in marine
sediments.

I.2.4. Stable carbon isotopes of lipid biomarkers

The determination of compound-speci�c stable isotope ratios, especially those of carbon
and hydrogen, of biologically produced organic molecules comprise an additional and
important source of information for the reconstruction of modern and past environments.
For carbon isotopes, the ratio of 12C to 13C depends on the isotopic composition of
the utilized substrate, the isotopic fractionation associated with carbon assimilation,
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metabolism and biosynthesis, and cellular carbon budgets (Hayes, 1993). Organisms

typically discriminate against the heavier isotope since bonds formed by the lighter

isotopes of an element are weaker, and thus react faster than bonds formed by the heavy

isotopes. This results in progressive enrichment of 13C in the precursor, while the end

product, i.e., lipids, becomes depleted in 13C (cf. Hayes, 2001). The extent of this kinetic

isotope effect is further dependent on the carbon fixing enzymes used by an organism,

and differences in the stable carbon isotope fractionation in different archaea and bacteria

can be assigned to different carbon fixation pathways (Hayes, 2001; House et al., 2003;

Pearson, 2010). Generally, organisms assimilating C1 compounds (CO2, CH4) have large

fractionation effects, whereas only little fractionation is observed during heterotrophy,

and the carbon isotopic composition of biomass and lipids broadly reflects its carbon

source (DeNiro and Epstein, 1976; Hayes, 1993). This knowledge has been transferred



Figure I.10. Ranges of δ13C values of selected archaeal (red), bacterial (blue), and eukaryotal
(green) organisms as well as inorganic and organic carbon substrates (gray). Since stable isotope
fractionations are small and for a better comparison they are expressed in per mil as the difference
from the 13C/12C ratio of a standard, which is defined as 0� (usually Vienna PeeDee Belemnite).
Figure adapted from Gaines et al. (2009) and Blumenberg (2010).

to the analysis of environmental samples, such as marine sediments. Carbon isotopic

analysis of microbial biomolecules and their organic substrates has been used as a tool

to reveal microbial metabolic pathways of carbon assimilation in modern systems and

also helped to infer past microbial processes. The range of carbon isotopic compositions

of different carbon reservoirs and organisms found in the marine environment is shown

in Figure I.10. For example, the discovery of the elusive microbial communities that

oxidize methane in anoxic marine sediments was based on the analysis of stable carbon

isotopes, which revealed highly depleted δ13C values of archaeal lipids (e.g., archaeol,

OH-archaeol and crocetane) and were associated to strong fractionation during the

uptake of methane (Elvert et al., 1999; Hinrichs et al., 1999).
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I.3. Microbial lipid analysis

Microbial lipid analysis in this thesis was performed on samples obtained from marine

sediments, the marine water column and pure cultures of archaea. All samples were

immediately frozen at either −20 or −80 ◦C after recovery to avoid degradation of IPLs

or post-collection growth of non-indigenous microorganisms (cf. Lin et al., 2010). Lipids

were extracted using a modified Bligh and Dyer protocol, which has been developed to

extract both archaeal and bacterial/eukaryotic IPLs (Sturt et al., 2004). For identification

and quantification, the resulting total lipid extract (TLE) was either measured directly by

high performance liquid chromatography coupled to mass spectrometry (HPLC–MS) or

further separated into different lipid classes by semi-preparative HPLC before analysis.

For intramolecular isotopic analysis of IPLs and tetraether core lipids, cleavage reactions

were further necessary to obtain GC-amenable compounds (Figure I.11). In the following

sections the different analytical techniques relevant for this thesis are described in detail.

Figure I.11. Flow chart of the major laboratory steps. Bligh and Dyer extracted samples were
measured by HPLC–MS to determine lipid concentration and distribution. For intramolecular sta-
ble carbon isotope analysis, the TLE was subjected to normal- and reverse phase semi-preparative
HPLC to obtain individual core lipid and IPL fractions and break-down products were analyzed
by GC after acid hydrolysis and/or ether cleavage reactions. Representative structures of target
compounds and break-down products for each step are also shown (cf. Figure I.5).
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I.3.1. Analytical techniques

Analytical techniques, such as gas and liquid chromatography-based methods, build the

basis for lipid biomarker analysis and determine the amount of information that can be

gleaned from a natural sample. The most important goal for chromatographic techniques,

such as chromatography, is information per unit time at a resolution adequate to separate

the components of interest. Moreover, in order to capture the full diversity of lipids, highly

sensitive methods are required and for different target compounds different analytical

protocols are to be used (Figure I.12). Mass spectrometry has emerged as a powerful

tool for the quantitative and qualitative analysis of lipids and enables detailed structural

elucidation of complex lipids when combined with gas or liquid chromatography–mass

spectrometry.

Figure I.12. Venn diagram showing the overlap of lipids detectable by GC–MS, HPLC–APCI-MS
and HPLC–ESI-MS (modified after You et al., 2014). For HPLC–MSmethods the separation column
is denoted since the analytical window is strongly dependent on the choice of chromatographic
conditions.

I.3.1.1. Gas chromatography-based methods

The most commonly used chromatographic technique in organic geochemistry is gas

chromatography, which facilitates the separation, detection and quantification of indi-

vidual compounds in complex mixtures such as extracts from marine sediments. One

requirement for GC-based analysis is that the target compounds are easily transferred

into the gaseous phase. The general principle of GC separation is the partitioning of

analytes between a mobile gaseous phase and a liquid stationary phase at temperatures

above their boiling points. Most GC-columns are used in a thermostat-regulated oven

and can be heated up to 400 ◦C, which limits this techniques to analysis of analytes

with lower boiling points. Detection of compounds is mainly achieved by either flame
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ionization detection (FID) or mass spectrometry (MS). While FID provides quantities of
target compounds but is indiscriminate of the type of analyte, MS-based detection addi-
tionally provides rich information on structure and molecular mass. GC-based methods
are used for the quanti�cation and identi�cation of a diverse array of compounds, such
as n-alkanes, fatty acids and alcohols including sterols and hopanols in a mass range
of ca. 50-700 Da. The commonly applied methods allow chromatographic separation of
compounds with minor structural di�erences such as n-alkyl lipids with di�erent degrees
of unsaturation as well as structural isomers, e.g., cis- and trans-isomers and iso and
anteiso branching patterns of fatty acids analyzed as methyl esters, which are valuable
biomarkers for chemotaxonomy (e.g., Volkman et al., 1998). However, GC-based methods
are not suitable for high molecular weight compounds such as IPLs and GDGT core lipids
and therefore alternative instrumental approach are required for their separation and
identi�cation in mixtures. Attempts to analyze more polar and high molecular weight
compounds (e.g., core GDGTs) by GC were made in the past by using high-temperature
GC (Nichols et al., 1993; Weijers et al., 2006; Pancost et al., 2008). However, such methods
are not routinely applied because they are laborious and impacted by various constraints.
For example, GDGTs containing OH groups in the biphytane chain are not thermostable
if analyzed with GC and the chromatographic resolution is generally worse than that
for HPLC methods.

I.3.1.2. Liquid chromatography-based methods

Liquid chromatography. Traditionally, the study of membrane lipids as biomarkers
in modern prokaryotic ecosystems has focused on derivatives of the original membrane
lipids formed by breakdown of the polar precursor (e.g., Langworthy et al., 1972; White
et al., 1979; Guckert, 1985) largely through the application of GC. Consequently, the polar
lipid sources of core lipids and fatty acids have largely escaped detailed examination,
since IPLs are not amenable to GC analysis. However, IPLs are taxonomically more
speci�c than their constituent fatty acids (Fang et al., 2000; Rütters et al., 2002) and
hence, more comprehensive and speci�c information can be obtained by their direct
analysis. The original methods for detecting and identifying such high molecular weight
lipids mainly relied on thin layer chromatography (TLC) and the subsequent infrared or
nuclear magnetic resonance (NMR) spectrometric analysis of the isolated compounds
(e.g., Langworthy, 1977). However, this approach is not practicable for most samples
from natural environments such as sediments due to complex sample matrices that
complicates isolation of pure compounds. Moreover, large sample volumes are generally
required, which is often not feasible for sample screening.

The development of high performance liquid chromatography–electrospray ionization-
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mass spectrometry (HPLC–ESI-MS) for direct analysis of intact phospho- and glycolipids
(Rütters et al., 2002; Sturt et al., 2004) revolutionized the use of IPLs as biomarkers for
studying active microbial communities in samples from the natural environment. These
methods separate IPLs of complex mixtures by their di�ering polar head groups and
recent studies employing this technique have revealed a broad molecular diversity of
IPLs for both eukaryotic and prokaryotic microbes (e.g., glycolipids, betaine lipids) in
marine environments that extends far beyond the more commonly known phospholipids
(Rütters et al., 2002; Zink et al., 2003; Sturt et al., 2004; Suzumura, 2005; Van Mooy et al.,
2006; Schubotz et al., 2009; Van Mooy et al., 2009). However, in order to acquire detailed
information on core lipid (e.g., cyclopentylation) and fatty acid side chain structure
(e.g., iso and anteiso branching pattern), hydrolysis of IPLs and subsequent GC analysis
are still necessary as such details cannot be resolved with HPLC–ESI-MS methods, and
consequently individual identi�cation and quanti�cation is currently impossible.

Due to the large size of core GDGTs (>1000 Da), they were initially analyzed by GC–MS
as biphytanes after ether cleavage of the molecules (e.g., Michaelis and Albrecht, 1979;
Chappe et al., 1982; Schouten et al., 1998). Nowadays, the direct analysis of core GDGTs
is achieved by HPLC–MS but instead of ESI, atmospheric pressure chemical ionization
(APCI) is typically used. Hopmans et al. (2000) established HPLC–APCI-MS for direct
analysis, and research on the environmental occurrence and geochemical importance
of GDGTs greatly expanded since this important analytical advancement. For example,
the detection and identi�cation of crenarchaeol (Sinninghe Damsté et al., 2002) and
non-isoprenoid branched GDGTs (B-GDGTs) of bacterial origin (Sinninghe Damsté et al.,
2000) has been facilitated by HPLC–APCI-MS. Detailed studies on the distribution of
these GDGTs in marine sediments and soils showed that they carry information on
environmental parameters such as SST (Schouten et al., 2002), soil organic matter input
(Hopmans et al., 2004), and soil pH and mean air temperature (Weijers et al., 2007). These
proxies based on GDGT distributions are now widely applied in paleoenvironmental
studies. Moreover, the extension and improvement of these methods aided further
discovery of a multitude of novel GDGT compounds such as B-GDGTs containing higher
(OB-GDGTs) and lower (SB-GDGTs) degrees of methylation (Liu et al., 2012c) as well as
hybrid isoprenoid/branched GDGTs (IB-GDGTs; Schouten et al., 2000; Liu et al., 2012c).
Although the biological source for many of these lipids is still unknown, their widespread
occurrence in the marine environment suggests a signi�cant role of the signal producers
(Schouten et al., 2000; Liu et al., 2012c, 2014; Xie et al., 2014).

However, the methods for both IPL and core lipid analysis still have their limitations.
Despite the recent advances, the diversity of structures, properties and the wide range
of concentrations in environmental samples often requires a combination of comple-
mentary protocols to fully characterize a sample. The overall work�ow is thus rather
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complex, time-consuming and susceptible to errors induced by sample preparation steps
necessary before analysis, such as separation of free core lipids from IPLs and hydrolysis
of polar head groups. Another concern is the incomplete separation of isomers of core
GDGTs by applying the conventional HPLC–APCI methods. The presence of several
isomers of both B-GDGTs as well as isoprenoid GDGTs, which partly co-elute with
the original compounds, have been widely observed (Weijers et al., 2007; Pitcher et al.,
2009a; Sinninghe Damsté et al., 2012) and initiated the improvement of chromatographic
separation of speci�c B-GDGT isomers (Zech et al., 2012; Becker et al., 2013; De Jonge
et al., 2013).

The availability of new modes of separation, for instance separation columns contain-
ing sub-2 µm particles with alternative stationary phases, such as hydrophilic interaction
liquid chromatography (HILIC) or reversed phase (RP) applied in ultra-high performance
liquid chromatography (UHPLC), resulted in higher chromatographic separation and
enables separation of previously co-eluting compounds. The latter method o�ers the
unique possibility to analyze IPLs and core lipids in the same chromatographic run
(Wörmer et al., 2013). This method is further suitable for separation of IPLs based on
side chain length, degree of saturation and/or presence of acyl/ether bonds that were
previously inaccessible using the initial normal phase methods for IPL analysis. Modi�-
cations of this RP method by using a di�erent separation column (C18 RP column) even
allows explicit determination of IPL-speci�c TEX86 and ring index and thus provides
new insights into diagenetic and biological mechanisms inherent to these proxies (Zhu
et al., 2013a). These developments have opened up new analytical avenues and revealed
novel biomarkers valuable for proxy development, such as archaeal core and intact
GDGTs containing unsaturations in the isoprenoid side chain, which are likely produced
by uncultivated anaerobic planktonic and benthic archaea (Zhu et al., 2014b).

Mass spectrometry. In addition to the new modes of chromatographic separation
the improved methods also employ state-of-the-art, high accuracy MS o�ering highly
sensitive analysis as well as detailed structural information. A variety of di�erent mass
analyzers have been employed for lipid analysis, including quadrupole, ion-trap, time-
of-�ight and Fourier transform (FT) analyzers, which discriminate on the basis of the
mass to charge ratio (m/z) of the detected analyte. Single quadrupole MS systems are
well suited for routine analysis of known compounds at low detection limits, especially
in selected ion monitoring (SIM) mode. This MS technique is most commonly applied
for analysis of core GDGTs and is ideal for the determination of their related proxies (cf.
Schouten et al., 2013b). One limitation of single quadrupole MS arises from the use of
only a single stage of mass spectrometric analysis. Thus, the lipids are only assigned on
the basis of their retention times and the m/z of protonated molecules, but structural
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Figure I.13. Lipid analysis and identification. (a) RP-UHPLC–ESI-qToF-MS density map (x = time,
y = m/z, z = intensity) showing elution order and m/z of archaeal (red) and bacterial (blue) lipids
in positive ionization mode in sample M84/1, GeoB15102-3, 3570 mbsl. This sample originates
from the brine-seawater interface from the deep-sea hypersaline Discovery Basin in the Eastern
Mediterranean. IPLs and core lipids can be detected in one analysis. Compounds are mainly
separated by chain hydrophobicity and most bacterial phospholipids elute closely together, but
IPLs with the same head group are separated according to side chain structure (Wörmer et al.,
2013, e.g., chain length, degree of saturation or the presence of ether instead of ester bonds; cf.).
(b) Extracted ion chromatograms (EIC) of the bacterial IPL PC-C32:0DAG and the archaeal IPL
1G-GDGT-0 using an isolation width of 10 mDa of their exact masses. (c) Multiple stage mass
spectra (MS2) of PC-C32:0DAG and 1G-GDGT-0, respectively. Additionally, the corresponding
structures and the formation of major product ions are shown. Note that the mass range between
m/z 500-850 for the 1G-GDGT-0 spectrum is enlarged. Most IPLs typically lose their polar head
group from which a diagnostic neutral mass loss can be calculated (e.g., 1G, neutral loss of 162
Da). Other IPLs show a major ion representing the polar head group (e.g., PC, m/z at 184 Da).
For archaeal lipids additional information on side chain structures can be obtained from the
MS2 spectrum in positive ion mode, while for bacterial IPLs, negative ion mode is required for
information on fatty acid compositions.
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information from fragmentation of parent ions cannot be obtained. For IPLs, structure
elucidation by multiple stage MS (MSn) is extremely useful due to their large diversity and
high complexity and a widely applied technique for analysis of environmental samples is
ion trap-based MSn. The main advantage of the ion trap is the possibility of performing
data-dependent MSn where several consecutive fragmentation steps on a selected ion
are performed. This allows detailed structural characterization of IPLs by combining
information gained in positive and negative ionization modes (Figure I.13) by combining
information gained in positive and negative ionization modes (e.g., Rütters et al., 2002;
Sturt et al., 2004; Yoshinaga et al., 2011). Triple quadrupole MS probably provides the
most sensitive and selective method for targeted analysis currently available and thus
brings many advantages for quantitative analysis (e.g., lower limit of quanti�cation in
the fg range on column). This MS technology further o�ers specialized scan modes such
as the ability to perform multiple reaction monitoring, neutral loss-, and precursor ion-
scanning experiments, which not only provides quanti�cation at very high sensitivity
but also helps with identi�cation of structures. However, quadrupole-based MS is usually
limited to a mass accuracy of 0.1 Da and unit resolution. In contrast, instruments such
as the time-of-�ight (ToF) MS and the Fourier transform orbitrap MS typically provide
mass accuracies on the order of <5 ppm and a mass resolution in the range of tens to
hundreds of thousands, which can be obtained in both MS1 full scan and MS2 fragment
spectra. Therefore, these systems are ideal for screening and characterization of unknown
compounds. The recent advancements in MS technologies provide innovative analytical
solutions for di�erent tasks in environmental lipid pro�ling, especially in environments
with low biomass concentration and complex sample matrices, and will expand the
dynamic range of lipidome observations ultimately leading to a better understanding of
microbial life in the marine realm.
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Scope and Outline

This PhD thesis is connected with the interdisciplinary project ‘Deep subsurface Archaea:
carbon cycle, life strategies, and role in sedimentary ecosystems’ (DARCLIFE) which
started in April 2010 and was granted by the European Research Council (ERC) for
�ve years as Advanced Investigator grant to Professor Kai-Uwe Hinrichs. The main
objectives of this project are to get detailed information about the factors that control
the distribution of benthic archaea in marine sedimentary systems and their role within
the carbon cycle. This frontier research aimed to constrain the role of benthic archaea
in the Earth system and to examine the fundamental properties of life at minimum
energy. Within the framework of DARCLIFE, this thesis focused on the information
encoded in the distribution and isotopic composition of microbial membrane lipids in
environmental samples and archaeal cultures. The major goals were to develop advanced
chromatographic methods for lipid analysis as well as to investigate the biological origin
and fate of microbial lipids in the marine environment.

In a variety of aquatic environments, microbial membrane lipid analysis has been
successfully applied as markers in microbial ecology and biogeochemistry, including
marine sediments, cold seeps, hot springs and the marine water column. Additionally,
fossil lipids preserved in the sedimentary record are widely used for the reconstruction of
paleoenvironmental conditions such as the TEX86 for past SSTs, as the lipid distributions
re�ect the conditions of the time when community members have existed. In general,
however, most of the lipids are common to several phylogenetically related organisms
within a domain and lipid distribution patterns are a response to multiple environmental
variables and depend on the physiology of their producers. Consequently, their use
as biomarker molecules is often limited. Moreover, the degradation kinetics of IPLs
are not well constrained and the transition between bio- and geomolecules is blurry.
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This especially applies to marine sediments where deposits serve as an archive for
paleoenvironmental reconstructions, and at the same time provide habitat for a vast
number of active microbes. Hence the identi�cation of new biomarkers – which may
o�er greater taxonomic speci�city or additional information about life strategies – would
provide substantial advantage for the study of both modern microbial ecology and past
environmental conditions. Analytical techniques, such as HPLC–MS-based methods,
are the foundation for lipid biomarker analysis and essential for the discovery of new
biomarkers and the subsequent development of new proxies. However, the detection
of microbial life in systems with very low microbial activity and abundances, such as
the deep marine biosphere, is challenging, since existing methods often do not provide
the required low limit of detection. To overcome these problems and to capture the full
diversity of microbial lipids in the environment, highly sensitive and precise methods
are required.

II.1. Objectives

This thesis is guided by the following objectives:

1. To improve existing analytical methods for the analysis of ether core
lipids in environmental samples byusingnovelmodes of chromatographic
separation, to drastically lower limits of detection, to increase sensitivi-
ties, and to determine the structures of previously inaccessible compounds
by multiple stage mass spectrometry.

Chromatographic co-elution of core GDGTs isomers was observed in many HPLC
chromatograms when using existing methods. The incomplete separation likely
results from the similarity in the structures, so that component quanti�cation
is problematic, which is of particular concern for GDGT-based proxies, such as
the TEX86. Chromatographic separation of these compounds would allow a more
nuanced exploration of the distribution of these lipids in the environment and
might provide previously hidden clues regarding source organisms.
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2. To validate thenovel protocol for the determination of paleoenvironmental
proxies and to signi�cantly simplify the overall analytical work�ow for
these proxies.

The reconstruction of SSTs is a primary concern in paleoclimate research and
a variety of organic and inorganic proxies exist. The organic geochemical SST
proxies are organism-based and thus a�ected by the ecology of the signal produc-
ers. Consequently, other environmental variables than temperature, e.g., nutrient
availability, in�uence lipid distributions. Multiproxy approaches have been widely
applied to verify the consistency of results from di�erent proxies, but they typically
require more investment in time and resources, while being susceptible to errors
induced by sample preparation steps necessary before analysis. To reduce sources
of errors, simple and fast protocols are needed that additionally allow high sample
throughput in relatively short time.

3. To study the microbial ecology of the deep-sea hypersaline anoxic Dis-
covery Basin and underlying sediments, to determine signatures for dis-
tinct membrane lipid adaptations to this hostile environment, to exam-
ine what additional information can be gained from IPL and core lipid
analysis compared to other molecular techniques, and to investigate the
development of microbial life.

The Discovery Basin is one of the most extreme environments on our planet ex-
hibiting the highest concentration of Mg2+ found so far in the natural environment
in addition to anoxia, high hydrostatic pressure and no light. The conditions in the
Discovery Basin likely limit microbial life to the brine-seawater interface but still,
several studies revealed that microbial metabolism can proceed even at signi�cant
Mg2+ levels of up to 2.3 M in this system. Besides known halophilic archaea and
bacteria, the identi�ed microbial populations include distantly related microbes to
known phylogenetic clades, and thus this system provides a unique opportunity
to study microbial membrane lipid adaptations and to discover new biomarkers.
Distinct membrane lipid adaptation can be expected in response to the multiple
extremes. The high Mg2+ concentrations in the sediments likely result in excellent
preservation of molecular markers and sedimentary IPLs may thus provide a
record of microbial life biosignatures from times prior to the brine formation to
modern conditions.
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4. To examine the full potential of respiratory quinones as chemotaxonomic
marker for environmentally relevant archaeal groups, by studying the
quinone inventories in a range of cultivated archaea.

Quinones are membrane-bound lipids functioning as electron carriers in respira-
tory chains of almost all organisms. They have the potential to provide clues on
both the taxonomy of their producers and the redox processes these are mediating.
However, the quinone composition particularly in archaea is still fragmentary
limiting their use as rigorous biomarkers for organisms of this domain.

5. To examine the proxy potential of quinones for studying microbial res-
piration in the marine environment by determining the abundance and
diversity of microbial quinones in suspended particulate matter and sed-
iment samples from the Black Sea and by interpreting the quinone data
in the context of complementary information on geochemistry and IPLs.

The Black Sea is the World’s largest strati�ed marine basin and is separated
into oxic, suboxic, and euxinic zones and thus serves as redox gradient in which
microorganisms respire through a succession of redox reactions. Concerning this
distinct zonation and the well-studied microbial community composition, the Black
Sea serves as an ideal model ecosystem for studying microbial life. Thus, the utility
of quinones as proxies for the study of microbial ecology and biogeochemistry
can be ideally investigated at this site.

These objectives were addressed in total in six chapters. Chapters III and IV focus on
the improvement of analytical protocols for environmental lipid pro�ling and its appli-
cation to paleobiomarker studies and address objectives 1 and 2. Chapter V describes
novel presumably diagenetically produced compounds and their distribution in diverse
marine environments. Chapter VI addresses objective 3 and provides a comprehensive
study of microbial membrane lipids in the deep-sea hypersaline Discovery Basin. In
Chapter VII, we investigate the quinone inventories of 25 archaeal species belonging
to the archaeal phyla Eury- , Cren-, and Thaumarchaeota and in Chapter VIII, we per-
formed an in-depth analysis of respiratory quinones in the di�erent redox zones of the
Black Sea, to address objectives 4 and 5, respectively.

38



II.2. Contributions to publications

II.2. Contributions to publications

This PhD thesis includes the complete versions of six �rst-author manuscripts for publi-
cation in international journals (chapters III - VIII) of which two are shared �rst-author
manuscripts (chapters VII and VIII). All other co-author contributions are summarized
in the appendix together with manuscript abstracts.

Chapter III
An improved method for the analysis of archaeal and bacterial ether core lipids.

Kevin W. Becker, Julius S. Lipp, Chun Zhu, Xiao-Lei Liu and Kai-Uwe Hinrichs

Published in Organic Geochemistry, 2013, Vol. 61, pages 34-44.
doi: 10.1016/j.orggeochem.2013.05.007
© 2013 Elsevier Ltd. All rights reserved.

J.S.L. and K.-U.H designed the project; K.W.B. developed the method with help from
J.S.L and C.Z.; K.W.B. extracted, analyzed and evaluated lipid data with help from J.L.S.;
K.W.B. wrote the manuscript with contributions from all co-authors.

Chapter IV
Rapid and simultaneous analysis of three molecular sea surface temperature proxies and
application to sediments of the Sea of Marmara.

Kevin W. Becker, Julius S. Lipp, Gerard J.M. Versteegh, Lars Wörmer and Kai-Uwe
Hinrichs

Published in Organic Geochemistry, 2015, Vol. 85, pages 42-53.
doi: 10.1016/j.orggeochem.2015.04.008
© 2015 Elsevier Ltd. All rights reserved.

K.W.B. and K.-U.H. designed the project; K.W.B. optimized the method with help from
J.L.S. and L.W.; K.W.B. and G.J.M.V. provided the samples; K.W.B. extracted, analyzed and
evaluated lipid data with help from J.S.L; K.W.B. wrote the manuscript with contributions
from all co-authors.
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Chapter V
Identi�cation, formation and distribution of fatty acid-substituted glycerol dialkyl glyc-
erol tetraethers in marine sediments.

Kevin W. Becker, Felix J. Elling, Julius S. Lipp, Jan M. Schröder, Thomas W. Evans, Marcus
Elvert, Martin Könneke and Kai-Uwe Hinrichs

In preparation for Organic Geochemistry

K.W.B. and K.-U.H. designed the project; K.W.B., F.J.E., J.M.S., M.K. and T.W.E provided
samples and extracted, analyzed and evaluated lipid data with help from J.S.L. and M.E.;
K.W.B. wrote the manuscript with contributions from all co-authors.

Chapter VI
Record of microbial life in the deep-sea hypersaline anoxic Discovery Basin and sedi-
ments.

Kevin W. Becker, Marcos Y. Yoshinaga, Cassandre Lazar, Julius S. Lipp, Marcus Elvert,
Verena B. Heuer, Matthias Zabel, Tobias Goldhammer, Ivano W. Aiello, Andreas P. Teske,
Yuki Morono, Fumio Inagaki and Kai-Uwe Hinrichs

In preparation for Geochimica et Cosmochimica Acta

K.U.-H. designed the project; K.W.B. extracted, analyzed and evaluated lipid data with
help from M.Y.Y., J.S.L. and M.E.; C.L., Y.M. and F.G. provided cell count data; V.B.H.
provided bulk parameters of organic carbon; M.Z. and T.G. provided inorganic geochem-
istry data; K.W.B. wrote the manuscript with contributions from all co-authors.
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Chapter VII
Respiratory quinones in Archaea: phylogenetic distribution and application as biomark-
ers in the marine environment.

Felix J. Elling*, Kevin W. Becker*, Martin Könneke, Jan M. Schröder, Matthias Y. Keller-
mann, Michael Thomm and Kai-Uwe Hinrichs
*equal contribution

Under review at 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 VIII
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 and
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.
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Chapter III. Improved method for ether core lipid analysis

Abstract

In recent decades, microbial membrane lipids have become focus of geoscienti�c research
because of their proxy potential. The aim of this study was to develop new methods
for ultra high performance liquid chromatography (UHPLC) separation of isomers of
archaeal and bacterial membrane ether lipids, in particular glycerol dialkyl glycerol
tetraethers (GDGTs), because of their tendency to co-elute with related but incompletely
characterized derivatives. Our newly developed protocol, involving analysis using two
Acquity BEH HILIC amide columns in tandem, enables chromatographic separation
of several of these co-eluting compounds, such as the isoprenoid GDGT with four
cyclopentyl moieties and other chromatographic shoulders often observed in GDGT
analysis. Additionally, resolved peaks were observed for isoprenoid GDGTs, branched
GDGTs and isoprenoid glycerol dialkanol diethers (GDDs); these have typically the same
molecular mass as the corresponding major compound. Multiple stage mass spectrometry
MS2 indicated that the shoulder peaks represent either regioisomers or other structural
isomers with di�erent ring or methyl positions. In some samples, these isomers can be
even more abundant than their regular counterparts, suggesting that previously hidden
clues regarding source organisms and/or community response to environmental forcing
factors may be encoded in the distributions.
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Archaeal and bacterial glycerol ether lipids are widespread in marine and terrestrial
environments (Schouten et al., 2000, 2002; Weijers et al., 2007; Lipp et al., 2008; Liu
et al., 2012c). The prominent glycerol dialkyl glycerol tetraethers (GDGTs) and glycerol
dialkyl diethers (e.g. archaeol) provide information on the biogeochemistry and microbial
ecology of natural ecosystems in modern and in ancient environments (e.g. Hoefs et al.,
1997; Hinrichs et al., 1999; Kuypers et al., 2001; Biddle et al., 2006; Lipp et al., 2008; Lipp
and Hinrichs, 2009). The respective core glycerol ether lipids are preserved in sediments
on geological timescales and enable study of past archaeal activity (e.g. Bolle et al.,
2000; Kuypers et al., 2001). Core GDGTs are used for a variety of paleoceanographic
proxies such as TEX86 for sea surface temperature (SST) reconstruction (Schouten et
al., 2002). It utilizes isoprenoid GDGTs from planktonic archaea and is based on the
observation that an increasing number of cycloalkyl moieties in the GDGT distribution
corresponds to increasing mean annual sea surface temperature. Moreover, proxies for
the reconstruction of soil input to the ocean (BIT index; Hopmans et al., 2004), mean
annual air temperature (MAAT) and soil pH (Weijers et al., 2007) were developed on the
basis of branched GDGTs (brGDGTs), which originate partly from anaerobic soil bacteria.
These proxies, in particular for MAAT and soil pH reconstruction, measure the degree of
methylation (MBT) and cyclization (CBT) of brGDGTs, respectively. Another ubiquitous
series of ether lipids in marine sediments is glycerol dialkanol diethers (GDDs), which
have recently been identi�ed (Liu et al., 2012a). Due to their recent discovery, the exact
source of these lipids and their biogeochemical signi�cance, as well as their signi�cance
as biomarkers, requires further exploration.

Conventional analytical methods, in particular gas chromatography (GC), are unsuit-
able for direct analysis of GDGTs because they are non-volatile high molecular weight
compounds. For a long time analysis had to target the GC-amenable products of the
ether cleavage reaction (e.g. De Rosa et al., 1977; Michaelis and Albrecht, 1979). The in-
troduction of protocols utilizing high performance liquid chromatography-atmospheric
pressure chemical ionization-mass spectrometry (HPLC-APCI-MS) for direct analysis
of GDGT core lipids Hopmans et al., 2000 facilitated the identi�cation and quanti�-
cation of these compounds. More recently, modi�ed protocols for this method have
been published, which on the one hand improved analysis speed and reduced solvent
amount (Escala et al., 2007; Schouten et al., 2007) and on the other hand improved the
chromatographic separation of speci�c GDGT isomers (Zech et al., 2012; De Jonge et al.,
2013). However, in many chromatograms, GDGT peaks still showed shoulders due to
co-elution with largely uncharacterized compounds. For example, lipids with the same
molecular mass as the GDGTs used for TEX86, but with slightly earlier elution times
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Figure III.1. Structures of biphytanyl di- and tetraether membrane lipids. The basic structure
of a GDGT is composed of two biphytanyl units X and Y, which may be interchanged with
respect to their positions at sn-2 and sn-3 of glycerol. For the basic structure of a GDGT both the
anti-parallel (A) and parallel configurations (B) are drawn. In addition, the basic structure of a
GDD is shown, which is ether bound to isoprenoid chains containing 0 to 3 rings. The tables
provide structural combinations for the different GDGT and GDD isomers arising from different
biphytanyl moieties and, for GDGTs, from the parallel and anti-parallel configuration. Primed
biphytanyl moieties (e.g., b’) refer to the vertical mirror images of the non-primed versions shown.
Only published and commonly detected biphytanes were taken into account for constructing
possible isomer structures (Schouten et al., 1998, 2000). More structural combinations are possible.

have been observed in different studies (Pitcher et al., 2009b, 2011a; Sinninghe Damsté

et al., 2012). They tentatively represent GDGT isomers based on different combinations

of biphytane chains in two basic sterical arrangements (cf. Figure III.1 for structures

of isoprenoid GDGT and GDD isomers). With existing methods the similarity in the

structures results in incomplete separation, so component quantification is problematic.

In addition, detailed characterization of the compounds has not been performed. The lack

of such knowledge is largely due to a lack of chromatographic resolution, which prevents

the compounds being examined individually without co-elution using MS2 experiments.

Additionally, chromatographic shoulders can potentially affect quantification of proxies

for both SSTs (TEX86) and terrestrial input into the oceans (BIT index). In some soils

and hot springs the shoulders on the isoprenoid GDGTs were even more abundant than

the well-characterized GDGTs (Pitcher et al., 2009b), indicating their proxy potential. In

this study we present improved protocols for an increased separation of archaeal and
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bacterial membrane ether lipids and tentatively assign previously co-eluting compounds
by way of APCI-MS2 with ultra HPLC (UHPLC).

III.2. Materials and Methods

III.2.1. Sample collection, homogenization and extraction

Samples were collected during RV Meteor cruise M84/1 (“DARCSEAS 1”) from di�erent
depositional environments (Table III.2). Site GeoB15103 is in the eastern Mediterranean
and the sample is from sapropel S1; site GeoB15104 is in the Sea of Marmara, representing
a location with high terrestrial input and site GeoB15105 in the Black Sea represents a
methane-rich site (Zabel and Cruise Participants, 2013). After recovery, the samples were
immediately frozen and stored at −80 ◦C until further treatment. In addition, biomass
from the archaeal culture Nitrosopumilus maritimus was used. Growth conditions have
been described by Könneke et al. (2005). Cells were harvested in the late exponential
phase and stored at −20 ◦C.

All frozen sediment samples were homogenized at −198 ◦C using a Retsch Cryomill,
which was operated as follows: two cycles of pre-cooling for 2 min each, with a speed
of the impactor of 5 impacts s−1 and homogenizing and fragmenting for 2 min with 25
impacts s−1. Homogenized sediment samples and the archaeal biomass were spiked with
an internal standard (C46GDGT; Huguet et al., 2006) and extracted, using a modi�ed
Bligh and Dyer protocol as described by Sturt et al. (2004). The wet weight of each
sediment sample was 25 ± 0.5 g. The sediments were ultrasonically extracted (4 x 10
min) with CH2Cl2/MeOH/bu�er (1:2:0.8, v:v:v) using 4 ml solvent g−1 sediment per
extraction step. A phosphate bu�er (8.7 g l−1 KH2PO4, pH 7.4) was used for the �rst
two steps, and a Cl3CO2H bu�er (50 g l−1, pH 2) for the �nal two steps. After each step,
the sample was centrifuged at 800 x g for 10 min and the supernatant collected in a
separation funnel. The combined supernatants were washed 3 x with deionized MilliQ
water allowing separation into an organic phase and an aqueous phase, the organic
phase being collected as the total lipid extract (TLE). The solvent was gently removed
under a stream of N2 and stored at −20 ◦C.

Table III.1. Sample site characteristics.
Cruise Site Location Position Water depth (m) Sampling interval (cmbsf)

M84/1 GeoB15103 Eastern Mediterranean 34°01.65’N/32°37.80’E 1367 21-34
M84/1 GeoB15104 Sea of Marmara 40°47.97’N/27°43.49’E 600 360-375
M84/1 GeoB15105 Black Sea 41°31.71’N/30°53.07’E 1266 420-435
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III.2.2. Semi-preparative LC

In order to obtain cleaner fractions before further analysis, the TLE was subjected to
semi-preparative HPLC for separation into an apolar fraction (containing core lipids) and
a polar fraction (containing the more polar IPLs). A semi-preparative LiChrospher Diol-
100 column (250 x 10 mm, 5 µm, Alltech, Germany) was connected to a ThermoFinnigan
Surveyor HPLC instrument equipped with a Gilson FC204 fraction collector. The �ow
rate was 1.5 ml min−1 and the eluent gradient was: 100 % A to 65 % B in 90 min, held
at 65 % B for 30 min, then 30 min column re-equilibration with 100 % A, where A was
n-hexane/isopropanol (90:10, v:v) and B isopropanol/MilliQ water (90:10, v:v). The apolar
fraction was collected from 0 to 30 min and the polar fraction from 30 to 90 min. Solvents
were removed under a stream of N2 and the fractions stored at −20 ◦C until further
analysis.

III.2.3. Hydrogenation

To ca. 10 mg PtO2 in a homemade glass ampoule were added 50 µl n-hexane. The mixture
was saturated with H2 and a sample aliquot was added. After �ushing with H2, the
ampoule was sealed and heated to 60 ◦C for 1 h. Finally, the sample was transferred to a
2 ml vial, evaporated to dryness and prepared for UHPLC–APCI-MS.

III.2.4. Methodology for GDGT analysis

Separation was carried out with a Dionex Ultimate 3000RS UHPLC instrument. It was
connected to a Bruker maXis ultra-high resolution quadrupole time-of-�ight mass
spectrometry (qToF-MS) instrument, equipped with an APCI II source.

In order to test and validate various protocols for GDGT analysis, 10 microl aliquots
in n-hexane:isopropanol (99.5:0.5, v:v) were injected onto di�erent HPLC columns. The
columns were: (i) a Prevail Cyano column (2.1 x 150 mm, 3 microm; Grace, Germany)
maintained at 30 ◦C, (ii) a single Acquity BEH HILIC amide column (2.1 x 150 mm, 1.7
µm, Waters, Eschborn, Germany; cf. Wörmer et al., 2013) and (iii) two coupled Acquity
BEH HILIC amide columns maintained at 50 ◦C. The solvent system and the gradients
were adjusted for the BEH HILIC amide columns. Each sample was injected at least in
duplicate, all samples analyzed according to the newly proposed protocol involving two
coupled columns in triplicate.

With the Prevail Cyano column, GDGTs were eluted using the following gradient (mod-
i�ed after Schouten et al., 2007; Liu et al., 2012a) with eluent A [n-hexane:isopropanol
(99:1, v:v)] and eluent B [n-hexane:isopropanol (90:10, v:v)] at 0.2 ml min−1: 100 % A,
held isocratically for 5 min, linear gradient to 90 % A and 10 % B in 20 min, followed
by a linear gradient to 100 % B at 35 min and then held isocratically at 100 % B for 10
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min. Cleaning the column was achieved by back �ushing with 100 % B for 5 min at
0.6 ml min−1. Finally, the column was equilibrated with 100 % A for 10 min.

With the Acquity BEH HILIC amide column (single and tandem), GDGTs were eluted
using the following gradient with eluent A (n-hexane) and eluent B [n-hexane:isopropanol
(90:10, v:v)] and a constant �ow rate of 0.5 ml min−1: linear gradient from 3 % B to 5 %

B in 2 min, linear gradient to 10 % B in 8 min, linear gradient to 20 % B in 10 min,
linear gradient to 50 % B in 15 min and linear gradient to 100 % B in 10 min. In order
to clean the column(s), 100 % B was held for 6 min. Finally, the column(s) was/were
equilibrated with 3 % B for 9 min before the next injection. For all methods described
above an UHPLC instrument is not necessarily needed because the LC pump pressure
was generally below the maximum pressure allowed for many commonly used HPLC
pumps.

Detection of GDGTs was achieved using positive ion APCI, while scanning a m/z

range from 150 to 2000; source parameters were optimized during infusion of a mixture
of GDGTs and �nally were as follows: corona current 3500 nA, nebulizer gas 5 bar,
drying gas 8 l min−1, drying gas 160 ◦C, vaporizer 400 ◦C. The same APCI settings were
used for all columns tested. Only the scan rate needed to be adjusted because the peak
width di�ered strongly between the di�erent methods tested, while we opted to obtain
20 to 30 scans per peak. The scan rate for the analysis with the Prevail Cyano column
was 1 Hz and for the Acquity BEH HILIC amide column(s) 2 Hz. MS2 spectra of GDGT
and GDD compounds were obtained in data dependent mode. For each MS full scan, up
to three MS2 experiments targeted the most abundant ions with N2 as collision gas and
a collision energy of 53 eV for isoprenoid GDGTs and GDDs and 45 eV for brGDGTs,
respectively. The isolation width was 9 Da. Active exclusion limited how often a given
ion was selected for fragmentation and thus allowed us to obtain MS2 data for less
abundant ions. The mass spectrometer was set to a resolution of 27000 (at m/z 1222) and
exact mass calibration was performed by loop-injection of tune mixture at the end of
each run. Additionally, every spectrum was corrected using a lock mass (m/z 922.0098),
resulting in a �nal mass accuracy of typically <1 ppm. The chromatographic separation
of individual protocols was validated on the basis of chromatographic resolution (Rs),
which was calculated with Eq. (1) from the retention time di�erence of two adjacent
peaks (∆tR) divided by sum of their mean peak width at half peak height (Wavg):

RS =
∆tR
Wavg

(Eq. 1)
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TEXH
86 values were calculated using the most recent de�nition and calibration for high

temperature regions by Kim et al. (2010):

TEXH
86 = log

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

TEXH
86 was suggested to be the most appropriate index for reconstructing SST for

(sub)tropical oceans (Kim et al., 2010) and is therefore reported here in order to validate if
the new methods give comparable results and to estimate the in�uence of the co-eluting
shoulder peaks. In order to estimate the reproducibility of the analysis we regularly
analyzed a pooled environmental sediment sample from the Peru Margin (ODP Leg 201,
Site 1227A-2H2-65-75 cm, 8.05 mbsf, 1227A-2H5-83-93 cm, 12.43 mbsf, 1227A-3H2-55-65
cm, 17.15 mbsf, 1227A-11H2-118-128 cm, 1227A-92.72 mbsf, 1227A-13H3-0-15 cm, 113.60
mbsf (D’Hondt et al., 2003).

III.3. Results and discussion

A reconstructed base peak chromatogram and the associated reconstructed density map
of the sample GeoB15103-2, 21-34 cmbsf from the eastern Mediterranean obtained from
the analysis using two Acquity BEH HILIC amide columns in tandem are shown in
Figure III.2. The detected compounds include the well-established isoprenoid GDGTs,
brGDGTs, GMGTs (glycerol monoalkyl glycerol tetraethers) and several recently identi-
�ed classes: isoprenoid GDDs, brGDDs, OH-GDDs, OH-GDGTs. To further di�erentiate
multiple series of non-isoprenoid brGDGTs, we have adopted the nomenclature of Liu
et al. (2012c) in order to distinguish the major brGDGTs with four to six methyl that
are used in the BIT index (Hopmans et al., 2004) from less abundant, chromatograph-
ically distinct compounds with higher or lower degrees of methylation, i.e., hybrid
isoprenoid/branched (IB) GDGTs, overly branched (OB) GDGTs, and sparsely branched
(SB) GDGTs.

III.3.1. Evaluation of di�erent UHPLC–APCI-MS methods

The chromatographic resolution of critical GDGT and GDD pairs for the di�erent meth-
ods is shown in Table III.2. The use of a single Acquity BEH HILIC amide column showed
considerable chromatographic improvement relative to the conventional protocol with
the Prevail Cyano column, in particular for the GDDs. However, shoulder peaks were
still not completely separated for the isoprenoid GDGTs. These promising results with
this column, as well as its demonstrated utility for the analysis of intact polar lipids
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m
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Figure III.2. (a) Reconstructed UHPLC–APCI-qToF-MS base peak chromatogram showing iso-
prenoid GDGTs, brGDGTs, isoprenoid GDDs and OH-GDGTs in the core lipid fraction of M84/1
GeoB15103-2, 21-34 cmbsf. The sample was analyzed using two Acquity BEH HILIC amide
columns in tandem; (b) associated, reconstructed density map plot showing the major diag-
nostic ions of all archaeal and bacterial ether lipids in the core lipid fraction. Also shown are
representative structures of the different compound groups. Abbreviations (according to Liu
et al., 2012c): GDGT, glycerol dialkyl glycerol tetraether; GDD, glycerol dialkanol diether; GMGT,
glycerol monoalkyl glycerol tetraether; OH, monohydroxy; 2OH, dihydroxy; br, branched; IB,
hybrid isoprenoid/branched; OB, overly branched; SB, sparsely branched; Unk, unknown. More
structural combinations are possible.

(Wörmer et al., 2013), led us to further invest time into optimizing its chromatographic

separation. This resulted in a scheme with two Acquity BEH HILIC amide columns

arranged in tandem, which vastly increased separation of the GDGT and GDD com-

pounds (Figure III.3). One shoulder was baseline separated from GDGT-1, -2 and -3,

respectively. These slightly earlier eluting compounds have the same molecular mass as

each following GDGT and are therefore marked with an ‘a’; for example GDGT-1a.

The two column protocol offers additional advantages for detection of brGDGTs and

recently identified series of GDDs. Their chromatographic resolution was increased

substantially (Table 2). For example, for each compound belonging to the group of GDDs,

except for GDD-0, one shoulder was chromatographically separated. These peaks had the

samemolecular mass as the later eluting GDD (Figure III.3). The separated shoulders were

designated with an ‘a’, for example GDD-1a. As for the group of isoprenoid GDGTs, the

compound containing four cyclopentane moieties (GDD-4) was separated. Remarkably,
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m/z

m/z

Figure III.3. UHPLC–APCI-MS chromatograms, shown as extracted ion chromatograms (EICs),
illustrating isoprenoid GDGTs and GDDs in the apolar fraction of sample M84/1 GeoB15103-2,
21-34 cmbsf. Compounds labeled with an ‘a’ have the same molecular mass as the corresponding,
later eluting compound. Numbers represent numbers of unsaturation (rings and/or double bonds).
Chromatographic separation was greatly increased for the GDGTs and GDDs when two Acquity
BEH HILIC amide columns in tandem were used. For further explanation, see text.

Table III.2. Chromatographic resolution calculated after Eq. (7) of critical pairs of isoprenoid
GDGTs, brGDGTs and GDDs in sample GeoB15103-2, 21-34 cmbsf determined by replicate
analysis with different columns. No values are reported for resolutions <0.5 (-) because peaks
cannot be integrated correctly below this value.

Method GDGT-1
and

GDGT-1a

GDGT-2
and

GDGT-2a

GDGT-3
and

GDGT-3a

GDGT-4
and

GDGT-5

GDGT-5
and

GDGT-5’

brGDGT-I
and

brGDGT-Ia

brGDGT-Ia
and

brGDGT-Ib

GDD-1
and

GDD-1a

GDD-2
and

GDD-2a

GDD-3
and

GDD-3a

GDD-4
and

GDD-5a

1a(n=2) 0.69±0.01 0.73±0.02 0.59±0.04 - 1.85±0.14 1.24±0.06 1.47±0.13 - 0.51±0.02 - -

2b(n=2) 0.73±0.01 0.73±0.02 0.60±0.02 0.55±0.03 1.36±0.10 1.62±0.02 1.96±0.05 0.67±0.06 1.10±0.01 - 0.83±0.09
3c(n=3) 1.08±0.06 1.16±0.03 0.65±0.01 0.83±0.05 2.04±0.08 1.83±0.06 1.98±0.03 0.81±0.12 1.17±0.08 0.51±0.04 0.84±0.12

aPrevail Cyano column, 3 µm particle size.
bAcquity BEH HILIC amide column, 1.7 µm particle size, 150 mm length.
cTwo Acquity BEH HILIC amide columns in tandem, 1.7 µm particle size, 150 mm length each.

the shoulder peaks of the GDDs were as abundant as their later-eluting counterparts.

This is in contrast to the shoulder peaks of the isoprenoid GDGTs, which account for

only ca. 10% compared with their counterpart. Among the brGDGTs, several previously

co-eluting compounds with identical molecular mass were separated with the tandem

method (Figure III.4). However, not all peaks could be baseline separated.

The tandem method also enabled separation of GDGT-4, which co-elutes with cre-

narchaeol (GDGT-5) with the conventional method. In the sediment samples the con-

centration of GDGT-4 was very low and it seemed to partly co-elute with crenarchaeol.

However, the ion at m/z 1294 was slightly higher than the ion at m/z 1292 for the peak

eluting just before crenarchaeol. Before this peak, an even smaller peak with a mass of

1294 Da eluted, which represents the chromatographic shoulder of GDGT-4. In order

to further evaluate the separation of GDGT-4, the TLE of N. maritimus was analyzed.
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Figure III.4. UHPLC–APCI-MS chromatograms shown as EIC, illustrating brGDGTs in the
apolar fraction of sample M84/1 GeoB15103-2, 21-34 cmbsf. Several additional compounds with
the same molecular mass as the original brGDGTs are separated after analysis with the tandem
method, but not all peaks are fully separated. Roman numbers refer to structures presented by
Weijers et al. (2007). Compounds are labeled with m/z of the molecular ion.

Here, the relative abundance of the compound eluting slightly before crenarchaeol was

relatively high and, based on the MS2 spectra, was unambiguously assigned as GDGT-4

(Figure III.5).

In addition to the increased separation, we compared injections of identical extract

aliquots; the results showed strongly improved peak shapes for all modified protocols.

For example, the mean peak width at half peak height of crenarchaeol was 0.251 min for

the Prevail Cyano column and 0.091 min for the two Acquity BEH HILIC amide columns

in tandem, resulting in higher sensitivity. Moreover, the 50-minute analysis time for

the new protocols was comparable with earlier methods using a single Prevail Cyano

column (Hopmans et al., 2000; Schouten et al., 2007).

III.3.2. Assignment of unknown compounds

In order to study the fragmentation features of isoprenoid GDGTs, brGDGTs, as well as

GDDs, in detail with exact mass and at high mass resolution, the samples were analyzed
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m/z

N. maritimus
m/z

Figure III.5. (a) UHPLC–APCI-MS chromatograms, shown as extracted ion chromatogram (EIC),
illustrating the isoprenoid GDGTs in the TLE of the archaeal culture textitN. maritimus; (b)
product ion (MS2) spectra of GDGT-4 ([M+H]+ ion of m/z 1294.3, in the range m/z 540-1320),
show the diagnostic product ions used to assign the structure. The major fragments at m/z 739
and 553 are formed from the loss of one biphytanyl chain with two cyclopentyl moieties. The
structure and the formation of product ions from loss of the biphytanyl chain are also shown.

using UHPLC-qToF-MS2 to compare the MS2 spectra of the GDGTs and their previously

co-eluting shoulders.

III.3.2.1. MS analysis of isoprenoid GDGTs

MS analysis of GDGT-1 and the corresponding chromatographic shoulder (GDGT-1a)

showed one main cluster of fragment ions in the MS2 experiment (Figure III.6). Both

precursor ions were [M+H]+ at m/z 1300.3. The main MS2 fragments in the cluster were

m/z 741.7 and 557.6, resulting from the neutral loss of the acyclic biphytanyl moiety

(Figure III.7). The enlarged spectra show that both fragmentation patterns are almost

identical. Both spectra were characterized by multiple losses of water after loss of one

biphytane moiety and glycerol-derived C3H6O2 units. This fragmentation pattern is in

agreement with the observation by Knappy et al. (2009), Knappy et al. (2011), and Liu

et al. (2012c), who discussed MS2 spectra of tetraether core lipids in detail. The only

slight difference between the spectra of GDGT-1a and GDGT-1 was the higher relative

intensity of m/z 743.7 for the former, resulting from loss of a monocyclic biphytanyl

moiety. Accordingly, GDGT-1 preferentially loses the acyclic biphytanyl moiety, while

GDGT-1a does not show a preferential loss.
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Figure III.6.UHPLC–APCI-MS2 spectrum of GDGT-1 and GDGT-1a in sampleM84/1 GeoB15103-
2, 21-34 cmbsf. Shown are the MS2 fragment ions of the tetraether core ([M+H]+ at m/z 1300.3)
in the range m/z 500-1310. The structure of GDGT-1 and the formation of the major fragments
are also shown. The enlarged area highlights the main cluster of fragments. The cluster is
characterized by multiple losses of water (18.0 Da) and glycerol-derived C3H6O2 units (74.0 Da).

MS analysis of GDGT-2 and GDGT-2a ([M+H]+ atm/z 1296.3) revealed similar patterns

(Fig. 7). Here, the MS2 fragments are formed from the loss of monocyclic alkyl chains

(m/z 741.7; neutral loss 555.6 Da), indicative of the presence of one cycloalkyl moiety in

each biphytane chain. Interestingly, additional product ions resulting from loss of alkyl

chains containing zero (m/z 739.7; loss of 557.6 Da) and two (m/z 743.7; loss of 553.6 Da)

rings are also evident in the resulting MS2 spectrum (Fig. 7).

The nearly identical mass spectra of the two GDGT pairs suggests that the core

structures of GDGT-1 and GDGT-1a, as well as GDGT-2 and GDGT-2a, are very similar.

Possible structural differences are (i) double bonds instead of cycloalkyl moieties, (ii)

other structural isomers resulting from a combination of biphytanes with different ring

combinations, which can partially be resolved with MS data, e.g. zero ring/two ring or
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one ring/one ring in case of GDGT-2 (Figure III.7), (iii) different ring positions within

one biphytanyl moiety, or (iv) regioisomers, i.e. isomers with parallel and anti-parallel

arrangement of glycerol units, as for crenarchaeol and its later eluting regioisomers

(Sinninghe Damsté et al., 2002).

MS analysis cannot distinguish whether a double bond or a ring is present in the

biphytane chain because it is not fragmented at these positions. Furthermore, regioiso-

mers and different positions of rings within one biphytanyl moiety cannot be identified.

However, such isomers could result in chromatographically separable peaks.

m/z

Figure III.7.UHPLC–APCI-MS2 spectrum of GDGT-2 and GDGT-2a in sampleM84/1 GeoB15103-
2, 21-34 cmbsf. Shown are the MS2 fragment ions of the tetraether core ([M+H]+ at m/z 1298.3)
within the m/z range 500-1310. The enlarged area shows fragments produced by losing one
biphytanyl moiety. Both spectra show fragments of a combination of two monocyclic biphytanes
vs. an acyclic/bicyclic biphytane combination. The structure and the formation of product ions
by loss of one biphytanyl moiety are also shown.

In order to test for the presence of double bonds, an aliquot of the TLE was hydro-

genated, but in no case did the mass spectra or retention times of the components

change. This suggested that the chromatographic shoulders were not double-bond bear-

ing compounds. Schouten et al. (1998), Pancost et al. (2001) and Knappy et al. (2011)

showed structural isomers for isoprenoid GDGTs, in which the position of rings differed,
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e.g. GDGT-2 with an acyclic and a bicyclic biphytane moiety vs. GDGT-2 with two
monocyclic biphytane moieties. However, these isomers were not chromatographically
resolved (see Figure III.7) because both the major GDGT peaks and the shoulder peaks
showed mixed ring combinations in their MS2 spectra, which excludes shoulder peaks
being such structural isomers. Therefore, these compounds represent either regioisomers
or isomers with di�erent positions of rings within one biphytanyl moiety. Sinninghe
Damsté et al. (2012) detected co-eluting compounds in a thaumarchaeal soil isolate and
suggested the compounds to be regioisomers. This assumption was based on an earlier
study by Sinninghe Damsté et al. (2002) who used NMR analysis to show that compounds
eluting later than the regular GDGTs 4 and 5 represent their regioisomers with a parallel
arrangement of glycerol units. GDGT-0, not associated with shoulders, appeared to be
present as a single structural isomer. Hence, for this compound the regioisomerism does
not result in chromatographically resolvable peaks using the commonly applied, as well
as our newly implemented protocols. We cannot exclude the separation e�ciency of the
tandem method still being insu�cient for the separation of all isomers; alternatively
not all possible combinations are necessarily present in nature. Further information
on the nature of the less abundant shoulder peaks could be gained via chemical degra-
dation, such as regiospeci�c ether cleavage. For example, Gräther and Arigoni (1995)
showed that GDGT-0 from three archaeal species is in fact a 1:1 mixture of the regular,
anti-parallel compound and its regioisomer with the parallel arrangement of glycerol
units.

III.3.2.2. MS analysis of isoprenoid GDDs

MS analysis of GDDs and corresponding shoulder peaks revealed no discernible dif-
ference between the two groups, suggesting close structural similarity. All GDD MS2

spectra were characterized by loss of one biphytanyl moiety, multiple losses of water
and one glycerol-derived C3H6O2 unit. For example, the main fragment ions for GDD-2,
as well as for GDD-2a (each with the [M+H]+ at m/z 1242.3), have m/z values of 667.6,
649.6, 631.6, 613.6, 593.6, 573.6 and 557.6/555.6 (Figure III.8); these ions are also observed
during fragmentation of the isoprenoid GDGTs after they have lost one biphytanyl
moiety and a C3H6O2 unit. Regioisomerism can be excluded as a source of multiple
peaks because GDDs contain only one glycerol. Therefore, the shoulder peaks must
represent other structural isomers. Di�erent biphytane moiety combinations can be
excluded because they do not appear to be chromatographically resolved, e.g. fragments
for both combinations, an acyclic and a bicyclic biphytane moiety vs. two monocyclic
biphytane moieties, were observed in the spectra of GDD-2 and GDD-2a, indicating that
the two peaks were mixtures of these two isomers. It remains to be resolved why only

57



Chapter III. Improved method for ether core lipid analysis

one shoulder peak was associated with each major GDD because, as for the isoprenoid

GDGTs, formost GDDs several additional structural isomers are possible (see Figure III.1).

m/z

667

-H O2

-C H O3 6 2

-H O2 -H O2

m/z

Figure III.8. UHPLC–APCI-MS2 spectrum of GDD-2 and GDD-2a in sample M84/1 GeoB15103-2,
21-34 cmbsf. Shown are the MS2 fragment ions of the diether core ([M+H]+ atm/z 1242.3) within
them/zrange 500-1310. The structure of GDD-2 and the formation of the major fragment are also
shown. The enlarged area highlights the main cluster of fragments. The cluster is characterized
by multiple losses of water (18.0 Da) and glycerol-derived C3H6O2 units (74.0 Da). Both spectra
show fragments of a combination of two monocyclic biphytanes vs. an acyclic/bicyclic biphytane
combination

Interestingly, GDD shoulder peaks were relatively more abundant than the corre-

sponding compound with the same molecular mass as the GDGT shoulder peaks in the

three samples (see Figure III.3, Table III.4). The reason for this could be that, in the case

of the GDGTs, the difference in polarity and/or steric configuration of some structural

isomers with a different biphytane distribution is not large enough, leading to co-elution.

For GDDs, however, where one glycerol unit is missing, a different biphytane distribution

could result in larger differences that could be chromatographically well separated. This

hypothesis could be tested in future studies employing NMR spectroscopy.
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III.3.2.3. MS analysis of brGDGTs

A detailed analysis of mass spectra of brGDGTs was conducted on a puri�ed brGDGT
fraction of a sample from Aarhus Bay (56°07.06’N, 10°20.85’E, 15 m water depth, 6-7
m sediment depth). The fraction containing brGDGTs resulted as a byproduct from
the OH-GDGT isolation Liu et al. (2012b). We detected six distinct peaks (a-f) with
similar fragmentation patterns in the EIC of m/z 1050.0, corresponding to brGDGT-
III (Figure III.9). All MS2 spectra showed a fragment ion resulting from the loss of
a glycerol-derived C3H6O2 unit (m/z 976.0; neutral loss of 74.0 Da), while the main
cluster of fragments involved the loss of one alkyl moiety, multiple losses of water
after losses of one alkyl moiety and glycerol-derived C3H6O2 units. This fragmentation
behavior is analogous to that of archaeal GDGTs (Knappy et al., 2009; Knappy et al.,
2011; Liu et al., 2012c) and has recently been described by De Jonge et al. (2013) for
brGDGTs; these authors used a modi�ed analytical setup that resulted in improved
chromatographic separation and the identi�cation of four brGDGT-III isomers in a peat
sample. Interestingly, all six peaks except peak f showed a mixed signal of at least two
compounds, which di�ered in the total carbon number of the alkyl chains. Fragments
re�ect a brGDGT with a combination of two C31 alkyl chains and another one with a
combination of one C30 and one C32 alkyl chain (Figure III.9), consistent with �ndings
by De Jonge et al. (2013). The isomers we observed could either di�er in the degree of
methylation in the two C28 base alkyl moieties or the two linear base alkyl moieties were
of di�erent length, which would result in di�erent degrees of methylation. Based on
the MS2 spectra we cannot distinguish such structural di�erences. The position of the
methyls in the alkyl chains can also not be determined using MS2 analysis but di�erent
methyl group positions in the brGDGT molecule can result in chromatographically
resolvable peaks (De Jonge et al., 2013). Nevertheless, our MS2 experiments showed
that the analyzed sample contains at least eleven brGDGT-III isomers, which cannot be
chromatographically separated completely.

III.3.3. Validation of new protocols for determination of tetraether lipid proxies

The Peru Margin mix sample was analyzed during a three-month interval to estimate the
reproducibility of the analysis. Results with the two-column protocol showed a standard
deviation for the TEXH

86 of 0.0025 (relative standard deviation 0.72 %). TEXH
86 values were

calculated with and without chromatographic shoulders to evaluate the in�uence of
incomplete separation, leading to possible overestimation of the peak area of individual
GDGTs and therefore shifts in TEXH

86. The calculated TEXH
86 values showed only minor

di�erences between the di�erent chromatographic methods, with a maximum di�erence
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Figure III.9. EIC showing the distribution of brGDGT-III isomers in the sample from theAarhus
Bay, 6–7 mbsf. Below: UHPLC–APCI-MS2 mass spectra of brGDGT-III isomers (a–f) and the
formation of the major product ions of the tetraether core ([[M+H]+ ] + at m/z 1050.0) within
the m/z range 400–1060 are shown. The enlarged area highlights the main cluster of fragments
of the peaks c and f. Both spectra are characterized by the loss of an alkyl moiety and additional,
multiple losses of water and glycerol-derived C3H6O2 units (74.0 Da). Additionally, the MS2

spectrum of peak c shows two major series of fragment ions indicating that the peak is a mixture
of at least two compounds with different total carbon numbers in the alkyl chain, one having a
combination of a CC30 and a C32 alkyl chain and one having a combination of two C31 alkyl
chains, whereas the MS2 spectrum of peak f only shows one series of fragments indication a
structure with identical total carbon numbers in the alkyl chains (C31). Also shown are possible
structures for the isomers and the formation of their major product ions.
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of 0.03. This suggests that the new methods are suitable for SST determination, but a
larger set of samples needs to be analyzed to fully validate their applicability.

Table III.3. TEXH
86 obtained from the di�erent methods.

Method Site, sample TEXH
86 excluding shoulders TEXH

86 including shoulders

1a GeoB15103-2, -0.16±0.0043 -0.10±0.0026
2b 21-34 cmbsf -0.16±0.0041 -0.09±0.0042
3c -0.16±0.0029 -0.10±0.0013

1a GeoB15104-2, -0.39±0.0007 -0.39±0.0040
2b 360-375 cmbsf -0.38±0.0016 -0.37±0.0010
3c -0.37±0.0006 -0.36±0.0029

1a GeoB15105-2, -0.28±0.0071 -0.27±0.0078
2b 420-435 cmbsf -0.27±0.0050 -0.26±0.0035
3c -0.26±0.0075 -0.25±0.0072

aPrevail Cyano column, 3 µm particle size.
bAcquity BEH HILIC amide column, 1.7 µm particle size, 150 mm length.
cTwo Acquity BEH HILIC amide columns in tandem, 1.7 µm particle size, 150 mm length each.

The impact of inclusion of shoulder peaks appears to be generally low but naturally
increases with their relative abundance (Table III.3). For the sample from site GeoB15103,
with the highest relative abundance of shoulder peaks (Table III.4), the maximum TEXH

86

discrepancy between inclusion vs. exclusion of shoulders was 0.07. For the other two
samples, with relatively small shoulder peaks, the di�erence in the TEXH

86 value was
0.01. The small in�uence of co-eluting isomers on TEXH

86 values is consistent with
earlier observations from an interlaboratory study by (Schouten et al., 2009). However,
the chromatographic shoulders can have an in�uence on the proxy when they are not
separated and therefore included in the TEXH

86 calculation. In most commonly represented
sediments, the abundance of the isomers is assumed to be low, but no study has focused
on the quanti�cation of these compounds in environmental samples.

The greater diversity of brGDGT isomers uncovered with the new protocol calls for
further inspection and potential improvement in BIT index and CBT/MBT calculations
since the speci�city of selected isomers for the reconstruction process may be higher
than that of the previously inseparable mixture.

III.4. Conclusions

The newly developed protocols, in particular the protocol using two columns in tandem,
provides superior separation of archaeal and bacterial GDGT core lipids and opens
a window to a more nuanced exploration of their distribution in the environment.
The protocols feature reduced peak width at half peak height, higher peak height and
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Table III.4. Relative abundance obtained with the tandem method for the major
GDGT groups in the apolar fraction of the three samples (numbers in brack-
ets represent % within the groups of isoprenoid GDGTs, brGDGTs and GDDs,
respectively; n.d., not detected).

GDGT or GeoB15103-2, GeoB15104-2, GeoB15105-2,
GDD 21-34 cmbsf 360-375 cmbsf 420-435 cmbsf

Relative abundance of 0 21.8 (26.2) 18.4 (27.7) 21.8 (30.1)
isoprenoid GDGTs (%) 1a 1.0 (1.2) 0.4 (0.6) 0.4 (0.6)

1 6.8 (8.1) 7.2 (10.9) 8.7 (12.0)
2a 3.4 (4.1) 0.3 (0.4) 0.4 (0.6)
2 10.5 (12.6) 4.3 (6.5) 8.7 (12.1)
3a 0.4 (0.4) 0.1 (0.2) 0.1 (0.2)
3 1.1 (1.3) 0.6 (1.0) 1.3 (1.8)
4a 0.1 (0.1) n.d. n.d.
4 0.5 (0.6) 0.5 (0.8) 0.3 (0.5)
5 34.2 (41.0) 34.3 (51.4) 30 (41.4)
5’ 3.6 (4.4) 0.4 (0.6) 0.5 (0.7)

Relative abundance of III 1.5 (15.1) 5.5 (33.2) 3.7 (27.0)
brGDGTs (%) IIIa 0.2 (1.9) 1.4 (8.6) 0.8 (5.6)

IIIb 0.0 (0.3) 0.2 (1.4) 0.1 (1.0)
II 2.4 (24.7) 3.7 (22.1) 2.9 (21.2)
IIa 0.4 (4.4) 1.6 (9.7) 2.9 (21.0)
IIb 0.1 (0.7) 0.2 (1.1) 0.5 (3.8)
I 4.3 (44.4) 3.3 (19.9) 1.2 (8.5)
Ia 0.6 (6.7) 0.5 (3.1) 1.1 (8.3)
Ib 0.2 (1.8) 0.1 (0.9) 0.5 (3.5)

Relative abundance of 0 1.4 (25.2) 1.7 (24.4) 1.5 (24.9)
isoprenoid GDDs (%) 1a 0.2 (3.7) 0.4 (5.4) 0.4 (6.1)

1 0.2 (3.9) 0.4 (5.5) 0.4 (5.9)
2a 0.3 (5.9) 0.3 (4.0) 0.4 (5.9)
2 0.2 (3.4) 0.2 (2.7) 0.3 (4.5)
3a 0.1 (1.0) 0.1 (0.8) 0.1 (1.0)
3 0.1 (1.0) 0.0 (0.7) 0.1 (1.1)
4a 0.0 (0.3) 0.0 (0.4) 0.0 (0.4)
4 0.1 (0.9) 0.1 (0.7) 0.1 (0.8)
5a 1.0 (17.4) 1.5 (21.2) 1.1 (17.7)
5 2.1 (37.2) 2.4 (34.3) 2.0 (31.8)

thus increased sensitivity. Previously partially co-eluting isoprenoid GDGTs can now
completely separated and can be con�dently quanti�ed. Chromatographic shoulders
were also separated within the group of the recently identi�ed GDDs and, moreover, in
the group of brGDGTs many additional peaks were revealed.

The exact structures of the compounds eluting as chromatographic shoulders of
isoprenoid GDGTs and GDDs were not fully resolved. MS analysis showed the same
fragmentation pattern for pairs comprising shoulder and major peak, suggesting a high
degree of structural similarity. The substitution of cycloalkane moieties by double bonds
in shoulder peaks was rejected on the basis of a hydrogenation experiment. Thus, the
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isomers of the GDGTs likely represent either regioisomers or structural isomers with
di�erent biphytane moieties; veri�cation is needed, however, to support this hypothesis.
Since regioisomers do not exist for GDDs, their shoulder peaks must represent structural
isomers, for example, isomers with exchanged biphytane chains or di�erent ring positions
within one biphytane chain.

Examination of MS2 data for brGDGT-III isomers revealed similar fragmentation
patterns for the six separated peaks and showed that most peaks were a mixture of
isomers containing identical and di�erent total carbon numbers in the two alkyl moieties.
Therefore, the brGDGT isomers likely represent structural isomers with varying methyl
positions and/or isomers with di�erent base n-alkyl chain length. Identi�cation of the
exact structure of these isomers will be essential in future studies as the compounds may
di�er in their proxy potential, which could be further explored with the new protocol.

On a small set of samples we could show that the tandem method provides comparable
TEXH

86 values as long as the chromatographic shoulder peaks were not included in the
TEX86 in previous protocols.
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Chapter IV. Rapid analysis of SST proxies

Abstract

Reconstructing ocean temperature values is a major target in paleoceanography and
climate research. However, most temperature proxies are organism-based and thus su�er
from an “ecological bias“. Multiproxy approaches can potentially overcome this bias
but typically require more investment in time and resources, while being susceptible
to errors induced by sample preparation steps necessary before analysis. Three lipid-
based temperature proxies are widely used: UK′

37 (based on long chain alkenones from
phytoplanktonic haptophytes), TEX86 [based on glycerol dialkyl glycerol tetraethers
(GDGTs) from pelagic archaea] and LDI (based on long chain diols from phytoplanktonic
eustigmatophytes). So far, separate analytical methods, including gas chromatography
(GC) and liquid chromatography (LC), have been used to determine these proxies. Here
we present a sensitive method for determining all three with a single analysis using
normal phase high performance LC coupled to atmospheric pressure chemical ionization
mass spectrometry (NP-HPLC–APCI-MS). Each of the long chain alkenones and long
chain diols was separated and unambiguously identi�ed from their accurate masses
and characteristic fragmentation during multiple stage MS analysis (MS2). Comparison
of conventional GC and HPLC-MS methods showed similar results for UK′

37 and LDI,
respectively, using diverse environmental samples and an Emiliania huxleyi culture.
Including the three sea surface temperature (SST) proxies, the NP-HPLC–APCI-MS
method allows simultaneous determination of nine paleoenvironmental proxies. The
extent to which the ecology of the source organisms (ecological bias) in�uences lipid
composition and thereby the reconstructed temperature values was demonstrated by
applying the new method to a sediment core from the Sea of Marmara, covering the last
21 kyr BP. Reconstructed SST values di�ered considerably between the proxies for the
last glacial maximum (LGM) and the period of sapropel S1 formation at ca. 10 kyr BP,
whereas the trends during the late Holocene were similar. Changes in the composition
of alkenone-producing species at the transition from the LGM to the Bølling/Allerød
(B/A) were inferred from unreasonably high UK′

37 -derived SST values (ca. 20 ◦C) during
the LGM. We ascribe discrepancies between the reconstructed temperature records
during S1 deposition to habitat change, e.g. a di�erent depth due to changes in nutrient
availability.
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IV.1. Introduction

Past ocean temperatures are an essential parameter for reconstructing the Earth’s climate.
Several organic and inorganic proxies for reconstructing sea surface temperature (SSTs)
exist. Amongst these is the lipid based alkenone unsaturation index (UK′

37 ), expressing
the relative abundance of long chain alkenones biosynthesized by some haptophytes,
in particular Emiliania huxleyi (Brassell et al., 1986), and the tetraether index with 86
carbon atoms (TEX86), based on the relative abundance of isoprenoid glycerol dialkyl
glycerol tetraethers (iGDGTs) biosynthesized by planktonic archaea (Schouten et al.,
2002). Both proxies are widely used since they appear robust and applicable in most
marine settings, and their analysis is inexpensive and requires only small amounts of
sample of ≤ 1 g (e.g. Prahl et al., 1988; Müller et al., 1998b; Schouten et al., 2002; Kim
et al., 2008). More recently, the long chain diol index (LDI) has been proposed as an
additional SST proxy (Rampen et al., 2012). It is based on the relative distribution of
long chain diols, presumably produced by eustigmatophyte algae (Volkman et al., 1992;
Versteegh and de Leeuw, 1997).

In paleoclimatology, a multiproxy approach is often used because each proxy has its
limitations, such as alteration by selective degradation and diagenesis (e.g. Hoefs et al.,
1998; Schouten et al., 2004; Kim et al., 2009) or vulnerability to transport and redeposition
(e.g. Ohkouchi et al., 2002; Mollenhauer et al., 2003). Additionally, the ecology of the
di�erent organisms and the resulting discrepancies between di�erent SST proxies are
not completely understood (e.g. Grauel et al., 2013; Lopes dos Santos et al., 2013; Smith
et al., 2013). In order to minimize sources of errors and to allow high sample throughput
in a relatively short time, simple and fast protocols are needed. At present, UK′

37 , LDI
and TEX86 are obtained via separate analytical methods. UK′

37 is conventionally obtained
through gas chromatography (GC) coupled with either �ame ionization detection (GC-
FID) or mass spectrometry (GC–MS) operated in chemical ionization mode (CI; Rosell-
Mele et al., 1995) or by fast GC–time-of-�ight mass spectrometry (ToF-MS; Hefter,
2008). LDI is determined via GC–MS, while TEX86 is acquired using normal phase high
performance liquid chromatography coupled to atmospheric pressure CIMS (NP-HPLC–
APCI-MS; Hopmans et al., 2000; Schouten et al., 2007). TEX86 can either be determined
directly from the total lipid extract (TLE) or after fractionation over a silica gel or alumina
column, whereas determination of UK′

37 and LDI usually requires additional sample
preparation steps, e.g. base hydrolysis to eliminate co-eluting alkenoates (Villanueva
et al., 1997) or derivatization of hydroxyl groups of long chain diols. Other protocols
for analyzing archaeal GDGTs and long chain alkenones with one instrument exist. For
example, Nichols et al. (1993) reported the analysis of iGDGTs using high temperature
GC and, using an adapted method, Pancost et al. (2008) detected iGDGTs and long chain
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alkenones in the same analytical window. However, such methods are not routinely
applied because they are laborious and impacted by various constraints. For example,
iGDGTs containing OH groups in the biphytane chain are not thermostable if analyzed
with GC and the chromatographic resolution is generally worse than for HPLC methods.

Here, we present an extension of the NP-HPLC–APCI-MS method recently described
by Becker et al. (2013) to a dedicated protocol for the detection of long chain diols,
long chain alkenones and core iGDGTs in a single analysis. As a proof of concept, we
applied the method to sediments deposited since 21 kyr BP in the Sea of Marmara. The
interval covers large shifts in climate and environment, like the Last Glacial Maximum
(LGM), the Bølling/Allerød (B/A), the Younger Dryas (YD), sapropel S1 formation and the
late Holocene. Furthermore, the Sea of Marmara has oscillated between lacustrine and
marine stages following glacial and interglacial global sea level changes, respectively
(Stanley and Blanpied, 1980; Ryan et al., 1997; Aksu et al., 1999; Çağatay, 1999; Çağatay
et al., 2000; Aksu et al., 2002; Ryan et al., 2003). The current marine state was established
ca. 14.7 kyr BP (e.g. Vidal et al., 2010). This oceanographic history makes the Sea of
Marmara an ideal location for studying multiproxy records.

IV.2. Material and methods

IV.2.1. Samples and extraction

Sediment samples were collected during RV Meteor cruise M84/1 (“DARCSEAS I”)
from di�erent depositional environments (Table IV.1). Site GeoB15103 is in the Eastern
Mediterranean where organic-rich sediments (sapropels) alternate with organic-lean,
coccolith-rich sediments. Site GeoB15104 in the Sea of Marmara experiences high ter-
rigenous input and Site GeoB15105 in the Black Sea provides CH4-rich and organic-rich
sediments. After recovery, the samples were immediately frozen and stored at −80 ◦C

until further treatment (Zabel and Cruise Participants, 2013). Additionally, for analysis
of alkenones, biomass of an E. huxleyi culture was used, which has been grown at 23 ◦C

in f/2 medium (Guillard and Ryther, 1962) with a 12h/12h light/dark cycle and harvested
at exponential growth phase. For analysis and isolation of long chain diols, surface
sediment samples from Aarhus Bay were used (56°07.06’N, 10°20.85’E, 15 m water depth,
10-12 cm and 0-60 cm sediment depth).

The sediment samples (25±0.5 g wet w), as well as the E. huxleyi culture, were extracted
using a modi�ed Bligh and Dyer protocol (Sturt et al., 2004): ultrasonication was per-
formed for 10 min in four steps with a mixture of dichloromethane (DCM)/MeOH/bu�er
(1:2:0.8, v:v:v) using 4 ml solvent g−1 sediment and extraction step. A phosphate bu�er
(8.7 g l−1 KH2PO4, pH 7.4) was used for the �rst two steps, and a Cl3CO2H bu�er (50 g l−1
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Table IV.1. Sampling site characteristics.
Cruise Site Location Position Water depth (m)

M84/1 GeoB15103 Eastern Mediterranean 34°01.65’N/32°37.80’E 1367
M84/1 GeoB15104 Sea of Marmara 40°47.97’N/27°43.49’E 600
M84/1 GeoB15105 Black Sea 41°31.71’N/30°53.07’E 1266

Cl3CO2H, pH 2) for the �nal two. After each extraction step, the samples were cen-
trifuged at 800 x g for 10 min and the supernatants collected in a separation funnel.
The combined supernatants were then washed 3x 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 solvent was gently removed under a stream of N2
and the extract stored at −20 ◦C.

IV.2.2. Age model for sediment cores from the Sea of Marmara

The 39 samples from the Sea of Marmara were derived from a 704 cm long gravity core
(GeoB15104-1) and a 52 cm multi-core (GeoB15104-2). The sampling interval for the
multi-core was 2 cm (26 samples). The gravity core sediments were sampled every ca.
50 cm and covered prominent lithologies, for example the organic rich sediments from
the Sapropel S1. The detailed lithology is described by Zabel and Cruise Participants
(2013). The age model for the cores was based on sedimentation rates according to Vidal
et al. (2010) for the nearby core MD01-2430. Matching lithologies and interfaces were
adjusted, such as the top (7 kyr BP) and bottom (11.5 kyr BP) of S1 and the transition
from the marine to the lacustrine sediments (14.7 kyr BP; Supp. Fig. IV.1). Based on this
model, the gravity core covered the last ca. 21 kyr.

IV.2.3. Instrumentation

IV.2.3.1. NP-HPLC–APCI-MS

The iGDGTs, long chain diols and long chain alkenones were analyzed according to
Becker et al. (2013) with a Dionex Ultimate 3000RS UHPLC instrument coupled to
a Bruker maXis ultra-high resolution quadrupole time-of-�ight mass spectrometer
(qToF-MS), equipped with an APCI II ion source. Aliquots of the TLE (typically 10 µL)
in n-hexane:propan-2-ol (99.5:0.5, v:v) were injected onto two coupled Acquity BEH
amide columns (each 2.1 x 150 mm, 1.7 µm; Waters, Eschborn, Germany) kept at 50 ◦C.
Compounds were eluted using the following gradient (after Becker et al., 2013) with
eluent A (n-hexane) and eluent B [n-hexane:propan-2-ol (90:10, v:v)] and constant �ow
of 0.5 m/permin: 3 % B to 5 % B in 2 min, to 10 % B in 8 min, to 20 % B in 10 min, to 50 %
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in 15 min and to 100 % in 10 min. Columns were washed with 100 % B for 6 min and
equilibrated with 3 % B for 9 min before the next injection. Compounds were detected in
positive ionization mode, scanning from m/z 150 to 2000 at 2 scans/s; source parameters
were as described by Becker et al. (2013). MS2 spectra were obtained in data dependent
mode. For each MS full scan, up to three MS2 experiments targeted the most abundant
ions with N2 as collision gas and a collision energy of 35 eV. The isolation width was 6
Da. Active exclusion limited how often a given ion was selected for fragmentation and
thus allowed us to obtain MS2 data for less abundant ions. The mass spectrometer was
operated at a resolution of 27,000 at m/z 1222 and mass accuracy after calibration by
loop injection at the end of each run and by lock mass calibration was typically ≤ 1− 2

ppm (cf. Becker et al., 2013). Compounds were assigned from their exact masses and
isotope pattern in full scan (MS1) mode and their characteristic fragmentation in MS2

spectra. Integration of peaks was performed on extracted ion chromatograms of ±10
mDa width of the [M+H]+ ion in MS1 spectra. Accurate mass, high resolution and MS2

fragment spectra are not essential for quanti�cation of GDGTs, alkenones and diols
once the retention time is established; thus, conventional single quadrupole HPLC–MS
systems are suitable. Lipid quanti�cation was achieved by injecting an internal standard
(C46 GTGT; Huguet et al., 2006) along with the samples. The abundances of iGDGTs,
alkenones and diols were averaged from duplicate measurements; iGDGTs and alkenones
were corrected for the response factors of GDGT-0 (caldarchaeol), puri�ed from extracts
of Archaeoglobus fulgidus, and authentic C37:2 and C37:3 alkenone standards vs. the
C46-GTGT standard. The lower limit of quanti�cation (LLOQ) for iGDGTs and long
chain alkenones was <10pg. The relative response factor (RRF) between the C37:2 and
C37:3 alkenone was determined to be 1.3 with the higher response for the C37:2 alkenone
(RF C37:2 = 1.3 x RF C37:3). For our instrument, the RF values were linear in the range
between 10 pg and 10 ng. Since authentic standards for long chain diols are not available,
response factor correction and determination of LLOQ was not possible. To determine
concentrations of diols we assumed a RRF of 1 vs. the C46-GTGT. By assuming this RRF,
the LLOQ was <10 pg.

IV.2.3.2. GC-FID

Alkenoates were removed via base hydrolysis of the TLE fraction following the procedure
described by Elvert et al. (2003). GC was performed using a Trace Gas Chromatograph
(ThermoFinnigan GmbH, Bremen, Germany) with a Rxi-5ms column (30 m × 0.25 mm
× 0.25 µm; Restek GmbH, Bad Homburg, Germany) equipped with FID. He served as
carrier gas at a constant 1 mmin. The GC temperature program was: 60 ◦C (1 min) to
150 ◦C at 15 ◦C/min, then to 300 ◦C (held 28 min) at 4 ◦C/min. The injector was at 310 ◦C
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and the detector at 300 ◦C. Assignment of di- and triunsaturated C37 alkenones (C37:2

and C37:3) was based on retention times and comparison with parallel GC–MS runs. All
samples were analyzed in quadruplicate.

IV.2.3.3. GC–MS

Long chain diols were analyzed using GC–MS with a Trace gas chromatograph system
interfaced to a Trace MS instrument (both from ThermoFinnigan) after derivatization
with bis(trimethylsilyl)-tri�uoroacetamide in pyridine at 60 ◦C for 1 h (Elvert et al., 2003).
The mass spectrometer was operated in electron ionization mode (EI+) at 70 eV over
m/z 40 to 700. The ion source was at 200 ◦C, the interface at 300 ◦C and He was the
carrier gas at a constant 1 ml/min. Samples were injected in splitless mode at 310 ◦C and
analyte separation was achieved with an Rxi-5ms column (30 m × 0.25 mm × 0.25 µm;
Restek GmbH, Bad Homburg, Germany) using the same temperature program as for
GC-FID. Assignment of long chain diols was based on retention times and characteristic
fragments in the GC–MS run (see Smith et al., 1983; Versteegh and de Leeuw, 1997).
Relevant long chain diols were quanti�ed using extracted ion chromatograms (EICs)
of the characteristic fragment ions at m/z 299.4, 313.4, 341.4, 327.4, 341.4 and 355.4. All
samples were analyzed in duplicate.

IV.2.3.4. Long chain diol isolation

For HPLC-based long chain diol assignment the compounds were isolated from the
TLE of the Aarhus Bay sediment sample through reversed phase semi-preparative LC
with an Agilent 1200 series HPLC instrument equipped with an Agilent 1200 series
fraction collector and coupled to an Agilent 6130 MSD by active splitter. The diols
were eluted using the chromatographic protocol of Zhu et al. (2013a). In brief, the TLE
was fractionated with a semi-preparative Zorbax Eclipse XDB-C18 column (5 µm, 250 ×
9.4 mm; Agilent Technologies Deutschland GmbH, Böblingen, Germany) operated at
45 ◦C. Samples were dissolved in MeOH:propan-2-ol (8:2, v:v) and eluted using a linear
gradient from 80 % MeOH: 20 % 2-propanol to 60 % MeOH: 40 % propan-2-ol in 5 min
and then to 35 % MeOH: 65 % propan-2-ol in another 40 min at 2.2 mmin. The column
was washed with 100 % propan-2-ol for 15 min followed by column re conditioning
with 100 % MeOH for another 15 min. The diols were collected in a time window of 8.6
to 12 min.
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IV.2.3.5. Calculations

TEX86 was calculated using the de�nition of Schouten et al. (2002):

TEXH
86 =

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

where numbers refer to number of rings in the GDGT and GDGT-5’ to the crenarchaeol
regio-isomer. TEX86 was converted to SST using the core top transfer function of Kim
et al. (2008):

SST = −10.78 + 56.2× (TEX86) (Eq. 2)

UK′

37 was calculated according to Prahl and Wakeham (1987):

UK′

37 =
[C37:2alkenone]

[GDGT-1] + [C37:2alkenone] + [C37:3alkenone] (Eq. 3)

It was converted to SST by applying the core top transfer function of Conte et al. (2006):

SST = 29.876× (UK′

37 )− 1.334 (Eq. 4)

LDI was calculated using Eq. 5 as described by Rampen et al. (2012):

LDI =
[C301,15 diol]

[C281,13 diol] + [C301,13 diol] + [C301,15 diol] (Eq. 5)

SST values were estimated using the global core top calibration from the same study:

SST =
LDI-0.095

0.033 (Eq. 6)

Mean deviations for duplicate NP-HPLC–MS runs were ±0.01 UK′

37 units (±0.32 ◦C),
±0.006 TEX86 units (±0.31 ◦C) and ±0.01 LDI units (±0.23 ◦C), respectively, and ±0.004
UK′

37 units (0.14 ◦C) and ±0.003 TEX86 units (0.11 ◦C), respectively, for HPLC–MS runs.
Mean standard deviation for quadruplicate GC-FID runs was ±0.02 UK′

37 units (±0.62 ◦C)
and for duplicate GC–MS runs ±0.01 LDI units (±0.28 ◦C). The chromatographic resolu-
tion (Rs) was calculated from the retention time di�erence between two adjacent peaks
(∆tR) divided by the sum of their mean peak width at half peak height (Wavg):

RS =
∆tR
Wavg

(Eq. 7)
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IV.3. Results and discussion

The NP-HPLC–APCI-MS method (Becker et al., 2013) allows simultaneous determination
of nine paleoenvironmental proxies (Figure IV.1): the SST proxies TEX86 (Schouten et al.,
2002), UK′

37 (Brassell et al., 1986) and LDI (Rampen et al., 2012), the proxy for terrestrial
input to the ocean using the branched isoprenoid tetraether index (BIT; Hopmans et al.,
2004), proxies for annual mean air temperature (MAT) and soil pH using the cyclisation
(CBT) and methylation ratio of branched tetraethers (MBT; Weijers et al., 2007), a
proxy for paleosalinity using the archaeol and caldarchaeol ecometric (ACE; Turich and
Freeman, 2011), a proxy for past methane hydrate dissociation using the methane index
(MI; Zhang et al., 2011) and a SST proxy for high latitudes via hydroxylated iGDGT-
based indices (Huguet et al., 2013). Additionally, the whole suite of recently identi�ed
tetraether core lipids from Liu et al. (2012c) and Zhu et al. (2014a), such as brGDGTs with
a higher and lower degree of methylation than the regular compounds, and butane- and
pentanetriol dialkyl glycerol tetraethers, could be detected (Fig. 1b). Their ecological and
environmental signi�cance still needs, however, to be clari�ed. We demonstrate below
the extension of the HPLC–MS protocol of Becker et al. (2013) to the analysis of UK′

37

and LDI, i.e. to simultaneous analysis of three molecularly independent SST proxies in a
single analysis (see Figure IV.1), which is not possible with the conventional protocols
due to inadequate chromatographic separation of the proxy-relevant alkenones and
diols, respectively.

IV.3.1. Detection of long chain alkenones using HPLC—MS

In the NP-HPLC base peak chromatogram (BPC) of the TLE of the E. huxleyi culture
(Figure IV.2a) the long chain alkenones eluted between 1.8 and 2.5 min. They were
unambiguously assigned from their exact mass in full scan (MS1) spectra and their
characteristic fragmentation in MS2 spectra. The major product ion of the C37:2 alkenone
([M+H]+ at m/z 531.5499) is m/z 513.5394 (-18.0 Da), formed by loss of water (Fig-
ure IV.2b). The remaining larger fragments form a series with 14.0 Da di�erence between
the product ions, resulting from cleavage between di�erent carbons after initial loss
of water. For example, the fragment at m/z 317.3203 results from cleavage between
C-23 and C-24 and that at m/z 331.3359 from cleavage between C-24 and C-25. The
C=C locations cannot be determined using MS without derivatization, because they
can migrate when the alkyl chain is ionized (López and Grimalt, 2004; Rontani et al.,
2006). The C38 and C39 Et ketones elute before the C37 and C38 Me ketones and the C37:2

and C37:3 alkenones are well separated (see Figure IV.2a) and can be quanti�ed readily
for computation of UK′

37 . The chromatographic resolution according to Eq. (7) between
the two peaks is 1.12. Resolving them is necessary, since otherwise the 13C2 isotope
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Figure IV.1. (a) Reconstructed NP-UHPLC–APCI-qToF-MS base peak chromatogram showing
long chain alkenones, iGDGTs, brGDGTs, iGDDs and OH-iGDGTs in sample M84/1, GeoB15103-
2, 21-34 cmbsf. (b) Associated, reconstructed density map plot showing whole range of lipid
biomarkers detectable with the NP-HPLC–APCI-MS protocol, as well as long chain alkenones
and diols (blue boxes). Superscripts indicate proxies that can be determined from specific lipids or
lipid groups. Abbreviations according to Liu et al. (2012c) and Zhu et al. (2014a): GDGT, glycerol
dialkyl glycerol tetraether; GDD, glycerol dialkanol diether; GMGT, glycerol monoalkyl glycerol
tetraether; BDGT, butanetriol dialkyl glycerol tetraether; PDGT, pentanetriol dialkyl glycerol
tetraether; GTGT, glycerol trialkyl glycerol tetraether; AR, archaeol; OH, monohydroxy; 2OH,
dihydroxy; Uns, monounsaturated; 2uns, diunsaturated; Ext, extended; Me, methylated; MeO,
methoxy; i, isoprenoid; br, branched; IB, hybrid isoprenoid/branched; OB, overly branched; SB,
sparsely branched.

peak from C37:3 would contribute to the monoisotopic peak of the C37:2 alkenone. The

co-elution of the C37 and C38 Me ketones does not influence their quantification because

of the MS-based detection and a difference of 14.0 Da between the C37 and C38 alkenones.

The C37:4 alkenone was not detected in the E. huxleyi culture, presumably because of

the relatively high culture temperature (23 ◦C), at which only small amounts of the C37:4

alkenones are produced (Prahl et al., 1988).

Having demonstrated the detection of alkenones with NP-HPLC–MS, we are able to

measure TEX86 and U
K′
37 in a single analysis (e.g. Figure IV.2c). This brings the advantages

of eliminating sample preparation steps, e.g. base hydrolysis to remove alkenoates, highly

reduced time for analysis, and increased sensitivity of one order of magnitude compared

with conventional GC based methods. The limit of quantification for the new method is

<10 pg, whereas for GC-FID it is generally in the ng range (e.g. Villanueva and Grimalt,

1997). Potential disadvantages of analyzing alkenones with HPLC–MS could be changes

in the relative sensitivity between the di- and triunsaturated compounds and non-linear
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Figure IV.2. (a) NP-HPLC–APCI-MS base peak chromatogram (BPC) showing long chain
alkenones and alkyl alkenoates, and extracted ion chromatograms (EICs) showing the triun-
saturated (m/z 529.5) and diunsaturated (m/z 531.5) alkenones in the TLE of E. huxleyi. (b)
NP-HPLC–APCI-multiple stage mass spectrum (MS2) of the diunsaturated alkenone ([M+H]+ at
m/z 531.5). Shown are the MS2 fragment ions within the range m/z 150-570. The structure and
formation of the major product ions are also indicated. (c) NP-HPLC–APCI-MS BPC showing
long chain alkenones and iGDGTs in the TLE of the marine sediment M84/1 GeoB15105-4, Black
Sea, 12-14 cmbsf.
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response factors, as observed with other MS methods, e.g. GC-CI-MS (Chaler et al., 2000;
Chaler et al., 2003), GC-EI-MS (Versteegh et al., 2001) and GC-qToF-MS (Hefter, 2008).
In order to quantify such e�ects, we calibrated our instruments with the C37:2 and C37:3

alkenone standards. The RRF values slightly di�ered between the two compounds but
were linear for our instrument. Thus, the monitoring of RRF is recommended for the
use of the presented protocol, which applies for MS-based detection in general.

IV.3.2. Detection of long chain diols using HPLC—MS

Detection of long chain alkenones with NP-HPLC–MS led us to further inspect the
protocol for the detection of long chain diols, which are used for the LDI SST proxy.
Their greater polarity than the long chain alkenones results in a longer retention time in
the NP-HPLC chromatogram. Indeed, in the BPC of the isolated long chain diol fraction
from the Aarhus Bay sediment, the diols eluted between 24 and 27 min (Figure IV.3).
They were tentatively assigned from the exact mass in full scan (MS1), the characteristic
fragmentation in MS2 spectra and by comparison of the relative distributions of the major
diol isomers with that obtained through conventional GC–MS. The diols are subject to
in source dehydration during the protocol for NP-HPLC–APCI-MS, with the resulting
dehydrated fragment (-18.0 Da). For example, the major MS1 signal for the C30 diols was
at m/z 437.4171 and for the C28 diols at m/z 409.4404. For accurate quanti�cation, we
therefore propose to use the dehydrated fragments.

In the MS2 spectrum of the C30 1,15 diol ([M+H]+-18.0 Da at m/z 437.4171) the major
fragment was at m/z 419.4611 (Figure IV.3b), representing loss of the second OH group
(-18.0 Da). The remaining larger fragments form a series with 14.0 Da di�erence between
the product ions resulting from cleavage between di�erent carbons after loss of the
OH groups. Like the fragmentation of the long chain alkenones, C=C positions in
the diol derivatives, obtained via loss of the OH groups, cannot be determined with
MS2. Therefore, the identity of the isomers with the same chain length cannot be
determined using this method. However, comparison of the relative abundance of the
major diol isomers between the conventional GC–MS method and the NP-HPLC protocol
(Table IV.2) indicates that retention is based on compound polarity, so the earliest eluting
major peak was the C30 1,15 diol, the second with the same mass the C30 1,14 diol and
the third the C30 1,13 diol, i.e. in order of increasing polarity. The major C28 diols were
(early to late eluting): C28 1,14, C28 1,13 and C28 1,12. The isomers used for LDI were
baseline separated (see Figure IV.3a) and could be quanti�ed readily for determination
of LDI. The NP-HPLC protocol therefore enables the determination of the three proxies
- TEX86, UK′

37 - and LDI from a single analysis (Figure IV.3c, Figure IV.4a).
The simultaneous detection of the three SST proxies might also be possible with con-
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Figure IV.3. (a) NP-HPLC–APCI-MS BPC showing long chain diols, and EICs showing the C30

(m/z 437.4) and the C28 (m/z 409.4) diols in the isolated long chain diol fraction from the Aarhus
Bay sediment sample, 0-60 cmbsf. Gray shaded peaks indicate the diols used for the LDI SST proxy.
(b) NP-HPLC–APCI-multiple stage mass spectrum (MS2) of the C30 1,15 diol ([M+H]+-18 Da at
m/z 437.4). Shown are the MS2 fragment ions within the range m/z 60-450. The structure and the
formation of the major product ions are also shown. (c) NP-HPLC–APCI-MS BPC showing long
chain alkenones, long chain diols and iGDGTs in the TLE of the marine sediment from Aarhus
Bay, 10-12 cmbsf.
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Table IV.2. Fractional abundance (%) of major long chain diols and LDI in isolated diol fraction
from Aarhus Bay sediment determined from GC–MS and NP-HPLC–MS, respectively.

C28 1,12
diol

C28 1,13
diol

C28 1,14
diol

C30 1,13
diol

C30 1,14
diol

C30 1,15
diol

LDI

GC–MS (n=3) 1.55±0.46 10.21±0.04 50.72±9.93 4.88±1.76 8.12±2.67 24.53±5.99 0.62±0.03
NP-HPLC–MS
(n=3)

1.35±0.32 9.78±0.79 50.03±0.77 5.46±0.57 10.16±1.89 23.23±3.20 0.60±0.04

ventional single quadrupole HPLC–MS systems, since the pressure using the presented
method is below the upper limit for most HPLC instruments (600 bar), but would require
method development including the adjustment of ionization parameters as well as of
the gradient system for the columns used here. Alternatively to the two coupled amide
columns, the use of a single column results in adequate separation of alkenones and
diols (data not shown) and the maximum pressure is <400 bar. However, iGDGT and
iGDD isomers cannot be fully resolved under these conditions (Becker et al., 2013). The
establishment of the retention times of long chain diols and alkenones should be based
on standard compounds or isolated fractions as described here (i.e. alkenones from an E.

huxleyi culture or long chain diols from marine sediments). The high sensitivity of the
qToF-MS enables detection of the relevant compounds in full scan mode, which is likely
not possible with a single quadrupole MS instrument. As for GDGTs, detection should
be performed in selective ion monitoring (SIM) mode scanning only for the masses of
alkenones (as [M+H]+ ions; see Figure IV.2) and diols (as [M+H-H2O]+; see Figure IV.3).

IV.3.3. Comparison of UK′

37 determined from GC–FID and HPLC–MS

The GC-FID-based UK′

37 values for samples from the Eastern Mediterranean, the Black
Sea and selected samples from the Sea of Marmara core varied between 0.21±0.05 and
0.82±0.05 (providing SST between 5.4±1.7 and 23.4±1.5 ◦C) and thus cover a wide range
of the possible UK′

37 scale (Figure IV.4a, b; Table IV.3). The relatively large error for
quadruplicate GC-FID runs (precision of 0.02 UK′

37 units) might result from the low
amounts of the C37:2 and C37:3 alkenones injected on-column especially for the sediment
samples (Grimalt et al., 2001). In contrast, standard deviation for quadruplicate runs of
the E. huxleyi culture, which contained alkenones at considerably higher abundance,
was 0.004 and thus within the range generally obtained (Herbert, 2003). The maximum
discrepancy between NP-HPLC and GC for UK′

37 was 0.12±0.03 (sample GeoB15103-2,
21-43 cm below sea �oor, cmbsf), representing a temperature di�erence of 3.5±0.8 ◦C.
For most samples, the discrepancy was within the standard error for most calibrations
(±0.7-1.6 ◦C). The mean ∆UK′

37
between GC and NP-HPLC analysis was ±0.05. The linear

relationship between NP-HPLC and GC UK′

37 (r2 0.93, slope 0.95; Figure IV.4b) shows that
the protocol provides reliable and reproducible results for UK′

37 .
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Figure IV.4. (a) SST values for different marine sediments and E. huxleyi culture. Shown are the
alkenone-based temperatures determined from GC-FID (SSTUK′

37
GC ) and NP-HPLC–APCI-MS

(SSTUK′
37

LC ), the diol-based temperatures determined from GC–MS (SSTLDI GC ) and NP-HPLC–

APCI-MS (SSTLDI LC ) and archaeal GDGT-derived temperature (SSTTEX86 ) determined from
NP-HPLC–APCI-MS. Error bars indicate deviation for replicate analysis. (b) Cross plot of UK′

37

values determined using GC-FID and NP-HPLC–APCI-MS. (c) Cross plot of LDI values determined
using GC–MS and NP-HPLC–APCI-MS. Dashed lines in each cross plot indicates the 1:1 line.
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IV.3.4. Comparison of LDI determined from GC–MS and HPLC–MS

LDI values determined from GC–MS in the sample set as above varied between 0.58±0.01
and 0.98±0.0007, providing SST values between 14.7±0.2 and 26.8±0.06 ◦C (Table IV.3,
Figure IV.4a). LDI values from NP-HPLC and GC–MS show a clear linear relationship (r2

0.95, slope 0.88; Figure IV.4c), demonstrating that the NP-HPLC protocol provides robust
results for LDI. For most samples, the discrepancy between NP-HPLC and GC LDI was
within the standard error for the most recent calibration (±2 ◦C, Rampen et al., 2012).
The mean ∆LDI for the samples was ±0.03 and the mean ∆T±0.88 ◦C. The maximum
discrepancy between NP-HPLC and GC LDI was 0.07±0.01 for GeoB15105-2, 147-167
cmbsf, representing a di�erence of 2.2±0.3 ◦C.

Table IV.3. UK′
37 , LDI, TEX86 and corresponding SST values obtained from the di�erent methods.

GC–FID GC–MS NP-HPLC–APCI-MS

Core
(GeoB)

Depth interval
(cmbsf)

UK′
37 SST LDI SST UK′

37 SST TEX86 SST LDI SST

15103-2 21-34 0.59±0.02 16.27±0.58 0.98±0.007 26.70±0.02 0.47±0.001 12.76±0.03 0.68±0.01 27.53±0.63 0.91±0.02 24.64±0.65
15103-2 220-240 0.46±0.05 12.35±1.57 0.79±0.03 21.04±1.05 0.43±0.03 11.49±0.79 0.61±0.01 23.44±0.33 0.80±0.001 21.45±0.001
15103-2 435-455 0.70±0.03 19.65±0.91 0.98±0.002 26.79±0.06 0.64±0.02 17.69±0.51 0.62±0.01 24.24±0.39 0.95±0.01 25.92±0.40
15104-1 10-12 0.58±0.04 16.05±1.25 0.90±0.01 24.53±0.37 0.68±0.03 18.9±0.84 0.64±0.003 25.3±0.17 0.92±0.02 24.93±0.56
15104-2 180-196 0.59±0.04 16.17±1.25 0.96±0.001 26.17±0.01 0.67±0.003 18.79±0.10 0.59±0.01 22.51±0.63 0.93±0.01 25.23±0.33
15104-2 280-296 0.49±0.02 13.3±0.35 0.94±0.02 25.69±0.50 0.46±0.01 12.51±0.19 0.46±0.002 14.93±0.01 0.94±0.001 25.72±0.003
15104-2 360-375 0.42±0.06 11.34±1.70 0.75±0.01 19.86±0.36 0.39±0.03 10.18±0.76 0.41±0.003 12.10±0.21 0.74±0.001 19.51±0.01
15104-2 620-635 0.65±0.05 17.94±0.97 0.58±0.01 14.74±0.17 0.76±0.001 21.29±0.01 0.33±0.01 7.56±0.30 0.61±0.004 15.34±0.08
15105-4 8-10 0.39±0.04 10.26±1.19 0.81±0.03 21.53±0.78 0.32±0.001 8.36±0.02 0.39±0.003 11.31±0.18 0.81±0.01 21.66±0.16
15105-2 147-167 0.22±0.06 5.37±1.71 0.87±0.01 23.61±0.16 0.22±0.01 5.19±0.34 0.35±0.01 8.90±0.71 0.80±0.01 21.43±0.17
15105-2 390-405 0.83±0.05 23.39±1.52 0.92±0.001 25.01±0.06 0.88±0.002 24.95±0.07 0.33±0.002 7.65±0.01 0.88±0.01 23.68±0.18
15105-2 420-435 0.50±0.06 13.72±1.85 0.96±0.001 26.08±0.03 0.42±0.03 11.21±0.78 0.55±0.01 19.96±0.30 0.90±0.001 25.10±0.001
15105-2 596-613 0.30±0.01 7.69±0.22 0.66±0.003 17.19±0.11 0.32±0.001 8.17±0.02 0.51±0.003 17.64±0.18 0.60±0.02 16.05±0.66

Emiliania huxleyi 0.73±0.01 20.58±0.15 - - 0.74±0.01 20.75±0.26 - - - -

IV.3.5. SST estimates from di�erent proxies

The substantially higher TEX86 than UK′

37 SST estimates for most samples obtained from
the NP-HPLC analysis (Figure IV.4a, Table IV.3) might be explained by di�erences in
ecology of the relevant haptophyta and archaea, such as production season or water
depth. A similar pattern has been observed for the Mediterranean Gulf of Taranto, where
the UK′

37 signal corresponds to winter SST and the o�shore TEX86 signal to summer
SST (Leider et al., 2010). Only two samples showed the opposite behavior, i.e. higher
UK′

37 than TEX86 SST estimates. One originates from the Black Sea sapropel, an interval
of strong (upper) water-column strati�cation, and the anomalous signal at this site
could be explained by a strong contribution of deeper dwelling planktonic archaea
that thrive in the colder chemocline, an explanation also suggested by Menzel et al.
(2006). However, this is in contrast to studies of modern subsurface GDGT distributions,
which showed a warm bias for the TEX86 signal (Schouten et al., 2012; Basse et al.,
2014; Hernández-Sánchez et al., 2014; Xie et al., 2014). The LDI-derived temperature
values are generally higher than those from UK′

37 and TEX86 for corresponding samples
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(Figure IV.4a), except for the Eastern Mediterranean, where TEX86-derived temperatures
are equal to or slightly higher than those derived from the LDI. This warm bias of LDI-
derived temperatures was also observed by Lopes dos Santos et al. (2013). The authors
compared LDI-inferred and foraminiferal assemblage-derived temperature values for
the Southern Ocean and suggested that the LDI re�ects SST of the warmest month. The
ecological factors that might in�uence the lipid distribution of the signal producers and
therefore the proxies are discussed in the next section. Lateral sediment transport and
selective aerobic degradation during early diagenesis may also contribute to di�erences
between SST from alkenones and iGDGTs (e.g. Huguet et al., 2009; Kim et al., 2009).

IV.3.6. Past SST variation in the Sea of Marmara determined with the new
protocol

Alkenones, diols and iGDGTs were detected in all samples in su�ciently adequate con-
centration for proxy estimations (Figure IV.5a, b; Supp. Table IV.1; Supp. Table IV.2).Total
iGDGT concentration varied between 0.44 and 8.58 µg g−1 sediment dry wt (sed. dw) all
along the record. The maximum concentration occurred within S1. A second peak was
observed in the sample from the B/A with a concentration of 5.81 µg g−1 sed. dw. Total
diol concentration followed a similar pattern but absolute values were one to two orders
of magnitude lower than for iGDGTs. In contrast, total alkenone concentration showed
no distinct peak in S1. The maximum concentration occurred in the sample from the
B/A at 4.45 µg g−1 sed. dw. Lowest concentration was in samples from the lacustrine
stage (0.02-0.7 µg g−1 sed. dw). For these samples, alkenones characteristic of freshwater
environments (Thiel et al., 1997; Schulz et al., 2000) were not detected. For the Holocene
samples, alkenone concentration ranged between 2.22 and 0.8 µg g−1 sed. dw in the top
15 cm of the record, whereas it was ca. 0.41 µg g−1 sed. dw for the deeper samples Supp.
Table IV.2. The alkenone and diol concentration pro�les are in line with previous studies
(Vidal et al., 2010) and suggest that haptophytes were important in the phytoplanktonic
community before the sapropel formation right after the marine connection of the Sea
of Marmara. The high concentration of total iGDGTs and diols in S1 can be attributed
to both increased primary production and preservation of organic matter (e.g. Sperling
et al., 2003).

UK′

37 , TEX86 and LDI-derived temperature estimates are similar for the Late Holocene
(7 to 0 kyr BP) with high and largely invariable values, although absolute values for
the UK′

37 derived SSTs are consistently lower than those derived from TEX86 and LDI
(Figure IV.5b). Reconstructed temperature values from UK′

37 (SSTUK′
37

) are 17.0 to 20.5 ◦C,
from TEX86 (SSTTEX86) 22.2 to 26.0 ◦C and from LDI (SSTLDI) 23.2 to 25.4 ◦C (Table IV.4).
Between the LGM and S1, the temperature records di�er. In the LGM, the SSTUK′

37
shows
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i
i

Figure IV.5. (a) Total iGDGT, diol and alkenone concentrations (µg g−1 sed. dw) vs. age. (b) SST
estimates for cores GeoB15104-2 and -4 from the Sea of Marmara based on alkenones (SSTUK′

37
),

diols (SSTLDI) and archaeal iGDGTs (SSTTEX86 ) determined from NP-HPLC–APCI-MS. The timing
of the Younger Dryas (YD), Bølling/Allerød (B/A), Sapropel S1 (S1), Last Glacial Maximum (LGM),
Holocene and marine (Unit 1) and lacustrine (Unit 2) units are denoted.

its highest temperature (21.9 ◦C) which decreases during the transition from the LGM to

the B/A, reaching 5.9 ◦C in the B/A. From the B/A to S1, SSTUK′
37

increases again, reaching

21.7 ◦C at the top of S1. In contrast to SSTUK′
37
, SSTLDI and SSTTEX86 are relatively low for

the last glacial, with constant SSTTEX86 of ca. 7
◦C and TLDI between 6.6 (at 21.3 kyr) and

15.3 ◦C. SSTTEX86 and SSTLDI increase during the transition from the glacial to the B/A.

SSTLDI reaches modern Holocene values during the B/A. However, the warming trend

for SSTTEX86 starting at ca. 15.2 kyr is interrupted in S1, where temperatures decreases

by 4.7 ◦C and relative to the YD (19.9 ◦C). Modern SSTTEX86 is not reached before 4.7 kyr

BP.

SSTTEX86 suggests an LGM to late Holocene warming of ca. 18 ◦C, ca. 8 ◦C larger than

for the Mediterranean Sea (Castañeda et al., 2010) and Black Sea (Ménot and Bard, 2010).
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Table IV.4. UK′
37 , LDI, TEX86 and corresponding SST values for sediment cores from the Sea of

Marmara.
Core
(GeoB)

Coring
device

Depth interval
(cmbsf)

Estimated age (kyr
BP)

UK′
37 SST

UK′37
(◦C)

TEX86 SSTTEX86
(◦C)

LDI SSTLDI
(◦C)

15104-1 MUC 0-2 0.01 0.62±0.02 17.09±0.59 0.65±0.02 25.95±0.86 0.86±0.05 23.2±1.42
15104-1 MUC 2-4 0.05 0.69±0.001 19.24±0.01 0.62±004 24.25±0.20 0.89±0.02 24.22±0.49
15104-1 MUC 4-6 0.09 0.69±0.03 19.35±0.87 0.64±0.01 25.33±0.47 0.88±0.02 23.91±0.47
15104-1 MUC 6-8 0.12 0.66±0.06 18.34±1.82 0.65±0.01 25.49±0.69 0.88±0.04 23.84±1.06
15104-1 MUC 8-10 0.16 0.66±0.01 18.39±0.16 0.64±0.01 25.37±0.41 0.89±0.05 24.18±1.45
15104-1 MUC 10-12 0.2 0.68±0.03 18.9±0.84 0.64±0.003 25.3±0.17 0.92±0.02 24.93±0.56
15104-1 MUC 12-14 0.23 0.66±0.03 18.26±0.84 0.65±0.02 25.51±1.29 0.90±0.02 24.39±0.72
15104-1 MUC 14-16 0.27 0.68±0.01 19.02±0.31 0.64±0.003 25.02±0.15 0.89±0.01 24.17±0.23
15104-1 MUC 16-18 0.31 0.67±0.02 18.75±0.51 0.62±0.01 23.94±0.33 0.93±0.02 25.15±0.54
15104-1 MUC 18-20 0.34 0.67±0.03 18.77±0.95 0.61±0.01 23.51±0.76 0.90±0.01 24.53±0.16
15104-1 MUC 20-22 0.38 0.66±0.02 18.47±0.71 0.61±0.01 23.22±0.44 0.91±0.01 24.84±0.15
15104-1 MUC 22-24 0.41 0.67±0.01 18.71±0.28 0.62±0.01 23.96±0.29 0.92±0.01 24.97±0.16
15104-1 MUC 24-26 0.45 0.70±0.01 19.66±0.41 0.61±0.01 23.69±0.42 0.92±0.01 24.91±0.26
15104-1 MUC 26-28 0.49 0.69±0.01 19.27±0.16 0.60±0.01 22.77±0.74 0.92±0.02 24.88±0.56
15104-1 MUC 28-30 0.52 0.71±0.01 19.88±0.38 0.60±0.01 23.02±0.51 0.90±0.01 24.34±0.44
15104-1 MUC 30-32 0.56 0.73±0.05 20.41±1.57 0.60±0.01 22.64±0.63 0.90±0.01 24.54±0.19
15104-1 MUC 32-34 0.6 0.72±0.01 20.14±0.38 0.60±0.003 22.99±0.19 0.91±0.01 24.74±0.42
15104-1 MUC 34-36 0.63 0.72±0.03 20.30±0.83 0.59±0.01 22.15±0.77 0.89±0.001 24.20±0.12
15104-1 MUC 36-38 0.69 0.70±0.01 19.58±0.27 0.59±0.005 22.51±0.28 0.93±0.02 25.20±0.61
15104-1 MUC 38-40 0.74 0.70±0.02 19.60±0.51 0.59±0.01 22.32±0.82 0.91±0.01 24.67±0.36
15104-1 MUC 40-42 0.79 0.71±0.02 19.90±0.67 0.60±0.01 22.86±0.32 0.89±0.01 24.02±0.34
15104-1 MUC 42-44 0.85 0.71±0.01 19.89±0.25 0.60±0.01 23.12±0.49 0.90±0.01 24.25±0.19
15104-1 MUC 44-46 0.9 0.7±0.003 19.55±0.08 0.61±0.03 23.35±1.43 0.90±0.02 24.40±0.67
15104-1 MUC 46-48 0.96 0.7±0.02 19.49±0.69 0.61±0.002 23.54±0.11 0.91±0.03 24.75±0.81
15104-1 MUC 48-50 1.01 0.67±0.07 18.56±1.98 0.6±0.009 23.08±0.49 0.91±0.03 24.65±0.76
15104-1 MUC 50-52 1.06 0.71±0.01 19.82±0.17 0.59±0.02 22.48±0.95 0.89±0.003 24.16±0.09
15104-2 GRC 116-130 3.01 0.66±0.01 18.29±0.33 0.63±0.01 24.73±0.59 0.93±0.01 25.35±0.44
15104-2 GRC 180-196 4.76 0.67±0.003 18.79±0.10 0.59±0.01 22.51±0.63 0.93±0.01 25.23±0.33
15104-2 GRC 222-236 6.95 0.77±0.02 21.70±0.67 0.56±0.01 20.94±0.39 0.95±0.01 25.97±0.34
15104-2 GRC 280-296 10.1 0.46±0.01 12.51±0.19 0.46±0.0002 14.93±0.01 0.94±0.001 25.72±0.003
15104-2 GRC 310-325 11.91 0.39±0.02 10.34±0.63 0.55±0.02 19.88±1.12 0.91±0.01 24.76±0.37
15104-2 GRC 340-355 13.76 0.24±0.01 5.86±0.22 0.48±0.01 16.3±0.401 0.89±0.03 24.12±0.85
15104-2 GRC 360-375 14.99 0.39±0.03 10.18±0.76 0.41±0.003 12.10±0.21 0.74±0.001 19.51±0.01
15104-2 GRC 420-435 16.12 0.62±0.03 17.12±0.88 0.31±0.01 6.38±0.78 0.51±0.05 12.57±1.47
15104-2 GRC 480-495 17.24 0.73±0.03 20.41±0.97 0.29±0.02 5.69±0.94 0.55±0.04 13.80±1.31
15104-2 GRC 517-532 17.94 0.71±0.04 19.89±1.33 0.31±0.02 6.71±1.01 0.51±0.05 12.59±1.503
15104-2 GRC 575-588 19.01 0.70±0.02 19.54±0.52 0.32±0.01 7.13±0.64 0.59±0.01 14.95±0.29
15104-2 GRC 620-635 19.87 0.76±0.001 21.29±0.01 0.33±0.01 7.56±0.30 0.61±0.012 15.34±0.08
15104-2 GRC 690-704 21.29 0.78±0.03 21.94±0.96 0.33±0.01 8.02±0.29 0.31±0.02 6.58±0.63

SSTLDI suggests a LGM to Holocene warming of 13 ◦C on average, but the maximum
amplitude is almost 20 ◦C between 6.96 kyr BP and the LGM (21.29 kyr BP). The SSTUK′

37

di�erence between the youngest Holocene and the YD is ca. 14 ◦C and in good agreement
with other SSTUK′

37
records from the Sea of Marmara (Sperling et al., 2003; Ménot and

Bard, 2010; Vidal et al., 2010). Our SSTUK′
37

record is closely similar to that of Sperling
et al. (2003) for the time interval where both records overlap (YD to modern Holocene).
This supports the novel protocol. There is an o�set of ca. 2 ◦C between the two records
during the Holocene. Sperling et al. (2003) determined SSTUK′

37
from the total lipid extract

without removing coeluting alkenoates, which may explain the o�set. The novel MS-
based protocol circumvents such potential bias caused by elevated levels of alkenoates.
Other potential explanations are the slightly di�erent core locations or di�erences in
instrument performance. It has for example been shown in an interlaboratory study that
absolute values can di�er by up to 2 ◦C for exactly the same sample (Rosell-Melé et al.,
2001).

The high SSTUK′
37

values during the last glacial are unrealistic and indicate that the
transfer function is not valid for the lacustrine setting in the Sea of Marmara during that
time. In lacustrine settings, alkenone-producing taxa occur with UK′

37 – SST relationships
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very di�erent from that of E. huxleyi (e.g. Versteegh et al., 2001; Zink et al., 2001; Toney
et al., 2010). Coccolith analysis shows that E. huxleyi was only abundant during the
marine phase (0 to 14.7 kyr BP) but not during the lacustrine phase (14.7 to 21 kyr
BP), when overall abundance and diversity of coccoliths was low (Aksu et al., 2002).
The change in coccolith species coincides with a change in salinity, which was low
during the last glacial and increased after the marine connection in the Sea of Marmara
was established (e.g. Sperling et al., 2003; Vidal et al., 2010). E. huxleyi likely “invaded”
the Sea of Marmara after this �ooding by Mediterranean water during deglaciation,
as also suggested for the Black Sea (Hay et al., 1991). Our SSTUK′

37
record, as well as

evidence for hydrological and ecological changes (e.g. Aksu et al., 1999; Aksu et al., 2002;
Sperling et al., 2003; Vidal et al., 2010), strongly suggests that SST reconstruction based
on alkenones is not suitable for the lacustrine phase in the Sea of Marmara using the
current transfer function.

In contrast, SSTLDI and SSTTEX86 are low during the last glacial and, as expected, show
warming at the transition to the B/A. Clearly, the ecological and hydrological changes
in the Sea of Marmara had less in�uence on the relationship between temperature and
the distributions of iGDGTs and long chain diols. This is in agreement with mesocosm
incubations of enriched Thaumarchaeota under di�erent salinity conditions (Wuchter
et al., 2004). In S1, a signi�cant cooling of ca. 5 ◦C occurs in SSTTEX86 . Cooling during
sapropel formation based on TEX86 has also been reported for Pliocene sapropels from
the Black Sea (Menzel et al., 2006). This observation has been explained by a strong
contribution from marine Crenarchaeota, thriving at the deeper and colder chemocline.
At the time of the sapropel formation in the Sea of Marmara, a similar e�ect could have
led to a change in the distribution of iGDGTs. A chemocline could have developed as a
result of higher primary productivity and reduced mixing of the water masses, leading
to O2 depletion and bottom water anoxia (e.g. Sperling et al., 2003; Vidal et al., 2010).
Therefore, Thaumarchaeota could have been driven to a di�erent ecological niche. In
modern nutrient-replete nearshore and oceanic upwelling environments, such a cold bias
has also been observed (Huguet et al., 2007; Lee et al., 2008; Leider et al., 2010; Wei et al.,
2011) and been interpreted as a shift in the depth of GDGT production (Kim et al., 2008;
Taylor et al., 2013). However, these interpretations have to be revised since more recent
studies showed a bias towards higher TEX86 temperature estimates for subsurface waters
(Schouten et al., 2012; Basse et al., 2014; Hernández-Sánchez et al., 2014; Xie et al., 2014),
which indicates a distinct relationship between iGDGT biosynthesis and temperature
from subsurface archaea. The in�uence of physiology and environment on TEX86 in
cultures of marine planktonic Thaumarchaeota has not been systematically studied. The
only exception is a study of Nitrosopumilus maritimus (Elling et al., 2014), where the
iGDGT distribution and conversely TEX86 changed with growth phase, independent of
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temperature. One trigger for the sapropel formation in the Sea of Marmara is enhanced
primary productivity due to the in�ow of Mediterranean water (Sperling et al., 2003;
Vidal et al., 2010), also suggesting increased nutrient in�ux. Such a change in nutrient
availability could have changed the iGDGT-temperature relationship (cf. Turich et al.,
2007; Elling et al., 2014), but further studies are needed to assess the impact of factors
other than temperature in�uencing iGDGT distribution.

The expected warming during the B/A and the cooling during the YD are not re�ected
in any of the SST records. This has also been observed by others using UK′

37 in the Sea
of Marmara (Sperling et al., 2003; Vidal et al., 2010). Sperling et al. (2003) argued that
warmer water originating from the Mediterranean Sea or the incorporation of ‘old’
alkenones from the preceding B/A interstadial might have distorted the temperature
signal. This is in contrast to records from the western (Rodrigo-Gámiz et al., 2014) and
eastern Mediterranean Sea (Castañeda et al., 2010), where climate change during the YD
and the B/A was documented by the (SS)T proxies. In our case, the limited number of
samples at the transitions of the di�erent climatic events might explain why the changes
were not observed. The incongruent changes of SSTUK′

37
and SSTLDI from the B/A to the

termination of S1 further suggest that other environmental factors such as nutrient
availability, salinity and O2 availability a�ected the proxy temperature relationship for
diols and alkenones. For example, beside changes in species composition that can lead
to erroneous UK′

37 temperature reconstructions (see above), culture experiments with
di�erent haptophytes revealed the alteration of the alkenone distribution with changing
light intensity, cell division rate, salinity and nutrient concentration (Epstein et al., 1998;
Versteegh et al., 2001; Prahl et al., 2003; Ono et al., 2012). Accordingly, the environmental
changes that occurred in the Sea of Marmara since the last glacial (e.g. Vidal et al.,
2010) have potentially impacted the alkenone distribution in addition to changes in
temperature. The mechanism behind the correlation between LDI and temperature, the
exact biological source and the e�ect of environmental factors on the LDI needs to be
constrained (cf. Rampen et al., 2012), but adaptations in lipid composition to multiple
environmental variables can be expected for most organisms (e.g. Hazel and Williams,
1990). The di�erences in absolute temperature between the three proxies, particularly
for the Holocene, might be explained by di�erences in the growing season of the source
species (e.g. Castañeda et al., 2010; Leider et al., 2010; Lopes dos Santos et al., 2013;
Rodrigo-Gámiz et al., 2014). However, absolute temperatures have to be interpreted with
caution, since the di�erences could simply be within the uncertainties in the temperature
calibrations for the individual proxies. As a complementary approach to the global core-
top calibration to convert TEX86 to temperature, we used the BAYSPAR calibration model
(Supp. Fig. IV.2), which produces meaningful uncertainty estimates (Tierney and Tingley,
2014). We applied the “standard prediction” mode and used the default settings. The SST
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estimates based on this calibration showed the same trend as those obtained from the
global core-top calibration, but absolute values were consistently lower (between 1.3
and 4 ◦C). The 90 % uncertainty intervals (Fig. S2, light blue area) extend about 10 ◦C

for a single sample. Considering additionally the standard errors for the calibrations
of the other two SST proxies, which do not fully account for uncertainties, it becomes
apparent that speculation on absolute temperature di�erences is problematic.

IV.4. Conclusions

For reconstructing climate and environment, reliable and rapid assessment of past
temperature is essential. We have demonstrated a rapid and reliable method for deter-
mination of the lipid based UK′

37 , LDI and TEX86 temperature proxies within a single
NP-HPLC–MS analysis. The method permits the direct analysis of TLEs, saving time-
consuming and error-prone clean up procedures. The reduction in analytical processing
time is at least one day for eliminating the saponi�cation, derivatization and fraction-
ation steps, whereas the measurement time is reduced to 60 min/sample for all the
compounds for the NP-HPLC–APCI-MS method. UK′

37 values obtained with HPLC–MS
and GC-FID as well as LDI values obtained with HPLC–MS and GC–MS were similar
and showed almost a 1:1 linear relationship. To monitor the stability of the method and
to further assess the validity of a correction function, the use of reference samples is
recommended, for UK′

37 preferably based on pure alkenone standards with known UK′

37

values. The application of the new method to a sediment core from the Sea of Marmara
was in agreement with literature data on lipid based paleo SST proxies from the region.
The discrepancies between the SST proxies in the sediment record likely derive from
parameters other than temperature a�ecting the distributions of the relevant lipids. How-
ever, the di�erent ecologies of the organisms are poorly understood. In particular, more
insight into the physiological responses of the organisms to a changing environment
and their e�ects on the proxies are needed. The proposed NP-HPLC–APCI-MS protocol
allows determination of nine paleoenvironmental proxies within a single analysis. Since
in most modern organic chemical laboratories HPLC systems are available, the protocol
could be established for routinely use as a tool for environmental reconstruction.
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IV.5. Supporting Information

Supplementary Figure IV.1 Lithological description and the age-depth relationship for core
GeoB15104-2. The age model is based on sedimentation rates according to Vidal et al. (2010).
Matching lithology and interfaces were adjusted. Shaded areas correspond to sapropel (S1, dark
gray), the Younger Dryas (YD) (medium/dark gray), the Bølling/Allerød (B/A) (medium gray)
and the last glacial maximum (LGM) (light gray). For comparison, core MD01-2430 from (Vidal
et al., 2010) is shown.

Supplementary Figure IV.2 Comparison of SST estimates for the Sea of Marmara based on
archaeal iGDGTs determined fromNP-HPLC–APCI-MS using the global core-top calibration from
(Kim et al., 2008) and the BAYSPAR calibration Tierney and Tingley (2014). The light blue area
indicates the 90% uncertainty interval. The timing of the Younger Dryas (YD), Bølling/Allerød
(B/A), Sapropel S1 (S1), Last Glacial Maximum (LGM), Holocene andmarine (Unit 1) and lacustrine
(Unit 2) units are denoted.
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Supplementary Table IV.1 Concentrations from triplicate analysis of individual iGDGTs (ng sed. dw), and total concentration of this compound group
(µg sed. dw). Stars indicate average concentration and deviation for n = 2.

Core
(GeoB)

Depth interval
(cmbsf)

Estimated age (kyr
BP)

iGDGT-0 iGDGT-1 iGDGT-2 iGDGT-3 iGDGT-4 iGDGT-5 iGDGT-5’ Total
iGDGTs

15104-1 0-2 0.01 613.12±17.94 150.704±27.701 181.44±19.64 20.69±6.54 22.21±1.79 1262.97±19.82 82.53±23.52 2.33±0.02
15104-1 2-4 0.05 328.47±32.83* 86.699±4.16 95.08±6.44 11.98±0.8 11.04±0.98 389.25±65.19* 36.56±0.904 0.96±0.02*
15104-1 4-6 0.09 477.79±80.79 132.54±34.06 151.89±41.82 18.77±7.28 20.44±0.06 1060.42±79.34 69.04±18.74 1.93±0.04
15104-1 6-8 0.12 509.77±3.38 131.23±32.96 149.302±30.15 20.604±4.43 17.25±3.51 1076.09±32.33 67.46±11.98 1.97±0.02
15104-1 8-10 0.16 634.49±47.56 165.59±39.47 184.22±44.6 24.99±7.51 22.03±5.11 1305.91±32.196 89.95±19.58 2.43±0.03
15104-1 10-12 0.2 513.45±2.61 178.21±116.69 192.84±131.19 26.799±19.02 27.91±10.99 990.46±15.84 93.89±58.26 2.02±0.05
15104-1 12-14 0.23 538.52±6.603 135.18±32.602 149.84±32.94 21.03±4.76 17.23±5.56 1046.64±72.43 75.04±14.86 1.98±0.02
15104-1 14-16 0.27 572.403±10.93 141.62±25.66 151.35±29.07 21.55±4.97 19.56±1.27 1215.47±184.86 75.94±9.93 2.198±0.04
15104-1 16-18 0.31 654.05±5.89 158.796±47.34 161.27±52.38 23.598±8.19 18.19±5.85 1218.99±91.11 72.301±16.89 2.31±0.03
15104-1 18-20 0.34 870.56±110.87 177.84±17.21 170.41±8.56 26.81±2.24 27.18±8.13 1592.79±136.44 80.98±8.08 2.95±0.04
15104-1 20-22 0.38 777.56±53.16 178.18±30.57 169.199±34.21 24.75±6.86 22.65±5.395 1448.86±45.12 80.02±12.28 2.701±0.03
15104-1 22-24 0.41 758.59±43.82 168.53±29.88 163.87±32.42 25.33±6.36 26.16±3.39 1525.26±54.33 84.68±15.57 2.75±0.03
15104-1 24-26 0.45 756.07±15.897 176.95±37.204 173.86±37.43 24.62±8.03 28.56±3.03 1404.04±47.97 83.55±20.25 2.65±0.02
15104-1 26-28 0.49 711.38±83.22 258.75±214.28 236.73±187.36 34.17±28.81 20.34±4.802 1222.98±24.95 103.02±74.05 2.59±0.09
15104-1 28-30 0.52 727.66±40.19 167.55±35.91 154.92±24.66 22.43±6.42 19.11±1.29 1360.64±63.102 74.71±13.01 2.53±0.03
15104-1 30-32 0.56 754.27±72.84 180.56±34.77 161.73±28.29 24.29±5.65 21.65±4.35 1331.11±91.15 79.35±16.28 2.55±0.04
15104-1 32-34 0.6 735.34±39.67 180.73±35.27 164.99±27.64 25.62±7.66 23.23±3.64 1418.41±45.099 81.403±14.53 2.63±0.02
15104-1 34-36 0.63 326.21±27.65* 95.39±1.36 86.16±0.25 13.74±2.06 11.91±3.78 381.04±31.89* 35.49±7.28 0.95±0.01*
15104-1 36-38 0.69 659.38±13.93 158.79±36.74 143.902±32.01 21.48±7.36 18.83±4.06 1192.48±2.66 65.74±15.39 2.26±0.02
15104-1 38-40 0.74 636.003±32.03 146.84±36.92 128.38±31.82 20.01±7.06 16.404±3.59 1113.05±123.09 62.28±15.96 2.12±0.04
15104-1 40-42 0.79 562.28±8.86 136.88±40.37 121.32±38.95 21.14±7.803 18.801±3.36 1090.81±16.15 62.495±16.41 2.01±0.02
15104-1 42-44 0.85 539.96±34.902 128.17±24.22 116.47±22.59 19.59±5.59 16.62±0.97 1067.38±97.89 60.05±16.47 1.95±0.03
15104-1 44-46 0.9 495.38±8.59 112.28±27.36 102.599±15.83 16.71±3.88 17.22±2.65 944.37±54.24 53.37±12.73 1.74±0.02
15104-1 46-48 0.96 406.18±10.51 91.33±22.24 88.23±21.47 14.66±3.96 14.301±4.57 745.97±23.26 40.38±8.43 1.4±0.01
15104-1 48-50 1.01 474.23±68.58 120.62±50.73 111.33±48.2 17.65±7.87 15.87±1.65 915.26±200.202 54.11±19.91 1.71±0.06
15104-1 50-52 1.06 504.09±77.42 130.96±43.34 112.83±32.29 17.73±6.88 15.28±2.51 921.45±184.37 57.67±10.54 1.76±0.05
15104-2 116-130 3.01 353.498±56.67 72.01±13.35 65.12±12.03 10.72±2.49 12.09±2.51 660.25±265.71 33.595±6.27 1.21±0.05
15104-2 180-196 4.76 950.35±174.43 204.39±54.66 217.87±56.28 30.65±11.5 27.17±2.25 1769.74±332.98 102.2±24.13 3.302±0.09*
15104-2 222-236 6.95 386.87±233.28 123.08±16.98 108.64±6.17 17.59±1.12 16.25±1.38 411.26±410.39 43.63±3.53 1.11±0.096
15104-2 280-296 10.1 2117.08±321.14* 329.97±31.14 270.92±38.52 32.08±3.62 43.61±2.73 3157.58±484.88* 125.9±10.32 6.08±0.13*
15104-2 310-325 11.91 3699.37±262.38 391.65±320.55 233.71±187.82 40.54±31.25 70.32±2.34 4089.87±483.37 55.71±38.86 8.58±0.19
15104-2 340-355 13.76 1352.301±342.57 190.98±38.06 178.98±21.72 15.09±3.31 19.301±4.07 2022.799±506.04 34.02±2.28 3.81±0.13
15104-2 360-375 14.99 2417.07±297.63* 253.76±30.65 182.36±21.82 23.22±2.75 34.46±12.35 2865.84±236.68* 30.35±2.78 5.81±0.09*
15104-2 420-435 16.12 163.68±393.11 59.702±0.99 31.33±3.53 3.87±0.78 5.55±0.13 234.24±366.09 2.69±0.99 0.501±0.11
15104-2 480-495 17.24 636.49±413.13 160.62±74.33 54.01±27.61 10.12±5.38 21.58±13.16 1391.87±827.698 7.57±3.09 2.28±0.19
15104-2 517-532 17.94 734.601±472.74 179.25±103.75 53.999±27.39 9.83±4.99 20.197±9.91 1432.12±759.23 8.44±3.56 2.44±0.197
15104-2 575-588 19.01 562.33±354.904 139.92±69.41 45.53±20.98 8.71±4.02 24.01±18.801 1154.72±673.44 7.46±1.23 1.94±0.16
15104-2 620-635 19.87 676.59±401.26* 186.26±79.39 67.14±28.93 11.41±4.62 19.45±12.42 1320.03±864.16* 8.27±3.39 2.29±0.199*
15104-2 690-704 21.29 164.16±319.67 44.19±14.27 16.37±3.82 2.73±0.33 4.88±1.03 204.43±598.51 1.99±1.03 0.44±0.13
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Supplementary Table IV.2 Concentrations from triplicate analysis of individual long chain alkenones and long chain diols (ng sed. dw), and
total concentration of each compound group (µg sed. dw). Stars indicate average concentration and deviation for n = 2.

Core (GeoB) Depth interval (cmbsf) Estimated age (kyr BP) C37:2 alkenone C37:3 alkenone C30 1,15-diol C30 1,13-diol C28 1,13-diol Total alkenones Total diols

15104-1 0-2 0.01 868.11±91.32 539.57±57.95 18.41±0.92 1.3±0.25 1.76±1.13 1.41±0.07 0.021±0.001
15104-1 2-4 0.05 1525.29±97.47 689.71±83.46 29.14±12.52 1.88±0.47 1.45±0.42 2.22±0.09 0.032±0.004
15104-1 4-6 0.09 564.66±235.08 260.61±142.41 23.01±5.87 1.41±0.39 1.67±0.79 0.83±0.19 0.026±0.002
15104-1 6-8 0.12 713.45±278.53 350.53±78.32 17.01±2.17 1.28±0.29 1.05±0.803 1.06±0.18 0.019±0.001
15104-1 8-10 0.16 883.12±176.03 453.46±84.01 24.43±5.28 1.39±0.39 1.49±0.91 1.34±0.13 0.027±0.002
15104-1 10-12 0.2 980.38±264.26 478.83±190.398 25.75±8.74 1.5±0.43 1.22±0.702 1.46±0.23 0.028±0.003
15104-1 12-14 0.23 524.98±33.49 275.02±16.505 17.19±3.698 1.01±0.35 0.99±0.65 0.8±0.02 0.019±0.002
15104-1 14-16 0.27 458.85±101.196 215.04±50.76 15.85±3.94 1.3±0.27 0.59±0.21 0.67±0.08 0.018±0.001
15104-1 16-18 0.31 252.98±94.83 124.92±53.49 20.21±5.76 1.05±0.13 0.54±0.29 0.38±0.07 0.022±0.002
15104-1 18-20 0.34 264.23±36.06 127.37±1.46 17.35±4.18 1.4±0.62 0.44±0.27 0.39±0.02 0.019±0.002
15104-1 20-22 0.38 179.68±72.43 89.32±27.61 19.52±2.398 1.25±0.26 0.57±0.25 0.27±0.05 0.021±0.001
15104-1 22-24 0.41 189.01±32.99 93.02±20.08 26.87±2.68 1.67±0.14 0.698±0.22 0.28±0.03 0.029±0.001
15104-1 24-26 0.45 230.05±59.36 98.56±32.104 18.54±5.34 1.16±0.32 0.54±0.33 0.33±0.05 0.02±0.002
15104-1 26-28 0.49 370.68±296.88 168.47±138.04 43.55±28.73 2.42±0.68 1.17±0.67 0.54±0.22 0.047±0.01
15104-1 28-30 0.52 220.598±42.51 89.87±16.16 18.197±5.23 1.44±0.62 0.67±0.43 0.31±0.03 0.02±0.002
15104-1 30-32 0.56 228.09±59.62 84.09±23.51 19.36±3.76 1.43±0.21 0.62±0.31 0.31±0.04 0.021±0.001
15104-1 32-34 0.6 284.11±42.55 111.203±17.29 22.58±8.695 1.53±0.54 0.75±0.61 0.395±0.03 0.025±0.003
15104-1 34-36 0.63 436.79±114.001 169.91±66.81 26.84±10.204 2.04±0.82 1.13±0.27 0.61±0.09 0.03±0.004
15104-1 36-38 0.69 241.996±45.92 103.88±24.53 23.25±4.802 1.31±0.42 0.62±0.44 0.34±0.04 0.025±0.002
15104-1 38-40 0.74 219.902±65.96 94.57±31.89 17.196±2.19 1.15±0.05 0.56±0.16 0.31±0.05 0.019±0.001
15104-1 40-42 0.79 257.38±52.03 104.15±17.5 17.702±4.75 1.42±0.26 0.78±0.27 0.36±0.03 0.02±0.002
15104-1 42-44 0.85 261.42±52.45 107.13±25.43 22.27±8.71 1.76±0.78 0.89±0.48 0.37±0.04 0.025±0.003
15104-1 44-46 0.9 214.02±51.09 91.96±20.896 16.43±3.76 1.32±0.51 0.56±0.28 0.31±0.04 0.018±0.002
15104-1 46-48 0.96 255.44±44.95 110.68±16.91 17.92±4.85 1.15±0.57 0.699±0.39 0.37±0.03 0.02±0.002
15104-1 48-50 1.01 231.34±122.61 105.92±35.32 21.53±4.44 1.503±0.36 0.69±0.43 0.34±0.08 0.024±0.002
15104-1 50-52 1.06 326.297±64.36 134.99±30.23 16.93±4.99 1.23±0.29 0.803±0.25 0.46±0.05 0.019±0.002
15104-2 116-130 3.01 135.77±72.59 77.99±25.18 18.46±5.95 1.02±0.45 0.48±0.25 0.21±0.05 0.02±0.002
15104-2 180-196 4.76 260.103±129.94 136.14±70.65 37.45±3.995 1.897±0.32 0.82±0.21 0.396±0.103 0.04±0.002
15104-2 222-236 6.95 575.98±220.502 217.57±101.84 35.27±19.67 1.23±0.19 0.61±0.28 0.79±0.16 0.037±0.007
15104-2 280-296 10.1 324.51±26.097 97.23±20.48 78.63±16.56 2.68±0.78 1.303±0.46 0.42±0.02 0.083±0.006
15104-2 310-325 11.91 202.24±157.37 236.44±188.19 349.7±279.65 10.803±8.89 4.59±3.13 0.44±0.17 0.365±0.097
15104-2 340-355 13.76 169.74±71.03 261.07±100.36 136.86±51.53 11.26±3.76 1.61±0.62 0.43±0.09 0.15±0.019
15104-2 360-375 14.99 1071.91±43.01 3379.84±0.04 178.32±90.36 16.397±6.04 3.49±1.95 4.45±0.02 0.198±0.033
15104-2 420-435 16.12 106.16±32.63 172.78±70.46 14.32±9.61 2.31±1.41 3.88±1.98 0.28±0.05 0.021±0.004
15104-2 480-495 17.24 29.28±11.52 18.81±10.01 12.28±8.98 9.58±5.61 1.31±0.64 0.05±0.01 0.023±0.005
15104-2 517-532 17.94 34.24±24.84 12.61±8.52 19.12±15.33 13.03±9.85 1.97±1.27 0.05±0.02 0.034±0.009
15104-2 575-588 19.01 34.86±19.25 15.02±10.38 18.47±16.82 14.88±13.38 2.28±1.49 0.05±0.01 0.036±0.011
15104-2 620-635 19.87 45.98±15.43 20.21±8.44 27.2±12.62 15.54±6.79 3.46±2.06 0.07±0.01 0.046±0.007
15104-2 690-704 21.29 22.11±8.87 7.09±2.83 9.09±4.896 8.12±4.28 2.55±0.99 0.03±0.01 0.02±0.003
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Chapter V. Identification, formation and distribution of FA-iGDGTs

Abstract

Archaeal isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs) are abundant com-
ponents of marine sedimentary organic matter and are used in paleoenvironmental
reconstructions. During diagenesis, a signi�cant fraction of free iGDGTs can be incor-
porated into macromolecules. However, the diagenetic reaction mechanisms involving
iGDGTs remain unresolved. We identi�ed a potential macromolecule precursor, fatty
acid-substituted iGDGTs (FA-iGDGTs), in a globally distributed set of sediment sam-
ples 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 esteri�cation 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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V.1. Introduction

V.1. Introduction

Archaea occupy a wide range of environments and are particularly abundant in the
marine water column and sediments (Lipp et al., 2008; Stahl and de la Torre, 2012).
The lipid membranes of archaea are exclusively composed of isoprenoid hydrocarbons
ether bound to one or two a glycerol moieties (Pearson, 2014). The most commonly
observed archaeal membrane lipids in cultures and environmental samples are bilayer-
forming diphytanyl glycerol diethers (archaeols) and membrane spanning isoprenoid
glycerol dibiphytanyl glycerol tetraethers (iGDGTs; Pearson (2014). In contrast, the
bilayer-forming lipids of bacteria and eukaryotes consist of a glycerol moiety linked
to linear or branched hydrophobic fatty acids via ester or ether bonds (Koga, 2011).
Beside these structural di�erences, archaea are distinct from bacteria and eukaryotes in
the stereochemistry of the glycerol backbone. Whereas archaea utilize 2,3-sn-glycerol,
bacteria and eukaryotes synthesize lipids with 1,2-sn-glycerol backbones (Koga, 2011).
Thus, membrane lipids are among the most distinct chemotaxonomic markers for archaea.
However, some studies reported straight chain fatty acids as well as phospholipid-derived
fatty acids in archaea (Kates et al., 1968; Langworthy et al., 1974; Tornabene et al., 1979;
Jones and Holzer, 1991; Carballeira et al., 1997; Nishihara et al., 2000; Gattinger et al.,
2002). Additionally, homologs of enzymes involved in bacterial FA biosynthesis are
found in most sequenced archaeal genomes (Peretó et al., 2004; Iverson et al., 2012)
and have been interpreted as evidence for the existence of a fatty acid biosynthesis
pathway in the cenancestor (Lombard et al., 2012). Therefore, the biosynthesis of fatty
acids in archaea would have importance for current concepts of early evolution (Koga
et al., 1998; Lombard et al., 2012; Sojo et al., 2014). However, the lack of acyl carrier
protein homologs in archaea, cofactors that are responsible for binding all fatty acid
intermediates during biosynthesis in bacteria and eukaryotes, implies that archaea might
either not be able to synthesize fatty acids without this critical cofactor or possess a
biosynthetic machinery that was already present in the cenancestor (Lombard et al.,
2012). Moreover, unambiguous experimental evidence for the biosynthesis of fatty acids
or ester-linked lipids in archaea is still lacking. In contrast, archaeal iGDGT membrane
lipids occur ubiquitously in both marine and terrestrial environments (Schouten et al.,
2000, 2002; Weijers et al., 2007; Lipp et al., 2008; Liu et al., 2012c). Their distribution,
abundance and isotopic composition provide insights into the microbial ecology and
biogeochemistry of archaea in natural ecosystems (e.g. Biddle et al., 2006; Ingalls et al.,
2006; Schubotz et al., 2009, 2011). In the marine environment, iGDGTs are predominantly
derived from planktonic and benthic archaea and can be preserved in the sediment
record over geological timescales (Kuypers et al., 2001; Carrillo-Hernandez et al., 2003,
e.g.). Analysis of these compounds is routinely applied to environmental samples for the
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reconstruction of paleoenvironmental conditions, e.g. past sea surface temperature (SST)
using the TEX86 proxy (Schouten et al., 2002). While iGDGTs are degraded in mature
sediments (e.g. Michaelis and Albrecht, 1979), their diagenetic fate in the immature
sediments commonly investigated in paleoclimatology, is less constrained (cf. Schouten
et al., 2004; Pancost et al., 2008; Schouten et al., 2013a). Identifying diagenetic processes
transforming the size and composition of the sedimentary iGDGT pool is imperative
for accurately quantifying the microbial contribution to fossil organic matter (Kuypers
et al., 2002, e.g.) and for the interpretation of iGDGT-based proxies (e.g. Huguet et al.,
2008). In this study, we present the identi�cation of novel compounds that combine
characteristics of archaeal (ether bound isoprenoid side chains) and bacterial (ester bound
fatty acids) membrane lipids. These lipids were detected in abundance in sediments
from two deep-sea hypersaline anoxic basins, the Benguela upwelling region, and the
southern Black Sea.

V.2. Methods

V.2.1. Cultivation

N. maritimus strain SCM1 was grown aerobically at 28 ◦C in 15-batch cultures in pH 7.5
HEPES-bu�ered Synthetic Crenarchaeota Medium amended with 1 mM NH4Cl and 10 %
13C-NaHCO3 as described previously (Könneke et al., 2005; Martens-Habbena et al., 2009;
Elling et al., 2014). Biomass was harvested in early stationary phase using cross-�ow
�ltration and centrifugation.

V.2.2. Sample collection and extraction

Water column and sediment samples were collected using in situ pumps, a multicorer
and a gravity corer during RV Meteor cruise M84/1 (“DARCSEAS I”, Zabel and Cruise
Participants, 2013) from the hypersaline anoxic Discovery Basin located in the Eastern
Mediterranean Sea (Site GeoB15102, 35°16.43’N 21°41.50’E, 3615 m water depth) and
the southern Black Sea (Site GeoB15105, 41°31.70’N 30°53.09’E, 1227 m water depth).
Sediment samples from the hypersaline anoxic Orca Basin in the northern Gulf of Mexico
were retrieved using a multicorer during RV Atlantis cruise AT18-2 (27°0’N 91°16.9’W,
2340 m water depth at). Sediment samples from the Benguela upwelling region were
collected during RV Meteor cruise M76/1 (Zabel et al., 2008) using a multicorer and a
gravity corer at sites GeoB12802 (25° 30’N 13° 27’E, 795 m water depth), GeoB12808 (26°
22.18’N 11° 53.50’E, 3794 m), GeoB12810 (24° 03.19’N 14° 15.69’E, 121 m) and GeoB12811
(26° 0.62’ 12°N 34.39’E, 2975 m). Homogenized sediment samples were spiked with an
internal standard (C46-GTGT, Huguet et al., 2006) and ultrasonically extracted using
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a modi�ed Bligh and Dyer protocol with trichloroacetic acid bu�er (cf. Sturt et al.,
2004). In order to exclude the arti�cial production of fatty acid-substituted iGDGTs (FA-
iGDGTs) by a trichloroacetic acid-catalyzed or methanol-induced esteri�cation (Arpino
and Ourisson, 1971), additional extraction protocols omitting the use of bu�er solutions
and methanol were tested (DCM:MeOH, 3:1, v:v; and pure DCM). Moreover, aliquots of
the TLE were hydrolyzed using 50 % tri�uoroacetic acid at 70 °C for 8 hours to induce
the arti�cial production of fatty acid-substituted iGDGTs in environmental samples (Lin
et al., 2010).

V.2.3. Analytical methodology for HPLC–APCI-MS

Compounds were analyzed on a Dionex Ultimate 3000RS UHPLC coupled to a Bruker
maXis Ultra-High Resolution quadrupole time-of-�ight mass spectrometer (qToF-MS),
equipped with an APCI-II ion source using the same protocol as described by Becker
et al. (2013). Brie�y, TLE aliquots were dissolved in ßtextitn-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 µm

particle size, Waters, Eschborn, Germany) maintained at 50 ◦C. Lipids were eluted using
a linear gradient of n-hexane (eluent A) to n-hexane:2-propanol (90:10, v:v; eluent B) at
a �ow 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 �ush and 9 min at 3 % B to re-equilibrate the
columns. FA-iGDGTs were identi�ed by their exact mass measured in full scan mode
(MS1) and their characteristic fragmentation in MS2 mode. The mass spectrometer was
set to a resolution of 27,000 at m/z 1222.2 and exact mass calibration was performed by
loop injections of calibrant solution (Agilent TuneMix) at the end of each run and the
use of a lock mass, leading to mass accuracy typically <1-2 ppm (see Becker et al., 2013,
for detailed parameters). The TLE of N. maritimus biomass was hydrolyzed with 1 M
HCl in methanol for 3 h at 70 ◦C to yield core lipids before analysis (Elling et al., 2014).

V.2.4. Semi-preparative LC

FA-iGDGTs were isolated from the TLE through reverse phase semi-preparative LC on
an Agilent 1200 series HPLC equipped with and active splitter, Agilent 6130 single-quad
MSD and fraction collector. We used the same column and gradient system as described
in Zhu et al. (2013b) for archaeal intact lipid isolation. In brief, the TLE was subjected
to a semi-preparative Zorbax Eclipse XDB-C18 column (5 µm, 250 × 9.4 mm; Agilent
Technologies Deutschland GmbH, Böblingen, Germany) operated at 45 ◦C. Samples
were dissolved in MeOH:2-propanol (8:2, v:v) and eluted using a linear gradient from
80 % MeOH:20 % 2-propanol to 60 % MeOH:40 % 2-propanol in 5 min and then to 35 %
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MeOH:65 % 2-propanol in another 40 min at a �ow-rate of 2.2 ml min−1. The column
was washed with 100 % 2-propanol for 15 min followed by column re-conditioning with
Zhu et al. (2013b) MeOH for another 15 min. FA-iGDGTs were collected in the time
window of 60 to 66 min.

V.2.5. Fatty acid analysis

Fatty acids were released from iGDGTs by base hydrolysis according to the method
described by Elvert et al. (2003). In brief, an aliquot of the polar fraction was dissolved
in 2 mL of methanolic KOH (6 %KOH in MeOH, w:v) and the reaction took place for 3 h
at 80 ◦C. After cooling down to room temperature, 2 mL of a 0.05M KCl solution were
added and alcohols were extracted three times with 2 mL n-hexane. The pH value was
adjusted to pH 1 with 25 % HCl and fatty acids were extracted three times with 2 mL
n-hexane. After drying under a nitrogen stream, the reaction products were stored at
−20 ◦C until derivatization and analysis.

Fatty acids were identi�ed by coupled gas chromatography-mass spectrometry us-
ing an Agilent 5973 inert MSD system after derivatization with bis(trimethylsilyl)-
tri�uoroacetamide in pyridine at 60 ◦C for 1 hour (Elvert et al., 2003). The mass spec-
trometer was operated in electron impact mode at 70 eV with a full scan mass range
of m/z 40-700. Analyte separation was achieved on an Rxi-5ms column (30m × 0.25
mm × 0.25 µm; Restek GmbH, Bad Homburg, Germany) using an oven temperature
program of 60 ◦C (held 1 min) to 150 ◦C at 10 ◦C min−1 and then to 310 ◦C (held 20 min)
at 45 ◦C min−1.

V.2.6. Stable carbon isotope analysis of lipids

Stable carbon isotopic compositions of lipids were determined using a GC–isotope
ratio-MS system (Trace GC Ultra coupled to a GC-IsoLink, ConFlow IV interface and
a DeltaV Plus isotope ratio mass spectrometer, all from Thermo Scienti�c GmbH). GC
conditions were the same as utilized for the GC–MS. Compounds were oxidized in a
combustion interface at 90 ◦C. Stable carbon isotopic compositions are expressed as δ13C
values in the per mil (h) notation relative to VPDB standards. The analytical error was
<0.5 permil for non-labeled δ13C values, respectively.

V.3. Results and discussion

V.3.1. Detection of fatty acid substituted iGDGTs and identi�cation via MS2

In HPLC–APCI-MS analysis of diverse sediment samples, a group of novel compounds
was detected. They eluted between 9 and 11 min in the HPLC chromatogram with a
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Figure V.1. (a) Density map plot showing the major diagnostic ions of archaeal ether lipids and
FA-iGDGTs in the sample M84/1 GeoB15102-5, 177-191 cmbsf analyzed by HPLC–APCI-qToF-
MS. The enlarged area shows the detailed elution order of FA-iGDGT. (b) HPLC–APCI-qToF-
MS chromatogram shown as extracted ion chromatogram (EIC), illustrating iGDGTs (bottom
chromatogram) and n-C18:0 and n-C16:0FA-iGDGTs in the TLE of sample M84/1 GeoB15102-5,
177-191 cmbsf. (c) HPLC–APCI-MS2 spectrum of n-C18:0FA-iGDGT-0 and n-C16:0FA-iGDGT-0
in the same sample. Shown are the MS2 fragment ions of the two compounds ([M+H]+ ion
of m/z 1568.6 and [M+H]+ ion of m/z 1540.6) in the range m/z 100–1800. The structure of n-
C18:0FA-iGDGT-0 and the formation of the major fragments are also shown. (d) GC–MS total ion
chromatogram of fatty acids released by saponification from isolated FA-iGDGTs. Stars indicate
contamination peaks (polysiloxanes).
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molecular mass ranging from m/z 1450-1650. The compounds appear as several nested
series di�ering by 14 Da and 2 Da in the density map and chromatogram (Figure V.1a
and b). The exact masses and the characteristic fragmentation behavior suggest that
these compounds represent iGDGT molecules with additional fatty acids substituted
at the sn-1 position of the glycerol (Figure V.1c). The MS2 spectra of the protonated
molecule ([M+H]+) at m/z 1568.58 showed a major fragment at m/z 1302.32, which
represents an iGDGT-0 molecule after the loss of a C18:0 fatty acid. Another major
cluster of fragment ions was observed between m/z 557 and 725, corresponding to
the typical iGDGT fragmentation pattern (Knappy et al., 2009; Liu et al., 2012b). The
fragment ions between m/z 863 and 1009 result from the loss of one biphytane, several
losses of water and a glycerol based C3H6O2 unit from the original molecule. The most
abundant fragment ion at m/z 991.96 represents a combined loss of one biphytane and
one water molecule, whereas the fragment ion at m/z 341.30 results from the loss of
the two biphytanyl moieties including one glycerol unit, and a water molecule from
the second glycerol. The MS2 spectrum of the protonated molecule [M+H]+ at m/z

1540.56 showed the same fragmentation behavior as the above described molecule. We
also observed the typical fragment ions of a iGDGT-0 molecule, but the fragment ions
after the loss of one and two biphytanes showed 28 Da lower masses than the fragment
ions of the molecule [M+H]+ at m/z 1568.58 (see Figure V.1c). This indicates that the
di�erence in the structure between these two molecules is two methyl units in the fatty
acid chain. Saponi�cation further con�rmed the structure of these compounds, since
iGDGTs and free fatty acid were detected as reaction products (Figure V.1d). Therefore,
the compounds were tentatively identi�ed as fatty acid-substituted iGDGTs. The arti�cial
production of FA-iGDGTs during extraction could be excluded since these compounds
were detected in similar amounts for all applied extraction methods.

V.3.2. Stable isotope probing experiment with N. maritimus

To examine a potential biological origin of FA-iGDGTs, we analyzed the lipid composi-
tion of the thaumarchaeon N. maritimus and indeed, trace amounts of FA-iGDGTs were
detected in the acid hydrolyzed TLE (Figure V.2a, b). FA-bearing membrane lipids are
not known to occur in archaea even though there are a few studies reporting FAs in
some archaea. For example, Carballeira et al. (1997) and Gattinger et al. (2002) detected
phospholipid-derived FAs in several euryarchaeotal strains. In these studies, contamina-
tion from the medium was excluded as FAs were either not detected in the medium or
the FA composition in biomass and medium di�ered signi�cantly. Nevertheless, these
�ndings only provide indirect evidence and contamination from other sources, such as
other organisms, cannot be excluded. For instance, it has been shown that cyanobacterial
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Figure V.2. (a) Density map plot showing the major diagnostic ions of iGDGTs and FA-iGDGTs
in the acid hydrolyzed TLE of Nitrosopumilus maritimus, analyzed by HPLC–APCI-qToF-MS. (b)
HPLC–APCI-qToF-MS chromatogram shown as extracted ion chromatogram (EIC), illustrating
iGDGTs (bottom chromatogram) and n-C18:0 and n-C16:0FA-iGDGTs in the acid hydrolyzed TLE
of N. maritimus. (c) GC–irMS chromatogram of fatty acids released by saponification from the
same sample with delta13C values for each compound.
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cultures are easily contaminated by sfungi (e.g. Summons et al., 2006). Another argu-
ment against FA synthesis in archaea is that they do not possess complete FA synthase
machinery, at least for the known pathways (e.g. Lombard et al., 2012). To investigate
potential biosynthetic production of fatty acids in archaea, we performed a stable iso-
tope probing (SIP) experiment with N. maritimus. The free fatty acids detected after
base hydrolysis of the TLE showed no label incorporation (Figure V.2c). In contrast,
the archaeal lipids, such as archaeol, showed strong label incorporation. Therefore, the
FAs detected in the TLE were not synthesized by N. maritimus and we thus suggest
that detected FA-iGDGTs were likely arti�cially produced via esteri�cation of free acids
and iGDGTs during hydrolysis. The source of the FAs remains elusive but bacterial
contamination is unlikely as bicarbonate was the only carbon source in the medium
and thus growing bacteria would have to incorporate the label into their membranes.
Moreover, microscopy did not reveal bacterial cells in the culture. Therefore, FAs might
represent a contamination from glassware, consumables or the cross-�ow harvesting
system. Blank tests of solvents showed only minor amounts of C16 and C18 FAs, which is
not su�cient to explain their abundance in N. maritimus in our experiment. FA contam-
ination was thus most likely introduced during harvesting. The arti�cial production of
FA-iGDGTs was further con�rmed by acid hydrolysis experiments using tri�uoroacetic
acid, which resulted in increasing amounts of FA-iGDGTs in environmental samples
(data not shown). As the used conditions were similar to described protocols for sugar
cleavage reactions of glycosidic intact polar lipids (Lin et al., 2010), core lipids should
not be analyzed after this procedure due to the production of artefacts.

V.3.3. Widespread occurrence and sources of FA-iGDGTs

FA-iGDGTs were detected in immature sediments from a variety of marine environments
distributed over a large geographical area, including the hypersaline anoxic Orca Basin in
the Gulf of Mexico, the hypersaline anoxic Discovery Basin in the Eastern Mediterranean,
the Benguela upwelling region and the anoxic Black Sea. Concentrations of FA-iGDGTs
were highest in sediments retrieved from the Discovery Basin and they were at least
one order of magnitude lower in the sediments from the other regions. However, at all
locations, the abundance of FA-iGDGTs was positively correlated to the abundance of
iGDGTs (n = 73, r2 = 0.58; Figure V.3a) and each location revealed a unique relationship of
FA-iGDGT and iGDGT abundance with r2 values between 0.82 and 0.94 (Figure V.3d-g).

The strong correlation of FA-iGDGT and iGDGT abundance in marine sediments
suggests either a common biological source or diagenetic production of FA-iGDGTs
from fatty acid and iGDGT precursors. As stated above, a biosynthetic origin of FA-
iGDGTs seems unlikely, since fatty acid bearing membrane lipids are not known to
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(e) Orca Basin(d) Discovery Basin
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Figure V.3. Correlation between FA-iGDGTs and iGDGTs in marine sediments. (a) Cross plot
of FA-iGDGT and iGDGT abundance in sediment and water column (brine) samples recovered
from the hypersaline anoxic Discovery and Orca Basins as well as from the Benguela upwelling
region and the Black Sea. Regression lines show total FA-iGDGTs (solid line) and the 95 %
con�dence interval (dashed lines). (b) Ring index (calculated after Pearson et al., 2004) of FA-
iGDGTs and iGDGTs for all samples. Dashed line indicates 1:1 line. (c) Depth pro�le of FA-iGDGT
concentrations in the investigated sediments. Panels (d) – (g) show cross plots of FA-iGDGTs
and iGDGTs for each location. The regression lines show total FA-iGDGTs (solid lines) and the
95 % con�dence interval (dashed lines).
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occur in Archaea, while iGDGT biosynthesis is limited to this domain and we did not
observe label uptake into FAs in the SIP experiment with N. maritimus. Additionally,
the fatty acid composition and ring distribution of the FA-iGDGTs were similar to
those of the free fatty acids and iGDGTs in the same samples (see Figure V.3b for ring
indices of FA-iGDGTs and iGDGTs). Furthermore, the fatty acid distribution re�ects
a typical composition of marine sediments (e.g. Elvert et al., 2003). The possibility to
arti�cially produce FA-iGDGTs under strong acidic conditions in the lab further suggests
an abiogenic formation pathway in the sediments. Indeed, the strong correlation of FA-
iGDGT and iGDGT abundance (see Figure V.3) and no correlation of FA-iGDGTs with
sediment depth (Figure V.3c) indicate that these compounds are in a chemical equilibrium
(Fatty acid + iGDGT↔ FA-iGDGT + H2O). Hence, the abundance of FA-iGDGTs would
primarily depend on the concentrations of the fatty acid and iGDGT reactants. This
equilibrium might be shifted towards the reactants under most environmental conditions
due to a high activity of water and hydrolytic enzymes (e.g. Boetius, 1995). However,
Arpino and Ourisson (1971) showed that clay minerals, in particular montmorillonite,
could act as catalyst for esteri�cation. Since recent sediments typically contain high
montmorillonite contents, FA-iGDGT production might be enhanced in these sediments
as well. The elevated concentration of FA-iGDGTs in the sediments from the Benguela
upwelling region are likely a result of both, high reactant concentrations and high clay
mineral content. In the hypersaline basins, we additionally expect a low activity of water
and hydrolytic enzymes (Litch�eld, 1998) shifting the equilibrium further towards the FA-
iGDGTs, explaining their high abundance in these samples, in particular in the samples
from the Discovery Basin. Here, water activity is highly reduced (Hallsworth et al., 2007).
The direct condensation of carboxylic acids with alcohols is generally avoided because
the equilibrium between the substrates and the products require the elimination of water
from the reaction mixture to shift the equilibrium in favor of the product. Diagenetic
transformation of organic matter in marine sediments is commonly regarded as a series
of condensation reactions of small molecules resulting in de-functionalization and the
formation of macromolecules (Tissot and Welte, 1978). Indeed, Michaelis and Albrecht
(1979), Kuypers et al. (2002), Schouten et al. (2004), and Pancost et al. (2008) demonstrated
that iGDGTs are an integral part of the sedimentary macromolecular organic matter.
The production of FA-iGDGTs by esteri�cation of fatty acids and iGDGTs may serve as
an example for the cross-linking reactions occurring during early diagenesis of these
compounds leading to their de-functionalization and potential subsequent incorporation
into geopolymers.
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V.4. Conclusions

A novel group of compounds was detected in diverse environmental samples and N.

maritimus biomass. They were assigned as fatty acid-substituted iGDGTs (FA-iGDGTs),
which are likely produced from chemically free fatty acid and iGDGT precursors. A
biosynthetic origin could be excluded based on a stable isotope probing experiment
with N. maritimus, which revealed no label incorporation into the fatty acids. In the
culture, FAs are likely a contamination from the harvesting system and FA-iGDGTs were
arti�cially produced during hydrolysis. In the sediment samples, control experiments
indicated that these compounds were not arti�cially produced during extraction. The
observations that FA-iGDGTs appear to be in chemical equilibrium with iGDGTs and
that the fatty acids connected to FA-iGDGTs were identical to the free fatty acids
found in the sediment indicate a diagenetic origin. Since the ring distribution of FA-
iGDGTs is broadly similar to that of the free iGDGTs, the e�ect of iGDGT diagenesis by
fatty acid-substitution on lipid-based proxies, such as the TEX86, is likely to be small.
Still, the �ndings highlight the fact that iGDGTs may undergo diagenetic processes
in immature sediments and thereby reduce the size of the free iGDGT pool, which is
typically analyzed for TEX86 paleotemperature reconstructions. Fatty acid substitution
of iGDGTs may therefore serve as an example for the largely unconstrained, initial steps
of macromolecular organic matter formation.
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Chapter VI. Records of microbial life in the Discovery Basin

Abstract

Deep-sea hypersaline anoxic basins of the Eastern Mediterranean Sea are extreme and
largely unexplored habitats. One of the most distinct hypersaline basins is the Discovery
Basin, which is characterized by extremely high concentration of MgCl2 (5 M), and
considered incompatible with life as we currently know it. Thus, microbial life is likely
limited to the brine-seawater interface, while the brine-in�uenced water column and
sediments result in high preservation potential of biomolecules. The unique properties of
the sediments provide thus an ideal opportunity to follow the development of microbial
activity in the Discovery Basin from times prior to the brine to modern conditions.
Three major phases of the basin formation were recorded: normal conditions before
basin formation, basin formation and development of anoxia (35000 yr BP), and brine
formation (<2000 yr BP). For this purpose, we studied the information encoded in the
distribution and isotopic composition of intact polar membrane lipids (IPLs) as well
as their core lipid derivatives. In the brine-seawater interface and in the sediments
below the brine, we found intact polar and polyunsaturated archaeols that are only
known to occur in extremely halophilic and methanogenic archaea. Interestingly, the
composition of their head groups and unsaturated side chain structures di�ered distinctly
between the brine-seawater interface and sediments, suggesting di�erent haloarchaeal
communities and/or adaptations to changing conditions since the development of the
brine. Other taxonomically speci�c lipids indicated that archaeal ammonium oxidation
and bacterial sulfate reduction occurs at the modern and past brine-seawater interface
and implies intensive microbial carbon, nitrogen and sulfur cycles. After basin formation
and before intrusion of high salt solution, methanogenesis and sulfate reduction were
major microbial metabolic activities supporting the prevalence of anoxic conditions.
Additionally, we identi�ed for the �rst time intact forms of hybrid isoprenoid/branched
tetraether lipids in sediments deposited prior to the basin collapse. These compounds
combine attributes usually considered characteristic of either archaea (phytanyl moiety)
or bacteria (methylated alkyl moiety) and were the major intact polar membrane lipids
(IPLs) in sediments from before the basin formation. In conclusion, the membrane lipid
biomarker approach allowed to detect records of distinct microbial communities as well
as their membrane lipid adaptations to this hostile environment.
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VI.1. Introduction

Deep-sea hypersaline anoxic basins (DHABs) represent some of the most unique and
extreme environments on earth. They were found in several of the world’s oceans,
including the Eastern Mediterranean, the Gulf of Mexico and the Red Sea (Backer and
Schoell, 1972; Shokes et al., 1977; De Lange and ten Haven, 1983; Jongsma et al., 1983).
So far, eight DHABs have been discovered in the Eastern Mediterranean, most of them
located west of Crete on the Western Mediterranean ridge at depths greater than 3000
m below sea level (mbsl). These basins were formed several thousand years ago by
dissolution of ancient subterranean salt deposits (Messinian evaporites) exposed to
seawater by tectonic activity and the downward �ow of the dense brines into local
abyssal depressions. This was followed by the progressive development of anoxia in the
brine lakes (Belderson et al., 1978; Kastens and Spiess, 1984; De Lange et al., 1990a; Fusi
et al., 1996). In addition to the high salt concentration, high sul�de concentrations are
prevailing conditions in these habitats, dramatically limiting growth of any life form.

Each of the DHABs in the Eastern Mediterrnaean shows a disticnt geochemistry (van
der Wielen et al., 2005). For example, the Discovery Basin (Figure VI.1) is characterized
by the highest concentration of MgCl2 (5 M) found so far in a marine environment
and low concentration of Na+ (Wallmann et al., 1997; Wallmann et al., 2002); such
concentrations are considered uninhabitable for life (Hallsworth et al., 2007). In contrast,
most other brine pools in this region are contain NaCl-rich brines. There exist several
lines of evidence suggesting that life within the Discovery Basin hypersaline brine and
underlying sediments is not favorable: (i) the high redox potential (10 mV) compared
with three other anoxic brine sediments from the Eastern Mediterranean (l’Atalante,
Bannock and Urania), which contain NaCl-rich brines (−82 to −136 mV; Polymenakou
et al., 2007), (ii) undetectable mRNA from archaea and bacteria below the brine-seawater
interface (Hallsworth et al., 2007), and (iii) lowest viable cell counts for bacteria and the
highest endospore abundance among the di�erent hypersaline basins of the Eastern
Mediterranean (Sass et al., 2008).

Magnesium is well known for generating high osmotic potentials, strongly reducing
the mole fraction of water, and its chaotropic properties. Especially chaotropic solutes are
powerful inhibitors of cellular systems because they destabilize and dena-ture biological
macromolecules, and induce a strong stress response (Hallsworth et al., 2003). However,
based on cell counts, �uorescence in situ hybridization (FISH) and 16S rRNA, microbial
life appears to �ourish at the upper brine-seawater interface in the Discovery Basin. For
instance, sulfate-reducing bacteria belonging to the Desulfobacteraceae and Desulfohalo-

biaceae were the dominant bacteria at the interface (Hallsworth et al., 2007). Detected
archaea included Marine Group 1 Thaumarchaeota in the super�cial brine-seawater
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interface, Haloarchaea, which only occurred in a narrow window of the halocline, Eu-
ryarchaeota Mediterranean Sea Brine Lake Group 1 (MSBL1) and Methanohalophilus,
which occurred in the anoxic deeper layers of the interface (van der Wielen et al., 2005;
Hallsworth et al., 2007).

Halophilic organisms adapt to the high salt concentrations by using one of two substan-
tially di�erent strategies, both maintaining osmotic equilibrium with the environment
(e.g., Oren, 2008). Most extremely halophilic archaea use the “salt-in” strategy, which
involves accumulation of high concentrations of K+ ions within their cytoplasm to main-
tain a positive water balance. Extremely halophilic bacteria mainly use the “salt-out”
strategy, synthesizing and accumulating organic compatible solutes like glycine betaine
within the cytoplasm while actively pumping (i.e., via ATP) Na+ ions out. Given the high
energy cost for the biosynthesis of large amounts of organic osmotic solutes, archaea are
favored over bacteria in extremely hypersaline environments (Oren, 1999). Moreover,
in order to keep cell integrity and membrane �uidity under high ionic strength intact,
halophilic archaea as well as bacteria increase the amount of anionic lipids in their mem-
branes (Russell, 1989; Oren, 2002b), including phosphatidylglycerol (PG), PG-phosphate
(PGP), methylated-PGP (Me-PGP) and sulfated glycosidic-based intact polar lipids (IPLs;
e.g., Kushwaha et al., 1982; Kates, 1993a). Beside this headgroup adaptation, structural
modi�cations of the apolar core lipids have been shown to be important in halophiles, as
the interaction of polar head groups and apolar side chains signi�cantly in�uences the
geometry and size of the IPLs (Russell, 1989). For example, Dawson et al. (2012) showed
highest degrees of unsaturation in haloarchaeal isolates at their salinity optima.

The present study examined the microbial membrane lipid distributions in the brine-
seawater interface, the anoxic brine and sediments of the deep-sea hypersaline anoxic
Discovery Basin. Although osmoregulation and membrane lipid adaptations may be
crucial to halophilic microbes in the Discovery Basin, they are still faced with the life-
limit quandary. Thus, we consider two possibilities: (1) novel extremophilic life may
proceed at Mg2+ concentrations of 5 M (cf. Sass et al., 2008) and (2), which is more
conformable with the current knowledge about halophilic limits of life (Hallsworth et al.,
2007; Yakimov et al., 2015), microbial activity is limited to the brine-seawater interface,
where concentrations of Mg2+ are below 2.3 M (Hallsworth et al., 2007). While microbial
cells are well preserved in sediments from the Discovery Basin (Sass et al., 2008), the
extremely high Mg2+ concentrations in the sediments may impair microbial detection
by DNA extraction/ampli�cation (e.g., Edwards, 2004). In this case, the analysis of lipids
could represent a unique opportunity providing taxonomic information in this extreme
environment. Lipids are further amenable to carbon isotopic analysis, which may provide
additional information on carbon metabolism mediated by the producers of the lipids
in natural settings (Hinrichs et al., 1999; Lin et al., 2010; Schubotz et al., 2011). Since
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the Mg2+ concentrations in the sediments are considered incompatible with life (e.g.,
Hallsworth et al., 2007), we propose that the sedimentary IPL record may re�ect past
microbial assemblages from the brine-seawater interface. We thus aimed to use lipids as
tools to follow the development of microbial activity in the Discovery Basin from times
prior to the brine to modern conditions (<2,000 years).

VI.2. Material and methods

VI.2.1. Sample collection

Suspended particulate matter and sediment samples were collected during RV Meteor
cruise M84/1 (“DARCSEAS I”) from the hypersaline anoxic Discovery Basin located in
the Eastern Mediterranean Sea (Site GeoB15102, 35°16.43’N 21°41.50’E, 3615 m water
depth, Figure VI.1) using in situ pumps, a multicorer and a gravity corer. After recovery,
the samples were immediately frozen and stored at−80 ◦C until further treatment (Zabel
and Cruise Participants, 2013). Suspended particulate matter samples (GeoB15102-3)
were recovered at four depths (3570, 3575, 3580 and 3610 mbsl) by pumping 1.3 to 12.5
liters of water through double pre-combusted 0.7 µm pore-size GF/F glass �ber �lters.
The 23 sediment samples have been derived from a 411 cm long gravity core (GeoB15102-
5) and a 48 cm long multi-core (GeoB15102-4). Pore water was extracted from sediment
cores with Rhizon micro suction samplers (0.1 µm �lter width, Rhizosphere Research
Products, Wageningen) and split into subsamples for onshore analysis (Zabel and Cruise
Participants, 2013). Water column pro�les of conductivity, temperature and depth as
well as pressure and dissolved oxygen were measured with a vertical resolution of 1
m using a CTD (GeoB15102-2). The salinity was derived from conductivity, while the
density was calculated from pressure and temperature measurements as well as salinity.

VI.2.2. Core description

The sediments of the Discovery Basin (Site GeoB15102) are very heterogeneous and
characterized by prominent color variations, di�erent types of sedimentary structures,
such as soft sediment deformation, lamination and banding and trace fossils (see Fig-
ure VI.3 for core picture). The sediments also contained precipitates of gypsum and
other authigenic minerals that formed crystals and nodules ranging from a few mm to
more than 10 cm. The most common sedimentary component at this site is homogenous
to laminated coccolith ooze that can occur mixed with various amounts of secondary
components including clay, micro-carbonates, foraminifers, volcanic ash and framboidal
pyrite (Unit II). Downcore, color changes of the coccolith ooze re�ect changes in the rela-
tive amount of secondary components in the sediment. For instance, light gray sediments
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Figure VI.1. (a) Location of deep hypersaline anoxic basins in the Eastern Mediterranean Sea.
The detailed locations of the Discovery, Urania and Atalante Basin are shown in the insert map.
The maps were constructed with ocean data view software (http://odv.awi.de/). (b) Schematic
of a brine including its major characteristics and the position of sampling for membrane lipid
analysis. Samples were then obtained using in situ pumps from the brine-seawater interface and
the brine as well as from the underlying sediments using multi and gravity cores.

are made almost entirely by coccoliths, while reddish brown sediments are composed

of a subequal mix of coccoliths and clay. Components that are generally secondary in

the bulk coccolith ooze sediment can occur concentrated in discrete laminae or bands

characterized by prominent color changes including foraminifer sand and graded ash,

and black sulfide-rich laminae and mottles. The second most prominent lithology at

the site occurs mainly in the upper 50 cm of the gravity core (Unit Ia) and is a black,

organic-rich diatom and coccolith ooze mixed with large volumes (>50% sediment) of

cm-size gypsum crystals. A third lithology occurs in discrete gray layers in the top 50 cm

of the core. These layers are composed of a silicoflagellates- and radiolarian-rich diatom

clay and match the description of sapropels by Wallmann et al. (2002). The interval

of the above mentioned soft sediment deformation occurred between 50 and 200 cm
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(Unit Ib) and indicates re-sedimentation probably triggered by tectonic activity of the
accretionary wedge which is the main structural feature of the region.

VI.2.3. Pore water geochemistry

Dissolved chloride (Cl−) 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 H2O. Dissolved magnesium (Mg), sodium (Na),
potassium (K), and calcium (Ca) were quanti�ed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Varian Vista Pro) in samples diluted 1:10 to 1:100 with
1 % ultrapure nitric acid.

VI.2.4. TOC

An aliquot (∼3 g) of homogenized and freeze-dried sediment sample was decalci�ed by
acidi�cation with 10 % HCl. Between 10-30 mg sediment was weighted into tin capsules
and analyzed for total organic carbon (TOC) content and its stable carbon isotopic
composition δ13CTOC . A Thermo Scienti�c Flash 2000 elemental analyzer interfaced to
a Thermo Delta V Plus IRMS was used to conduct δ13CTOC and elemental concentration
(% carbon) analysis. The δ13CTOC values are expressed relative to VPDB (Vienna Pee
Dee Belemnite).

VI.2.5. Extraction of lipids

The in situ pump �lters and homogenized sediment samples were spiked with an in-
ternal standard (phosphatidyl choline diacyl glycerol, C21-PC-DAG). Then the samples
(25±0.5 g wet weight for the sediments) were extracted using a modi�ed Bligh and
Dyer protocol Sturt et al. (2004). The sediments were ultrasonically extracted for 10
min in four steps with a solvent mixture of dichloromethane/methanol/bu�er (1:2:0.8,
v:v:v) using 4 ml solvent per gram of sediment and extraction step. A phosphate bu�er
(8.7 g l−1 KH2PO4 pH 7.4) was used for the �rst two steps, and a trichloroacetic acid
bu�er (50 g l−1 CCl3COOH, pH 2) for the �nal two steps. After each extraction step, the
samples were centrifuged at 800 x 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 solvent was gently
removed under a stream of N2 and the TLE was stored at −20 ◦C.
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VI.2.6. Analytical methods for membrane lipid analysis

VI.2.6.1. Intact polar lipid analysis

Intact polar lipids were analyzed on a Dionex Ultimate 3000 ultra-high performance
liquid chromatography (UHPLC) system connected to a Bruker maXis Ultra-High Reso-
lution quadrupole time-of-�ight tandem mass spectrometer (qToF-MS) equipped with
an electrospray ion source (ESI) operating in positive mode (Bruker Daltonik, Bremen,
Germany). Compounds were also detected in negative ionization mode to obtain struc-
tural information on fatty acid side chains. 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 as described by Wörmer et al. (2013).

Bacterial IPL separation was achieved using normal-phase (NP) HPLC on an Acquity
UPLC BEH Amide column (1.7 µm, 2.1 × 150 mm; Waters Corporation, Eschborn, Ger-
many) maintained at 40 ◦C as described by Wörmer et al. (2013). Aliquots of the TLE
were dissolved in dichloromethane:methanol (9:1, v:v) and analytes were eluted at a
�ow rate of 0.5 ml min−1 with 99 % eluent A (acetonitrile:dichloromethane, 75:25, with
0.01 % formic acid and NH3, v:v:v:v) 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 �ushed with 40 % B for 1 min.

For archaeal IPL separation, the samples were additionally analyzed on the same
system under di�erent chromatographic conditions using reverse-phase (RP) chromatog-
raphy as described by Wörmer et al. (2013). Brie�y, 1 % TLE aliquots were dissolved in
methanol:dichloromethane (9:1, v:v) and injected onto an Acquity UPLC BEH C18 column
(1.7 µm, 2.1 x 150 mm, Waters, Eschborn, Germany) maintained at 65 ◦C. Analytes were
eluted at a �ow rate of 0.4 ml min−1 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.

Lipids were identi�ed by retention time, molecular mass, and MS2 fragmentation.
Integration of peaks was performed on extracted ion chromatograms of ±10 mDa width
and included the [M+H]+, [M+NH4]+, and [M+Na]+ ions. Bacterial IPLs were quanti�ed
from NP-HPLC runs relative to the internal standard. Archaeal IPL quanti�cation was
achieved from RP-HPLC runs by injecting a standard (C46-GTGT, Huguet et al., 2006)
along with the samples. Given the lack of available IPL standards by the time of analysis,
particularly for newly identi�ed IPLs, we were unable to determine the response factors
of individual IPLs relative to the internal and the injection standard.
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VI.2.6.2. Core lipid analysis

Core lipids were analyzed on the same UHPLC-qToF-MS system, but equipped with an
APCI II ion source using the protocol of Becker et al. (2013). Compounds were detected
in positive ionization mode, while scanning a m/z range from 150 to 2000 at 2 scans per
second.

Aliquots of the TLE (typically 10 µl, dissolved in n-hexane:isopropanol (99.5:0.5, v:v),
were injected on two coupled Acquity BEH HILIC Amide columns (each 2.1 x 150 mm,
1.7 µm, Waters, Eschborn, Germany) kept at 50 ◦C. Compounds were eluted using the
following gradient with eluent A (n-hexane) and eluent B [n-hexane:isopropanol (90:10,
v:v)] and a constant �ow of 0.5 ml min−1: 3 % B to 5 % B in 2 min, to 10 % B in 8 min, to
20 % B in 10 min, to 50 % B in 15 min and to 100 % B in 10 min. Columns were washed
with 100 % B for 6 min and equilibrated with 3 % B for 9 min before next injection.

Lipids were identi�ed by their exact mass measured in full scan mode (MS1) and
their characteristic fragmentation in MS2 mode. Integration of peaks was performed on
extracted ion chromatograms of ±10 mDa width of the [M+H]+ ion. Quanti�cation was
achieved by injecting C46-GTGT standard along with the samples.

To evaluate GDGT cyclization we calculated the ring index according to Pearson et al.
(2004):

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

Similarly, cyclization of glycerol dibiphytanyl diethers (GDDs) was calculated.

To evaluate the degree of unsaturation of archaeols we calculated the unsaturation
index as follows:

Unsaturation index = [monouns]+2×[diuns]+3×[triuns]+4×[tetrauns]+5×[pentauns]+6×[hexauns]
[monouns]+[diuns]+[triuns]+[tetrauns]+[pentauns]+[hexauns]

(Eq. 2)

VI.2.6.3. Semi-preparative HPLC - puri�cation of individual core lipid and IPL

groups for isotope analysis

To target the isotopic analysis of the apolar side chain of individual core lipids and IPLs,
an aliquot of the TLE was subjected to two-dimensional (orthogonal) semi-preparative
HPLC, involving the combination of normal- and reverse-phase HPLC. Normal-phase
semi-preparative HPLC was used for separation into an apolar fraction (containing core
lipids) and a polar fraction (containing the more polar IPLs). For this approach, a semi-
preparative Inertsil Diol column (5 µm, 150 × 10 mm, GL Sciences Inc., Tokyo, Japan)
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was connected to an Agilent 1200 series HPLC instrument equipped with an Agilent
1200 series fraction collector. The �ow rate was 3 ml min−1 and the eluent gradient was:
100 % A to 10 % B in 5 min, to 85 % B in 1 min, held at 85 % B for 9 min, then 6 min
column re-equilibration with 100 % A, where eluent A was n-hexane:isopropanol (85:15,
v:v) and eluent B isopropanol:MilliQ water (90:10, v:v). The apolar fraction was collected
from 0 to 5 min and the polar fraction from 5 to 15 min. Fractions were evaporated under
a stream of N2 and stored at −20 ◦C until further analysis.

To further separate single core lipid and IPL groups, reverse-phase semi-preparative
HPLC was used following the protocol from Zhu et al. (2013a). In brief: samples were
dissolved in methanol:2-propanol (8:2, v/v) and separated by a Zorbax Eclipse XDB-C18
column (9.4 × 250 mm, 5 µm particle size; Agilent Technologies Deutschland GmbH,
Böblingen, Germany) operated at 45 ◦C. Compounds were eluted by linear gradients
from 80 % methanol: 20 % 2-propanol to 60 % methanol: 40 % 2-propanol in 5 min,
and then to 35 % methanol: 65 % 2-propanol in another 40 min with a �ow rate of
2.2 ml min−1. The column was washed by 100 % 2-propanol for 10 min followed by
column re-equilibration with 100 % methanol for another 15 min.

Subsequently, individual core lipid and IPL fractions were subjected to ether cleavage
using boron tribromide (BBr3, Aldrich) according to the protocol from Bradley et al.
(2009). In brief, 200 µl 1.0 M BBr3 was added to individual lipid under a stream of argon.
The vials were sealed and heated to 60 ◦C for 2 h. The resulting bromides were reduced to
hydrocarbons by adding 1 ml Super-Hydride solution (1.0 M lithium triethylborohydride
in tetrahydrofuran, Aldrich) under a stream of argon. The reaction took place at 60 ◦C

for 2 h.

VI.2.6.4. GC–MS, GC–FID and GC–irMS

GC–MS analysis for identi�cation of hydrocarbons was performed on an Agilent 5973
inert MSD system equipped with an Rxi-5ms capillary column (Restek GmbH, Bad
Homburg, Germany; L = 30 m; ID = 0.25 mm; 0.25 µm �lm thickness) with He as carrier
gas and a �ow rate of 20 ml min−1. All samples were injected at 300 ◦C in splitless mode.
For hydrocarbon analysis, the oven temperature was set to 60 ◦C at injection, held for
1 min, raised to 150 ◦C at 10 ◦C min−1, further increased to 320 ◦C at 4 ◦C min−1, and
held isothermal for 27.5 min.

Stable carbon isotopic compositions of hydrocarbons were determined using a GC-
isotope ratio-MS (Trace GC Ultra coupled to a GC-IsoLink, ConFlow IV interface and
a DeltaV Plus isotope ratio mass spectrometer, all from Thermo Scienti�c GmbH). GC
conditions were the same as utilized for the GC–MS. Compounds were oxidized in a
combustion interface at 940 ◦C. Stable carbon isotopic compositions are expressed as
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δ13C values in the per mil (h) notation relative to VPDB standards. The analytical error
was <0.5 h.

VI.2.7. Cell counts

A volume of 0.5 ml of each subsample from the cores was �xed in 0.5 ml 4 % paraformalde-
hyde solution and incubated 4 hours at 4 ◦C, followed by washing with 0.5 ml 1X PBS,
and addition of 0.5 ml 1X PBS:Ethanol (1:1) was added to the pellet. The �xed samples
were stored at −20 ◦C. The samples were then prepared and stained with SYBR Green
for automatic �uorescence microscope enumeration as described previously (Morono
et al., 2009) at the JAMSTEC facility (Kochi, Japan). 50 µl of the �xed sample was used
for sonication, and 20 µl of the prepared sample was �ltered through the membrane. Cell
abundance was only determined for the sediment samples, but not for the in situ pump
�lters. Based on total IPL and cell concentration, we calculated the IPL content per cell
according to Lipp et al. (2008). A volume of 0.5 ml of each subsample from the cores was
�xed in 0.5 ml 4 % paraformaldehyde solution and incubated 4 hours at 4 ◦C, followed
by washing with 0.5 ml 1X PBS, and addition of 0.5 ml 1X PBS:Ethanol (1:1) was added
to the pellet. The �xed samples were stored at −20 ◦C. The samples were then prepared
and stained with SYBR Green for automatic �uorescence microscope enumeration as
described previously (Morono et al., 2009) at the JAMSTEC facility (Kochi, Japan). 50 µl

of the �xed sample was used for sonication, and 20 µl of the prepared sample was �ltered
through the membrane. Cell abundance was only determined for the sediment samples,
but not for the in situ pump �lters. The cellular lipid content was calculated from cell
counts and IPL abundance.

VI.3. Results

VI.3.1. Geochemistry of Discovery Basin brine and sediments

Temperature, dissolved oxygen and salinity were determined from the water column
overlying the Discovery Basin and the brine itself. The brine layer was located at a
water depth of 3570 m and was 25 m thick. The depth measurement slightly varied
for the di�erent deployments (CTD rosette, rope length for in situ pumps and gravity
corer, respectively). At the brine surface, the temperature slightly increased from 14 ◦C

to 14.5 ◦C, oxygen concentration dropped from 140 µmol kg−1 to zero, �uorescence
increased from –0.1 to almost 0.4 mg m−3 and salinity increased from 40 to more than
60 psu (Figure VI.2). Although the high salt concentration might has in�uenced the
measurements, the interface was well documented. In the entire water column above
the brine, salinity, temperature, oxygen and �uorescence showed only minor variations.
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Figure VI.2. Depth profiles of (a) salinity, (b) temperature, (c) oxygen and (d) fluorescence from
the water column overlying the Discovery Basin and the hypersaline brine obtained from CTD
measurements. The brine showed an oily consistency, which probably led to a repeat failure
of the oxygen and conductivity (salinity, density) sensor. All parameters show abrupt changes
at the brine-seawater interface at ∼3570 mbsl, i.e., increase in salinity and fluorescence, slight
increase in temperature and a decline in oxygen concentration.

The concentrations of selected ions were determined for samples collected above

the brine (i.e., normal salinity seawater), at the brine seawater-interface, the brine and

the pore waters of the sediments (Supp. Fig. VI.1). Magnesium concentration increased

abruptly at the interface from 0.06 to more than 5.5 M in the brine. In sediments, Mg2+

concentration decreased with increasing depth, reaching values below saturation (<5

M) at 100 cm sediment depth. Similar to Mg2+, K+ accumulated in the brine and in

the sediments, they showed the opposite trend. Whereas Mg2+ decreased with increas-

ing sediment depth, K+ linearly increased. While in the normal salinity seawater Na+

concentrations were 0.5 M, considerably lower concentrations (0.07 M) were detected

in the brine. In the sediments, Na+ concentrations increased from 0.07 to 0.26 M with

depth. Calcium showed similar trends compared to Na+, but profiles displayed much

lower concentrations. Chloride concentrations were 0.9 M in the seawater above the

brine and increased towards 100 fold higher values in the brine. In the sediments, Cl−

concentrations decreased form ca. 10 M to values around 8 M with increasing sediment

depth.

Total organic carbon (TOC) content varied between 0.065 and 1.32 wt% in the investi-

gated sediment core. Higher TOC concentrations occurred in the first 2 m of the sediment

(Unit I) with the maximum at 201.5 cm below sea floor (cmbsf), whereas relatively low

concentrations (<0.25 wt%) were found in the deeper samples (Unit II, Figure VI.3a). The
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stable carbon isotope composition of TOC (δ13CTOC ) showed little variation with values

between −20.5 and −21.7� (Figure VI.3a).



Un
it 

Ia
Un

it 
Ib

Un
it 

II

Figure VI.3. (a) TOC and δ13CTOC , (b) cell concentrations and (c) Lipid quota per cell calculated
after Lipp et al. (2008) for the sediments of the Discovery Basin. The blue shaded area (c) indicates
in the hypothetic range for intracellular IPLs (from Lipp et al. (2008) for spherical cells with a
diameter between 0.5 and 1 µm). On the left, a picture of the investigated gravity core GeoB15102-
5 and the classification into units is shown. Classification of units is based on major lithological
changes (see text).

VI.3.2. Microbial cell counts and total membrane lipid concentration

Microbial cell concentration was highest in the surface sediments with 277 x 107 cells

cm−3. Within the first 15 cmbsf, the cell concentration profile showed an exponential

decrease reaching almost 100 times lower values (Figure VI.3b). Below 15 cmbsf, the cell

concentration profile showed only minor changes, except for the samples at 386 cmbsf

with 4.41 x 107 cells cm−3. Here, the cell concentration was 10 times higher than in the

samples located directly above and below this depth. For the water column samples, cell

abundance was not determined.

The superficial layers of the brine-seawater interface (3570 mbsl) showed total IPL

concentration of 1.9 µg l−1 and a similar range was found at the deeper interface (3575

mbsl, Figure VI.4a). In contrast, more than five times lower values were observed in the

brine water samples (3580 and 3610 mbsl). In the sediments, total IPL concentration

showed highest values in the top 24 cmbsf (between 1.5 and 3 µg g−1 sed. dw in samples
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6-8 and 18-20 cmbsf, respectively). In the interval between 23 and 47 cmbsf, IPL con-
centration decreased and did not exceed 0.1 µg g−1 sed. dw. Between 65.5 and 184 cm
sediment depth (lithological Unit Ia), IPL concentration increased with a maximum at 184
cm sediment depth with 1.53 µg g−1 sed. dw. Below 184 cm sediment depth, lowest IPL
concentrations were measured (lithological Unit II). Calculated lipid content per cell in
the sediments varied between 0.6 and 57.5 fg IPL cell−1. Distinct maxima occurred at 23,
and 184 cmbsf with the sample from 23 cmbsf showing the highest value (Figure VI.3b).

VI.3.3. Intact polar lipid composition

VI.3.3.1. Distribution of archaeal IPLs

Intact polar archaeal GDGTs (IP-GDGTs) and ARs (IP-ARs) were detected throughout
the sediment cores. IP-GDGTs were always more abundant than IP-ARs, but the relative
abundance of IP-ARs increased continuously with depth. Whereas they only comprised
5 % of total archaeal IPLs in the shallow sediments (0-34 cm), they reached 35 % in the
sample from 386.5 cmbsf (Figure VI.4b). In the water column samples, IP-GDGTs were
also detected at all depths, whereas IP-ARs were only present in noticeable amounts in
the sample from 3570 mbsl.

IP-GDGTs were present as mono-, di- and triglycosidic lipids (1G-, 2G-, and
3G-GDGTs), and as phosphohexose (PH) and hexose-phosphohexose (HPH; see Fig-
ure VI.4b). Glycosidic GDGTs also included mono- and di-hydroxylated (1G-OH-GDGTs,
1G-2OH-GDGTs, 2G-OH-GDGTs, 2G-2OH-GDGTs, 3G-OH-GDGTs) isoprenoid chains
as well as recently identi�ed butanetriol-based core lipids (1G-BDGT; Zhu et al., 2014a).
IP-GDGTs, except for IP-OH-GDGTs, occurred as acyclic to pentacyclic compounds.
However, they could not be quanti�ed individually, due to co-elution of di�erent GDGT
isomers with the same head group (Wörmer et al., 2013). IP-OH-GDGTs occurred only
as acyclic to dicyclic compounds. The most abundant IP-GDGTs in all samples were
1G-GDGTs with a relative abundance of always >50 % of total IP-GDGTs. Other abun-
dant IP-GDGTs in the super�cial layers of the brine-seawater interface were 2G-OH-
and HPH-GDGTs comprising 10 and 9 % of the total IP-GDGT pool, respectively. In
the deeper brine samples, 1G-GDGTs account for more than 92 %, whereas the minor
GDGTs were always below 3.3 %. In the �rst 2m of the sediment column, 2G-GDGTs
showed a relative abundance ranging from 6 and 26 %, whereas 2G-OH- and 2G-2OH-
GDGTs showed relative abundances between 1 and 11 % of total IP-GDGTs. PH- and
HPH-GDGTs were only detected in the �rst 23 cmbsf, representing more than 20 % of
total IP-GDGTs in some samples. Below 184 cmbsf 1G-GDGTs were the only detected
intact tetraethers beside minor amounts of 1G-BDGTs.

IP-ARs were present as 1G-, 2G-, phosphatidyl-glycerol- (PG-), glycerol-pentose-
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Figure VI.4. Distribution of intact polar lipids in samples from the brine-seawater interface
(I/F), the brine and sediments of the Discovery Basin. (a) Total IPL concentration, (b) detailed
distribution of archaeal IPLs, (c) detailed distribution of bacterial (and eukaryotic) IPLs, (d)
detailed distribution of intact B-, OB- and IB-GDGTs. Note that sugars moieties of intact B-, OB-
and IB-GDGTs include several derivatives of regular sugars, i.e., methoxylated and deoxylated
sugars. (e) Relative abundances of intact archaeal diether lipids separately.

(GPs-), N-acetylglucosamine- (NAcG-), PG-extended-unsaturated- (Uns-Ext-),

monoglycosyl-deoxy-glycosyl- (1G-deoxy-G-), (N-acetyl)-glucosamine-monoglycosyl-

(GN-1G-), methylated-phosphatidylglycerolphosphate- (Me-PGP-) and sulphated digly-

cosyl (SDG-) ARs (for identification see supplementary information). In the upper brine-

seawater interface sample, the most abundant IP-ARs were PG-Ext-Uns-, PG-, 2G-deoxy

andMe-PGP-ARwith 31.9, 25.9, 14.9 and 14.3% of total IP-ARs, respectively (Figure VI.4b

and e). Minor components were GN-1G-, 1G-, 2G- and NAcG-AR. In the sample from
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3575 mbsl, no IP-ARs were detected, and in the other two brine water samples, only
PG-AR was present. In the �rst 23 cm of the sediment, the diversity was as high as in
the uppermost water column sample but the distribution considerably di�ered. Here,
the major IP-ARs were PG- and GPs-AR, accounting for 32 % each of total IP-ARs in
the surface sample. Other prominent IP-ARs within the �rst 23 cm of the sediment
were 1G-deoxy-G-, 1G- and 2G-AR. While PG-Ext-Uns-AR was not detected in the sedi-
ments, Me-PGP-AR, which was also present in the sample from the upper brine-seawater
interface, disappeared below 13 cm sediment depth. SDG-AR was �rst detected at 3
cm, NAcG-AR at 7 cm and GN-1G at 11 cm sediment depth. When detected, SDG- and
GN-1G-AR represented major IP-ARs. For example, SDG-AR accounted for 27 % of total
IP-ARs in the sample from 19 cmbsf and GN-1G-AR for 29 % in the sample from 23
cmbsf. The diversity decreased towards greater depths and 1G-AR was always the major
IP-AR with more that 50 % of total IP-ARs. GPs-, and GN-1G-AR were detected between
33 and 65.5 cmbsf, whereas between 65.5 and 184 cmbsf, 2G- and NAcG-AR were also
present. In the deepest samples from 218 to 407 cmbsf, the only detected IP diether was
1G-AR.

VI.3.3.2. Distribution of bacterial IPLs

Bacterial IPLs were detected as diacylglycerol (DAG) phosphatidylcholine (PC),
phosphatidyl-(N,N)-dimethylethanolamine (PDME), phosphatidyl-(N)-methylethanol-
amine (PME), phosphatidylethanolamine (PE) and phosphatidylglycerol (PG). Acylether-
glycerol (AEG) were present as PC, PG and PE, whereas dietherglycerols were only
found with the polar head groups PC and PG. Other detected IPL classes included diphos-
phatidylglycerol (DPG), betaine lipids (BL), PG-sphingosines, glycerol ceramides (G-Cer)
and ornithine lipids (OL; Figure VI.4c). The structure of G-Cer, which has not been
reported in the literature, was tentatively identi�ed based on accurate mass in MS1 and
fragmentation behaviour in MS2.

The most abundant bacterial IPLs in the upper brine-seawater interface sample were
PC-AEGs with 23 %, PG-DAGs with 15 %, PG-AEGs with 12 % and G-Cer with 11 % of
total bacterial IPLs. Other detected IPLs included OLs, PC-DAGs, PG-DEGs, PE-DAGs,
PE-AEGs and BLs with relative abundances between 3 and 8 %. Minor bacterial IPLs
(<2 % relative abundance) were PG-sphingosines, DPGs, PDME-DAGs and PGs with
unknown (unk) core lipid structure. In all deeper water column samples, the diversity
of bacterial IPLs was comparably low. The most abundant in the sample from 3575
mbsl were G-Cer, PC-AEGs, PG-AEGs, and PG-DAGs. Minor bacterial IPLs in the same
sample included PC-DAGs, PE-AEGs and unk PGs, contributing less than 5 % to the
total bacterial IPL pool. This distribution remained relatively constant between the
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samples from the lower layers of the brine-seawater interface and brine water. In the
sediments, the distribution of bacterial IPLs di�ered from that of the water column.
The major bacterial IPLs in the surface sediment sample were PC-DAGs, BLs, G-Cer
and PG-DAGs contributing 31 %, 18 %, 12 % and 10 % to the total bacterial IPL pool,
respectively. Other important bacterial IPLs were PE-DAGs, PME-DAGs, PDME-DAGs,
DPGs, PC- and PG-AEGs with less than 10 % of total bacterial IPLs. Major trends in their
relative abundance were the increase in relative abundance of AEGs lipids, particularly
PC-AEG, whereas the relative abundance of most DAG lipids, such as PC-, PME- and
PDME-DAGs, decreased within the �rst 23 cm of the sediment column. Below this depth,
most common bacterial IPLs disappeared. PC-AEGs, PG-DAGs and PE-AEGs were the
only detected bacterial IPLs between 33 and 47 cmbsf. Between 65.5 and 184 cmbsf, only
PE-DEGs and PG-DAGs were detected, whereas in the samples below 184 cmbsf (Unit II),
bacterial phospholipids were absent and the only bacterial IPL found were the branched
and isoprenoid/branched tetraether (see below).

The structural composition of fatty acids from P-DAGs and P-AEGs as well as BLs were
dominated by aliphatic tails with 15 to 18 carbons and they were either fully saturated
or monounsaturated (Supp. Table VI.1). The combination of fatty acids included odd
and even, even and even, and odd and odd carbon numbers. In the �rst 50 cm of the
sediment, PC-DAGs additionally contained low amounts of C22:6 and C 20:5. Dominant
P-DEG core lipids were saturated and monounsaturated C30 to C32 compounds in the
super�cial brine-seawater interface and saturated C30 to C32 compounds in lithological
Unit II.

VI.3.3.3. Intact branched and isoprenoid/branched tetraether IPLs

Intact polar hybrid isoprenoid/branched (IB-), overly branched (OB-) and branched (B-)
GDGTs (for mass spectral identi�cation see supplementary information) were detected
the six samples from below 184 cmbsf (Unit II, Figure VI.4d). They occurred as mono-
to tetraglycosidic IPLs, including methoxylated and deoxylated derivatives (Figure VI.4
and Supp. Fig. VI.6). Generally, the diversity increased with depth. Three IPL species were
detected in the sample from 218 cm sediment depth, which were 1G- and 2G-IB-GDGTs
as well as 2G-B-GDGTs, with 1G-IB-GDGT being dominant (79 % relative abundance).
The highest diversity occurred in the three deepest samples, where ten di�erent IPL
species were detected. Here, 1G- to 4G-IB-GDGTs, 2G- to 4G-OB-GDGTs and 2G- to
4G-B-GDGTs were present. The intact IB-GDGTs represented the largest fraction within
this IPL group.
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VI.3.4. Distribution of isoprenoid ether core lipids

Although core lipids are generally associated with degradation products of archaeal
intact polar lipids (Schouten et al., 2013a), they are frequently found in cultured archaea
(e.g., Elling et al., 2014; Meador et al., 2014b; Yoshinaga et al., 2015a). Thus, the absence of
a head group might not necessarily mean that core lipids are not structural components,
although their function in the membranes has not yet been systematically studied.

The concentration pro�le of total core lipids decreased exponentially in the water
column, from 7.2 µg l−1 in the uppermost brine-seawater interface to less than 0.5 µg l−1

in the deepest brine water sample (Figure VI.5c). In the sediments, concentrations showed
a similar trend as the total IPLs, with highest concentrations in the �rst 23 cmbsf and
between 59 and 184 cmbsf, and lowest concentrations between 33 and 47 cm and below
184 cmbsf.
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Figure VI.5. (a) Relative abundances of di- and tetraether core lipids, (b) ring indices of core
GDGTs and GDDs and (c) total core lipid concentration in samples from the brine-seawater
interface, the brine and sediments of the Discovery Basin.

In the water column samples and in the �rst two-meter of the sediments, isoprenoid
GDGTs represented the largest fraction with more than 80 % of total core lipids (Fig-
ure VI.5a). OH-GDGTs and GDDs represented minor components at all depths examined.
Archaeal diethers (ARs), including archaeol and its extended (ext), unsaturated (uns), a
combination of extended and unsaturated (Ext-Uns), hydroxylated (OH) and methoxy-
lated (MeO) analogues, were abundant components in the water column samples, par-
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ticularly in the three samples from the brine water and in the sediments below 184
cm, where they comprised >8 % of total core lipids. The concentration of total archaeal
core ARs (Figure VI.6d) decreased almost linearly from the super�cial brine-seawater
interface to upper brine sample and stayed low through the brine from more than 200 to
20 ng l−1. In the sediments, two concentration maxima were observed. The �rst occurred
at 23 cmbsf with 319 ng g−1 sed. dw and the second at 184 cmbsf with 672 ng g−1. Be-
low 184 cm sediment depth, concentrations declined to ten times lower values without
signi�cant changes to the bottom of the core. IB-GDGT core lipids were only detected
in trace amounts in the water column samples, whereas OB- and B-GDGTs were absent.
In the �rst two meters of the sediment, all three branched GDGT species were detected
but they represented minor components. Below 184 cmbsf, the core lipid distribution is
substantially di�erent. Here, IB-, OB- and B-GDGTs showed highest relative abundances,
which increased with increasing depth. Whereas their sum contributes 21 % to the total
core lipid pool in the sample from 218 cmbsf, they comprise more than 60 % in the
deepest sample from 407 cmbsf.

Cyclization of GDGTs showed two major trends indicated by the ring index (Eq. 1).
Cyclization was low (ring index of 1.7-1.9) and slightly increased with depth in the
water column samples and comparatively higher in the sediments (ring index of 2.3-3.3;
Figure VI.5b). Whereas an increase in cyclization was observed in the �rst 40 cm of the
sediment, cyclization showed an overall decreasing trend downcore. GDD cyclization
was generally higher than GDGT cyclization and di�erences between the brine and the
sediments are much less pronounced (see Figure VI.5b).

The detailed distribution of core ARs revealed changes between water column, sur-
face and deep sediments (Figure VI.6). Saturated AR was the most abundant core ARs
in all samples with relative abundances >35 %. MeO-AR was detected in all samples.
The highest relative abundance of MeO-AR occurred in the samples from the brine
water, where it contributes up to 40 % to the total core AR pool. In the sediments, the
abundance of MeO-AR is slightly lower (20 %) and it almost disappeared in the deepest
sediment samples. In the super�cial brine-seawater interface, Uns- and Ext-Uns-ARs
were abundant components with 11 and 18 % of total core ARs, respectively, whereas
they are only minor compounds in the deeper brine samples (Figure VI.6a). In the top
24 cm of the sediment column, uns-ARs are major contributors to the total AR pool
(25-30 %). OH-ARs, which include two isomers and a monounsaturated species, showed
relatively low relative abundances in the samples from the water column and �rst two
meters of the sediment. In the deeper sediment samples (212-411 cmbsf), their abun-
dance increased reaching values between 9 and 25 %. Ext-AR represents only a minor
component in most samples, but Ext- and Ext-Uns-ARs increased in relative abundance
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in the deepest sediments samples (365-407 cmbsf), comprising 6 and 21% of total core

diethers, respectively (Figure VI.6a).

Figure VI.6. (a) Relative abundances of archaeal diether core lipids, (b) unsaturation index of
extended archaeols (Ext-ARs), (c) unsaturation index of ARs, and (d) total archaeal core diether
concentration in samples from the brine-seawater interface, the brine and sediments of the
Discovery Basin.

The degree of unsaturation (unsaturation index; Eq. 2) of core Ext-ARs decreased

with depth in the water column samples (Figure VI.6b). Whereas the index is higher

than 2.0 in the brine-seawater interface, it is 1.5 in the brine samples. In the sediments,

the unsaturation index showed maximum values (around 3.0) between 11 and 19 cmbsf.

Lowest values of 1.0 occurred in the surface sediment sample and between 95.5 and 184

cmbsf. In the deepest three sediment samples, the unsaturation index of core Ext-ARs

slightly increased again to 1.7. The unsaturation index of core ARs showed a similar range

of 1.8 in the water column. In the sediments, between 1 and 35 cmbsf, the unsaturation

index of ARs showed highest values around 3.0 and decreased towards 1.0 below this

depth (Figure VI.6c).

VI.3.5. Carbon isotopes of ether lipids

The ether cleavage products of various isolated intact polar and core lipid groups from

selected samples were analyzed for their stable carbon isotopic composition (δ13C).

Samples included the brine-seawater interface sample from 3570 mbsl and six sediment

samples covering the complete investigated core interval (Figure VI.7 and Supp. Ta-

bles VI.2 and VI.3). Archaeal core lipids that could be isolated from the TLEs included

AR, GDGTs, GDDs and OH-GDGTs. The δ13C of archaeal IPLs could only be determined
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from IP-GDGT derived biphytanes (bp). Isolated species for δ13C analysis were 1G- and
2G-GDGTs as well as their hydroxylated analogues. HPH-GDGTs could not be separately
isolated as they co-elute with 2G-2OH-GDGTs with the used semi-preparative HPLC
protocol. The δ13C determination of AR was obtained from phytane, whereas GDDs and
GDGT species were obtained from average δ13C values of acyclic to tricyclic biphytanes
(Supp. Tables VI.2 and VI.3). Similarly, δ13C values for B-, OB- and IB-GDGT core and
intact lipids were determined. For the B-GDGT stable carbon isotopic composition, the
average δ13C value of octacosanyl chains containing two and three methylations was de-
termined. For δ13C values representative for OB-GDGTs, octacosanyl chains containing
four to six methylations as well as co-eluting isomers were averaged. The ether cleavage
products of IB-GDGTs only revealed one peak in the GC chromatogram that could be
clearly assigned to a triacontanyl chain as basic structure with �ve methylations, which
is likely composed of coupled phytane and iso-pentadecane (Schouten et al., 2000; Liu
et al., 2012c).

In the super�cial brine-seawater interface, the bp-0 of core GDGTs was depleted in 13C
compared to the sediments with δ13C values of −31.4 h (Figure VI.7. In the sediments,
δ13C values of GDGTs showed little variability throughout the sediment core, ranging
from −23.3 to −17.7 h, which were similar to OH-GDGTs and GDDs. The δ13C values
of AR-derived phytanes ranged from−37.2 to−23.4 h and they became more depleted
with increasing sediment depth.

The B-, OB- and IB-GDGT core lipid derived hydrocarbons showed δ13C value between
−36.6 and −25.2 h and they generally became more enriched in 13C with increasing
sediment depth (Figure VI.7). In contrast to the archaeal GDGTs, the compounds released
from these di�erent precursors had an o�set in their isotopic composition. For example,
in the sample from 285 cmbsf, δ13C values of hydrocarbons released from OB-GDGTs
showed values of −36.6 h, whereas B-GDGT derived compounds were more enriched
in 13C with values of −25.2 h. The hydrocarbons released from intact B-, OB- and
IB-GDGTs present only in depths >184 cmbsf (Figure VI.4) revealed similar isotopic
compositions for all three precursors. At 285 cm sediment depth δ13C values were more
depleted in 13C (−33 h) than in the deeper sample from 393 cmbsf where values of
−27 h were observed.

VI.4. Discussion

VI.4.1. Geochemical evidences for sediments spanning pre-basin to post-brine
conditions

The obtained pore water pro�les of Mg2+, Ca2+ and Cl− are in good agreement with
those reported in the literature and show that the brine solution is penetrating into the
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values of biphytanes containing 0 to 3 rings and non-isoprenoid alkyl chains, respectively.
Similarly, δ13C values were generated for the GDDs.

sediments by advection and di�usion (Wallmann et al., 1997; Wallmann et al., 2002).
Interestingly, absolute concentrations of Mg2+ and Cl− were ca. 1 M higher higher than
those reported by Wallmann et al. (1997). This observation suggests that the brine was
recently re�lled with a MgCl2-rich solution between 1993 and 2011, when the samples
were taken. To increase the MgCl2 concentration, in�ow of brine solution must be higher
than advection and di�usion into the sediments. Since the Discovery Basin was formed
by residual brine that migrated along faults and entered the basin at its �anks (Wallmann
et al., 1997), tectonic activity in this region potentially resulted in the increased in�ow
by opening new paths. The similar concentrations between our measurements and the
ones reported by Wallmann et al. (1997) in greater depth can be explained by an increase
of density-driven convection.

Surface enrichment of TOC (lithological Unit I) results from enhanced preservation
of organic matter due to anoxia in the overlying brine (De Lange and ten Haven, 1983;
Wallmann et al., 2002). The combination of anoxic conditions together with the high

126



VI.4. Discussion

salt concentration additionally reduces benthic microbial activity and therefore the

degradation of deposited organic material. Wallmann et al. (1997) and Wallmann et al.

(2002) suggested based on transport modeling experiments and sedimentation rates that

the Discovery Basin was filled with a MgCl2-rich brine only since the past ca. 700-2000 yr

and by assuming a sedimentation rate of 6 cm ky−1 (Wallmann et al., 2002), only the top

12 cm represent brine sediments. Dark-colored anoxic sediments were observed down to

ca. 2 mbsf (Figure VI.3, indicating that the basin was anoxic before the brine formation as

previously shown by Wallmann et al. (2002). The low TOC content in lithological Unit II

indicates oxygenated sediments deposited under oligotrophic conditions, like the present

situation for the Eastern Mediterranean (e.g., Fontugne and Calvert, 1992). The drastic

change in sedimentology between the two major lithologies recorded in the Discovery

Basin has been interpreted as a result of a sudden collapse that formed the depression,

followed by progressive development of basin anoxia (Fusi et al., 1996). The sedimentary

features, such as sediment deformation and local re-sedimentation between 50 and

200 cmbsf indicate sliding from the steep side walls of the basin delivering sediments

resulting in high sedimentation rates during this interval, similar to other brine pools

in the Eastern Mediterranean (e.g., Camerlenghi and McCoy, 1990). Other sediment

cores from the Discovery Basin (Fusi et al., 1996; Wallmann et al., 2002) showed distinct

TOC maxima within the anoxic sediment (ca. 7 wt%), which were associated with the

deposition of sapropels. We have not observed such pronounced TOC contents in our

core, although smear slide analysis revealed a composition that matches the description

of sapropels in two discrete layers in the top 50 cm. Constant δ13CTOC values of ca.

−21� through the whole sediment core indicated a major marine phytoplanktonic

origin of the deposited organic matter. These observations indicate that the Discovery

Basin has been a highly dynamic system since its formation. Figure VI.8 summarizes

our hypothesis concerning the development of the Discovery basin from pre-basin to

post-brine conditions.

Figure VI.8. Sketch illustrating the development of the Discovery Basin from before the basin
collapse to modern conditions.
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VI.4.2. Indications of microbial biomass in Discovery Basin

Total IPL concentration was considerably higher in the brine-seawater interface than in
the underlying brine. This is in line with DNA-based studies from the Discovery Basin as
well as other deep-sea brines (Hallsworth et al., 2007; Yakimov et al., 2007) and suggests
inhibition of microbial life in the brine body of the Discovery Basin. Most halophilic
microorganisms studied in the laboratory can grow under NaCl concentrations that
approach saturation but not under high MgCl2 concentrations (Oren, 2002b). The record
holder so far is the archaeon Halobacterium sodomense, which grows fairly at 2.5 M
MgCl2, but requires 0.5 M NaCl to compensate the chaotropic e�ects of magnesium (Oren,
1983). Hallsworth et al. (2007) proposed that the limit for life in MgCl2-rich systems is
2.3 M in the absence of compensating kosmotropes, such as sodium and sulfates. These
authors attributed the recovery of genetic biomarkers in the Discovery Basin at MgCl2
concentrations above 2.3 M to preserved dead cells. Thus far, laboratory experiments
to grow microbes under in situ salinities of the Discovery Basin have failed, indicating
that in situ conditions do not favor microbial life as we currently know it (Hallsworth
et al., 2007; Sass et al., 2008). Although indications for metabolically active microbes at
concentrations above 3 M in the Kryos Basin were reported recently (Yakimov et al.,
2015), these concentrations are still well below those encountered in the Discovery
Basin brine. Based on these studies, it can be assumed that life in the Discovery Basin is
limited to the upper interface whereas the brine body and underlying sediments appear
inhospitable for microbial life. Therefore, we have considered the life markers (either
lipids or cells) that we detected outside the upper interface as records of past microbial
communities.

Total IPL and cell concentrations measured in sediments revealed similar downcore
pro�les, with a decreasing trend with increasing sediment depth. Importantly, calculated
intracellular lipid content per cell falls into or is close to the hypothetic range of 1.4
to 6.5 fg IPL per cell for spherical cells with 0.5 to 1 µm diameter (Lipp et al., 2008) for
most samples. This suggests that cells as well as IPLs are similarly well preserved in
the sediments, with the exception of samples collected immediately below the surface
sediments and at the transition between Unit I and II (Figure VI.3). Higher IPL content
in cells observed in these samples likely indicates preservation of IPLs compared to cells,
i.e. re�ects accumulation of extracellular IPLs (e.g., Xie et al., 2013). In the following
sections we provide a detailed characterization of lipids detected at the seawater-brine
interface in comparison with the few DNA-based studies that have been performed in the
Discovery Basin (van der Wielen et al., 2005; Hallsworth et al., 2007). Based on the high
preservation potential of cells both in brine and supposedly under anoxic conditions of
Unit I, we proposed to use microbial lipids in the context of the hypothesized lithological
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model for the development of the basin (Figure VI.8). Finally, we interpreted the sources
of microbial lipids from Unit II to infer pre-basin environmental conditions.

VI.4.3. Sources of IPLs at the interface and in the brine

VI.4.3.1. Evidence for ammonia-oxidizing archaea (AOA), haloarchaea and

methanogens

DNA-based studies retrieved a high number of Marine Group 1 sequences, which are
a�liated with the recently proposed phylum Thaumarchaeota (Brochier-Armanet et al.,
2008; Spang et al., 2010), in the super�cial brine-seawater interface (van der Wielen
et al., 2005; Hallsworth et al., 2007). Intact GDGTs in this layer likely originate from
this thaumarchaeal community since the distribution is highly similar to that found in
AOA cultures (Schouten et al., 2008; Pitcher et al., 2011a; Elling et al., 2014). For example,
we detected the same headgroup types, i.e., 1G-GDGT, 2G-GDGT and HPH-GDGT,
as well as 1G- and 2G-GDGTs with monohydroxylated isoprenoid core structures, in
similar proportions as reported by Elling et al. (2014). The relatively high abundance
of labile HPH-GDGTs further indicates growing and metabolically active cells rather
than communities at steady state (Elling et al., 2014), even though a potential origin
from the overlying water column and deposition with sinking debris cannot be excluded
(e.g., La Cono et al., 2011; Yakimov et al., 2015). The measured stable carbon isotopic
composition of the intact GDGT derived biphytanes of ca. −20 h (Figure VI.7) supports
a thaumarchaeal origin, assuming typical deep ocean δ13CDIC of ca. 0 h (e.g., Quay
et al., 2003), as cultured AOA have been shown to have a carbon isotopic fractionation
of −20 h between DIC and biphytanes (Könneke et al., 2012). Moreover, we detected
the methoxylated AR, an intact lipid that was �rst described by Elling et al. (2014) in the
thaumarchaeon Nitrosopumilus maritimus and that might be speci�c for marine AOA.
Thus far, MeO-AR has not been reported from the natural environment and we attribute
the source organisms in our samples to AOA.

Ammonium, required as electron acceptor for AOA (Könneke et al., 2005), was shown
to be present at high concentrations in many deep-sea brine pools (De Lange et al.,
1990b; Van Cappellen et al., 1998; Da�onchio et al., 2006) and concentration pro�les were
interpreted to re�ect biologically mediated redox cycling, further supporting actively
growing AOA at deep-sea brine-seawater interfaces. In the deeper interface sample and
in the brine, no HPH-GDGTs were detected and overall abundance and diversity of
intact GDGTs was low suggesting that the thaumarchaeal community is restricted to
the surface layers of the interface where dissolved oxygen is still present and salinity
has not reached brine concentration. The oxygen requirement for growth of AOA has
not been systematically studied yet, but there is circumstantial evidence based on lipids
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as well as thaumarchaeal 16S rDNA and amoA (ammonia monooxygenase subunit
A) gene biomarkers from various environments that these microbes are abundant at
marine oxyclines (Coolen et al., 2007; Wakeham et al., 2007; Schouten et al., 2012; Basse
et al., 2014; Xie et al., 2014). This suggests relatively low oxygen requirements for
environmental AOA to perform nitri�cation as has been shown for the cultured strain N.

maritimus (Martens-Habbena et al., 2009). The oxygen limitation in the brine-seawater
interface as well as the high speci�c a�nity for reduced nitrogen of AOA (Martens-
Habbena et al., 2009) additionally favors AOA over ammonia-oxidizing bacteria (AOB),
which were found to be absent in brine-seawater interfaces at other locations (Yakimov
et al., 2007; Ngugi et al., 2015). Furthermore, the study from Ngugi et al. (2015) revealed
speci�c adaptations of a halotolerant thaumarchaeon in the interfaces of Red Sea brine
pools enabling these microbes to cope with osmotic stress. The clear predominance of
thaumarchaeal lipids in the Discovery Basin interface suggests ammonium consumption
by AOA via oxidation as an important microbially mediated metabolic process in these
layers.

In our samples from the brine-seawater interface and the brine, the ring distribution
of the core GDGTs di�ered signi�cantly from the IPL signal. The core GDGTs were
mainly composed of the acyclic isomer, which is also indicated by the low ring index
(see Figure VI.5), whereas for HPH-, 1G- and 2G-GDGT cyclic compounds, including
crenarchaeol, a GDGT containing four cyclopentane and one cyclohexane ring, occurred
in signi�cant amounts (data for IPLs not shown). Additionally, the GDGT core lipid
derived acyclic biphytane showed a more negative stable carbon isotope signature than
the biphytanes derived from the intact GDGTs (see Supp. Tables VI.2 and VI.3). These
observations suggest that a substantial fraction of the core GDGTs is fueled by a source
other than the degradation products of IPLs from AOA. Other archaea detected by 16S
rRNA and mRNA gene sequences analyses in the Discovery Basin, particularly in the
upper interface, are Halobacteriales, Methanohalophilus and MSBL1 (van der Wielen
et al., 2005; Hallsworth et al., 2007). Both Halobacteriales and Methanohalophilus are not
known to synthesize GDGTs (e.g., Kates, 1993b; Koga and Morii, 2005), suggesting that
acyclic core GDGTs in the brine-seawater interface of the Discovery Basin could be
sourced by MSBL1 archaea. Even though there is no cultured representative of MSBL1
members, on the basis of their phylogenetic relatedness to methanogens it was suggested
that members of this group are involved in methanogenesis at high salinities (van der
Wielen et al., 2005). Although the connection of MSBL1 to methanogenesis requires
further experimental validation, we suggest that at least some of IP-ARs are in fact
produced by methanogens. Methanohalophilus species (Koga et al., 1993b; Koga and
Morii, 2005) are known to synthesize similar lipids as the detected 1G-GN- and NAcG-
AR, and we considered members of this genus as likely sources of these lipids. In addition,
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Methanohalophilus that belong to the order Methanosarcinales do not produce GDGTs,
but are known to produce abundant OH-ARs (Koga et al., 1993b). Thus the presence of
1G-GN- and NAcG-AR as well as core OH-AR may indicate activity of Methanohalophilus

in the anoxic portions of the seawater-brine interface of the Discovery Basin.
Beside the activity of AOA and methanogens, halophilic archaea have been shown

to inhabit the brine-seawater interface in a narrow depth interval within this layer
as suggested by DNA analysis (Hallsworth et al., 2007). Correspondingly, we detected
speci�c IPLs such as Me-PGP-AR and PG-Ext-AR, which are diagnostic IPLs of extremely
halophilic archaea (e.g., Kushwaha et al., 1982; Kates, 1993a). Archaeol-based core lipids
additionally provide a chemotaxonomic link to haloarchaea. The combination of Ext-AR
(C25) and Uns-ARs is a common lipid feature of most cultured halophiles belonging to
Halobacteriales (de Rosa et al., 1982; De Rosa et al., 1983; Nichols and Franzmann, 1992;
Kamekura and Kates, 1999; Gibson et al., 2005). It was further shown that the degree
of unsaturation appears to be involved in membrane lipid adaptation to high salinities
(Dawson et al., 2012). Based on the relative abundance of intact polar and core ARs,
our data suggest that haloarchaea dominate over methanogens at the brine-seawater
interface. However, the higher abundance of GDGTs from AOA relative to other archaeal
lipids clearly indicated Thaumarchaeota as the dominant archaea in this environment.
In summary, we suggest that archaea within the Discovery Basin interface are involved
in nitrogen and carbon cycling.

VI.4.3.2. Evidence for bacterial heterotrophy and sulfate reduction

Most bacterial and eukaryotic IPLs, especially diacyl glycerol phospholipids, can have
multiple sources and thus only partly be assigned to speci�c organisms. In contrast to
ether-linked archaeal lipids, extracellular IPLs with fatty acid side chains are rapidly
degraded (White et al., 1979; Harvey et al., 1986; Logemann et al., 2011), although
degradation kinetics might di�er between IPLs with di�erent head groups. Thus, sources
for P-DAGs from the overlying water column seem unlikely. This is also con�rmed by
the absence of glycosidic DAG lipids, which are typically the dominant planktonic IPLs
(e.g., Van Mooy and Fredricks, 2010). An eukaryotic source of IPLs at the Discovery
Basin cannot be completely excluded, since diverse assemblages of mainly unicellular
protist plankton were reported for some of the Eastern Mediterranean deep brine basin
interfaces (Alexander et al., 2009; Edgcomb et al., 2009; Stock et al., 2012; Filker et al., 2013).
However, the fatty acid distribution of IPLs was dominated by saturated and C15 to C18

monounsaturated compounds (Supp. Table VI.1) and further suggests bacteria rather than
eukaryotes as their major source at the brine-seawater interface. Eukaryotes typically
contain signi�cant proportions of polyunsaturated fatty acids (Brett and Müller-Navarra,
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1997), . It has further been shown that dense populations of heterotrophic microorganisms
inhabit brine-seawater interfaces, including the Discovery Basin interface (van der
Wielen et al., 2005), likely re�ecting the accumulation of organic matter in this e�ective
particle trap (LaRock et al., 1979). For instance, PG- and PE-DAGs have long been shown
to dominate the membranes of cultivated strains of marine heterotrophic bacteria (e.g.,
Oliver and Colwell, 1973), and PME and PDME headgroups have been attributed to
heterotrophic Gammaproteobacteria, Alphaproteobacteria or Bacteroidetes in the water
column of the Black Sea (Schubotz et al., 2009) or as in oil-impregnated sediments in
the Gulf of Mexico (Schubotz et al., 2011). Moreover, PG and PE appeared to be derived
primarily from heterotrophic bacteria in the water column of the eastern subtropical
South Paci�c (Van Mooy and Fredricks, 2010). With increasing salt concentration, bacteria
tend to increase the amount of the negatively charged headgroups PG and DPG in their
membranes at the expense of neutrally charged species, such as PE and PC (Vreeland,
1987; Russell, 1989; Ventosa et al., 1998; Oren, 2002a). However, PG and DPG contributed
ca. 30 % to the total bacterial IPL pool in the super�cial brine-seawater interface sample
in the Discovery Basin, which is similar to other non-hypersaline environments, such as
tidal �at sediment (Seidel et al., 2012).

Phospholipids containing mixed ester/ether and diether lipids are only known from
anaerobic and microaerophilic bacteria, including thermophiles (e.g., Langworthy et al.,
1983; Huber et al., 1992) as well as some sulfate reducing bacteria (SRB), which typically
synthesize IPLs with mixed DAG, AEG and DEG core lipids (Rütters et al., 2001; Sturt
et al., 2004). The detection of AEG and DEG-based IPLs have been attributed to SRB in
anoxic environments, ranging from cold seeps (e.g., Sturt et al., 2004; Rossel et al., 2008),
water column (Schubotz et al., 2009), tidal �ats (Seidel et al., 2012) to hydrothermal vents
(Bradley et al., 2009). The presence of AEG and DEG-based IPLs in the brine-seawater
interface of the Discovery Basin is consistent with the detection of SRB in DNA-based
studies and sulfate reduction rates measured in the interface as well as in the brine
(van der Wielen et al., 2005; Hallsworth et al., 2007). In addition, we detected ornithine
lipids, which have been shown to be major lipids in SRB (Makula and Finnerty, 1975;
Seidel et al., 2012) and have been associated with sulfate reducers in the anoxic water
column of the Black Sea (Schubotz et al., 2009). This further supports the presence of
abundant SRB in the Discovery Basin interface.

Other lipids found at the interface included betaine lipids (BL) and ceramides. Betaine
lipids were thought to be present only in eukaryotes (Dembitsky, 1996), but have been
recognized to also be present in bacteria (Benning et al., 1995; Geiger et al., 1999; López-
Lara et al., 2003; Geiger et al., 2010). In samples from the surface ocean, BLs have been
shown to substitute phospholipids, especially PC, under phosphate limitation (Van Mooy
et al., 2009) and BLs were mainly attributed to eukaryotic algae sources (Kato et al.,
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1996; Van Mooy et al., 2009). However, based on detection of BLs below the photic and
within the anoxic zone in the Black Sea water column and a fatty acid composition that
is typical for bacteria, Schubotz et al. (2009) suggested these lipids to be additionally of
anaerobic bacterial origin and the detection in our samples supports this hypothesis,
although an allochthonous origin cannot be excluded. Moreover, betaine lipids have
been found abundantly in anoxic and sulfate-reducing sediments of cold seeps (Rossel
et al., 2011; Schubotz et al., 2011; Yoshinaga et al., 2015a). Sphingolipids (ceramides) are
commonly distributed among some of the bacteria and almost all eukaryotic organisms
(Kawahara et al., 1999). Glycosphingolipids from the surface ocean have been shown to
be a biomarker for viral infection of natural phytoplankton assemblages (Vardi et al.,
2009) and the detection of the ceramide analog in the anoxic water from the Black Sea
has been associated with anaerobic bacteria (Schubotz et al., 2009). The ceramides that
we tentatively identi�ed contained a glycerol instead of glycosyl headgroup and the
detection in our samples indicates that they might be part in the haloadaptation of
certain bacteria (see above).

In contrast to the archaeal IPLs, most bacterial lipids penetrated into the brine body,
which is unexpected since archaea are generally better adapted to more extreme con-
ditions, i.e., higher salt concentrations (e.g., Valentine, 2007). Additionally, Hallsworth
et al. (2007) found only archaeal sequences in the deeper interface layers. While sulfate
reduction rates indicate active bacteria in the brine (van der Wielen et al., 2005), here
we reported higher concentrations of MgCl2 than those reported by Wallmann et al.
(1997). Thus, we suggest that bacterial lipids in the brine originate from inactive cells,
likely derived from the interface. Nevertheless, our results from comprehensive lipid
analysis clearly support previous work that the brine-seawater interface of the Discovery
Basin represents a microbial hot spot, in which microbes are adapted to high MgCl2
concentrations and actively involved in carbon, nitrogen and sulfur cycling.

VI.4.4. Sources of microbial lipids in the sediments

Since the pore waters of the sediments are almost saturated with MgCl2 (see Supp.
Fig. VI.1), this environment can be considered anathema to life, whereas preservation
of dead cells is assumed to be exceptionally high (Hallsworth et al., 2007; Sass et al.,
2008). This can be also assumed for the IPLs and allows to investigate the history of
microbial life in the Discovery Basin from brine formation to the modern conditions.
The IPL composition showed three major changes largely following changes in the
lithology (see Figure VI.4), which might be associated with changes in the paleo microbial
communities. We suggest that those changes resulted from changing environmental
conditions including brine formation, pre-brine anoxic conditions as well as oxic and
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oligotrophic conditions during deposition of Unit II sediments. The �rst zone occurs
in the top 23 cm of the sediment and is characterized by lipids of similar biological
origin than we found at the modern interface. The second interval from 33-184 cmbsf
is characterized by dark sediments indicating anoxic depositional environment, with a
much lower diversity of IPL composed predominantly of methanogenic and SRB lipids.
The deepest interval (between 2 and 4 mbsf) almost exclusively contained glycosidic
tetraether lipids from both archaea and so far unknown bacteria as biological sources.

VI.4.4.1. Past microbial communities from the interface

Based on transport modeling experiments and sedimentation rates, it was suggested
that the Discovery Basin was �lled with a MgCl2-rich brine for the past ca. 700-2000
yr (Wallmann et al., 1997; Wallmann et al., 2002). However, we detected haloarchaeal
lipids within the top 24 cmbsf (Figure VI.4) and assuming an average sedimentation
rate of 6 cm kyr−1 (Wallmann et al., 2002), the basin would have an age of 4000 yr. This
discrepancy might be explained by variable sedimentation rates in the basin. The general
IPL distribution in the top 24 cm is similar to that in the present brine-seawater interface
and suggests a constant microbial community composition since the formation of the
brine. For example, the archaeal signal is dominated by GDGTs associated with AOAs,
with methanogenic and halophilic archaea also contributing signi�cantly to the total
lipid pool. However, the detailed lipid distribution revealed major changes.

The contrasting intact and core AR distribution we found in the sediments compared to
the brine-seawater interface suggests either a di�erent halophilic archaeal community in
the early phase of the brine or haloarchaeal adaptation to changing conditions. Selective
transport and/or selective degradation of the individual IP-ARs from the interface seems
unlikely due to the similar chemical structure of the compounds that were detected in
the two environments. Instead, the recent re�ll of the basin with a MgCl2-rich solution,
leading to concentrations of more than 5 M (see Supp. Fig. VI.1), shows that salinity can
change abruptly in this system prompting adaptations of the microbial community. For
instance, the fractional abundance of Ext-AR core lipids was higher in the interface than
in the sediments (Figure VI.6). These di�erences might re�ect a change of the halophilic
community as Dawson et al. (2012) showed that C20−20 vs. C25−20 ARs appears to be
primarily related to taxonomy rather than salinity or pH. These changes in haloarchaeal
lipid biomarkers were also evident froms the composition of IPLs. While PG-Ext-Uns-AR
was only detected in the super�cial interface, SDG-AR were widely detected in sediments
and absent at the interface (Figure VI.4). We are unable to pinpoint whether these distinct
distributions of both intact and core AR at the interface and in the sediments are due to
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community composition changes or re�ect a membrane lipid adaptation of haloarchaea
to higher or lower Mg2+ layers.

Coinciding with the extent of which haloarchaea biomarkers were found in the
sediments, we observed the presence of HPH-GDGTs, which are commonly attributed
to Thaumarchaeota in marine environments (Pitcher et al., 2011b; Schouten et al., 2012).
Moreover, in contrast to the brine-seawater interface, the carbon isotopic composition
of core GDGT derived bp-0 showed the same signature as the other biphytanes (ca.
−20 h) and thus all biphytanes have likely the same source. The substantially higher
ring index of core GDGTs in the sediments compared to the brine-seawater interface
and the brine is more typical for Thaumarchaeota and additionally indicates little or no
contribution from methanogens to the GDGT pool. However, the occurrence of NAcG-
and GN-1G-AR in both interface and sediments indicates that similar methanogenic
communities inhabited the brine interface since its formation. The preservation and
relative abundance of intact polar and core ARs indicate the presence of haloarchaea,
AOA and methanogens biomarkers within the top 24 cmbsf (Figure VI.4). This �nding
supports the idea that the development of the brine might have selected this archaeal
community composition since its formation in the Discovery Basin.

Corroborating our �ndings with archaeal lipids, bacterial IPLs in the sediments re-
vealed a similar distribution compared to the overlying brine-seawater interface, in-
dicating that sulfate reducers as well as heterotrophic bacteria might have been also
active throughout the brine history. Some di�erences included a higher abundance of
DAG relative to ether-bound lipids. This distribution seems more representative for
aerobic bacteria and thus suggests an at least partially planktonic source from the normal
salinity seawater of the lipids for example by sedimentation with debris, even though
this is contradicted by the limited exchange of the brines with the overlying seawater
(e.g., De Lange et al., 1990b). However, the fatty acid composition of PC-DAGs revealed
minor amounts of C22:6 and C20:5 compounds, which typically occur in eukaryotic algae
and Cyanobacteria (e.g., Brett and Müller-Navarra, 1997) and support a contribution
of planktonic lipids to the IPL signal. An alternative explanation for the di�erent lipid
composition in the interface and sediments might be lateral transport of lipids. For
instance, sediments from the �anks of the basin might be transported to its center by
resuspension, but as mentioned above, mass wasting processes as have been shown to
occur in other deep-sea hypersaline basins (Tompkins and Shephard, 1979; Camerlenghi,
1990). However, as mentioned above, mass wasting processes were unlikely to occur
in the top 24 cmbsf since no sedimentary features indicative for such processes were
observed in these layers.

Potentially, changes in sedimentary archaeal and bacterial IPL signals relative to
the interface could be related to a relict benthic community from conditions when
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MgCl2 concentrations were far below 5 M. The “re�ll” we observed between the cruises
in 1993 and 2011 indicates that the Discovery Basin is highly dynamic system and
potentially, the MgCl2-saturation conditions occurred late in the formation of the brine
by successive in�ow of the MgCl2-rich solution. Thus, benthic microbes could have been
active in the past and their lipids might have been preserved when MgCl2 concentrations
reached hostile values incompatible with life. In natural sediments dead microbial cells
are usually decomposed by their own autolysins and by enzymes from neighboring
microbes (Novitsky, 1986; Ferris et al., 1988). However, under high salt concentrations
the activity of hydrolytic enzymes is strongly reduced (Litch�eld, 1998), which enhances
the preservation of intact cellular structures such as IPLs.

VI.4.4.2. Evidences for methanogenesis and sulfate reduction after the basin

collapse

The sediments between 33 and 184 cmbsf were likely deposited after the collapse of the
basin (ca. 35 kyr BP), but before it was �lled with MgCl2-rich brine. Comparably high
organic carbon content and sediment lithology (Figure VI.3) suggest anoxic conditions
during this time (Fusi et al., 1996; Wallmann et al., 2002). Sediment accumulation in this
interval largely results from sliding from the steep adjacent walls of the basin, which
is supported by sedimentary features such as deformation and obviously re-deposited
material (see core picture in Figure VI.3). Thus, the sediments were deposited as turbidity
currents, debris �ows, and slumpings as has been shown for the nearby Bannock Basin
(Camerlenghi and McCoy, 1990; Ziveri et al., 1995). In the Bannock basin, a sedimentation
rate of up to 14 cm 100 yr−1 was estimated. This rapid accumulation including high
amounts of biogenic material (Ziveri et al., 1995) likely resulted in anoxia at least in the
sediments.

The change from anoxic normal salinity to anoxic brine conditions was also re-
�ected in the lipid composition, i.e., no intact lipids indicative for halophilic bacteria or
archaea were detected (e.g., as anionic PG-DAG bacterial lipids, and the Halobacteriales-
speci�c SDG- and Me-PGP-ARs). Instead, the detected IPL signals are associated with
methanogenic archaea and SRB. While SRB are likely the sources of abundant PC- and
PE-AEG in these sediment horizons, since they produce signi�cant amounts of diether
or mixed ether/ester side chains in the phospholipids (e.g., Rütters et al., 2001; Sturt et al.,
2004; Grossi et al., 2015), the relatively depleted δ13C value of core AR derived phytane
(−35 h) in the sample from 184 cmbsf indicates a contribution of methanogenic biomass
(Londry et al., 2008). Sulfate reduction and methanogenesis are widespread in anaerobic
settings, such as anaerobic marine sediments, where the microbes are involved in the
degradation of organic matter (e.g., Wellsbury et al., 1997). Given that SRB are known to
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outcompete methanogens for substrates such as H2 and acetate (e.g., Oremland et al.,
1982; Valentine, 2011), we suggest that methanogens from the Discovery Basin likely rely
on non-competitive substrates such as methylated compounds . Detection of NAcG- and
GN-1G-AR exclusively found in Methanosarcinales (Koga et al., 1993a) further supports
the possibility for methylotrophic methanogenesis throughout the development of the
Discovery Basin.

The change from anoxic normal salinity to anoxic brine conditions is also re�ected
in the lipid composition, i.e., no intact lipids indicative for halophilic bacteria or ar-
chaea were detected (e.g., as anionic PG-DAG bacterial lipids, and the Halobacteriales-
speci�c SDG- and Me-PGP-ARs). Instead, the detected IPL signals are associated with
methanogenic archaea and SRB. While SRB are likely the sources of abundant PC- and
PE-AEG in these sediment horizons, since they produce signi�cant amounts of diether
or mixed ether/ester side chains in the phospholipids (e.g., Rütters et al., 2001; Sturt
et al., 2004; Grossi et al., 2015), the relatively depleted δ13C value of core AR derived
phytane (−35 h) in the sample from 184 cmbsf indicates a contribution of methanogenic
biomass. Sulfate reduction and methanogenesis have been shown to occur widespread in
anaerobic settings, such as anaerobic marine sediments, where the microbes are involved
in the degradation of organic matter (e.g., Wellsbury et al., 1997). Given that SRB are
known to outcompete methanogens for substrates such as H2 and acetate, we suggest
that methanogens from the Discovery Basin likely rely on non-competitive substrates
such as methylated compounds (e.g., Oremland et al., 1982; Valentine, 2011). Detection
of NAcG- and GN-1G-AR exclusively found in Methanosarcinales (Koga et al., 1993a)
further supports the possibility for methylotrophic methanogenesis throughout the
development of the Discovery Basin.

An additional evidence for methanogenesis in the depth interval from 33-184 cmbsf
was the detection of Uns-ARs, with much lower degree of unsaturation compared to
the overlying sediments (Figure VI.6). Uns-ARs have been reported in the methanogen
M. burtonii, which was isolated from Ace Lake, Antarctica, and the incorporation of
unsaturations has been demonstrated to be an adaptation to cold temperatures (Nichols
et al., 2004). The low relative abundance and degree of unsaturation of Uns-ARs is in
agreement with moderate temperatures in the modern brine (ca. 14 ◦C; Figure VI.2) and
sea surface temperatures showed only little variability in the Eastern Mediterranean
during the past ca. 10 kyr of the Holocene (Castañeda et al., 2010).

Other abundant IPLs in these depths were glycosidic GDGTs. The stable carbon iso-
topic composition of individual IP-GDGT derived biphytanes was similar to TOC and
core lipids over the whole sediment core (Figure VI.7). This signal could either be ex-
plained by heterotrophic benthic archaea (Biddle et al., 2006) or by preserved planktonic
biomass. We suggest that active Thaumarchaeota did not contribute signi�cantly to the
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archaeal lipid pool during anoxic conditions before the brine intrusion into the Discovery
Basin. Our suggestion is based on the absence of HPH-GDGT, which is generally assumed
to be quickly degraded while sinking through the water column (e.g., Schouten et al.,
2013a). Although recent modeling and laboratory experiments indicate that archaeal
ether lipids might be more stable than previously expected, especially under anoxic
conditions (Bauersachs et al., 2010; Schouten et al., 2010; Logemann et al., 2011; Xie
et al., 2013), we detect abundant bacterial PE-DAG which supposedly display a faster
turnover of these lipids compared to ether-bound lipids (Logemann et al., 2011). These
observations are in line with the hypothesis that prior to brine formation, the microbial
community was basically composed of methanogenic archaea and SRB. In summary,
our data indicate that the Discovery Basin underwent two phases since its formation: 1.
Anoxic conditions after the collapse of the basin, and 2. Anoxic, brine-�lled conditions
in the last 2000 years. These two periods are clearly characterized by distinct microbial
communities.

VI.4.4.3. Possible sources of microbial lipids in sediments before basin formation:

Unit II

The sediments of Unit II represent normal pelagic sediments (Fusi et al., 1996; Wallmann
et al., 2002) and the low TOC content (Figure VI.3) indicates that these layers were
well oxygenated. Additionally, the Eastern Mediterranean is and was characterized by
oligotrophic conditions and thus the low primary productivity in the surface waters
results in low organic matter �uxes from the photic zone, except for episodic periods
of enhanced productivity that resulted in the formation of organic-rich sapropels (e.g.,
Fontugne and Calvert, 1992). However, in our sediment core, we have not observed
sapropel deposits in Unit II, which are generally characterized by TOC concentrations of
>2 % (Calvert, 1983). It was further suggested that these sediments were deposited before
the basin formation (Fusi et al., 1996; Wallmann et al., 2002) and thus, they represent
a very di�erent microbial habitat than the anoxic sediments observed after the basin
collapse (Figure VI.8). These distinct characteristics are clearly re�ected in the microbial
lipid composition, which is fundamentally di�erent compared to the overlying sediments.

In Unit II, intact bacterial phospholipids, which otherwise were widespread in Unit I
sediments, were not detected. This �nding likely re�ect the rapid degradation of these
bacterial phospholipids under oxic depositional environments of Unit II. The stable
carbon isotopic composition of archaeal intact GDGT derived biphytanes was similar
to that of TOC and core lipids (ca. −20 h Figure VI.7) indicating an allochthonous
source from planktonic archaea, although a contribution from GDGT-producing benthic
archaea cannot be excluded (Biddle et al., 2006). Similar to the adjacent anoxic sediments,
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the stable carbon isotopic composition of core AR derived phytanes showed δ13C values
of <−35 h in Unit II (Figure VI.7), suggesting a methanogenic contribution. Moreover,
increased relative abundances of core OH-ARs observed in these sediments (Figure VI.6)
are indicative of methanogenesis by members of the order Methanosarcinales (Koga et al.,
1998).

We further identi�ed abundant intact as well as core B-, OB- and IB-GDGTs (Fig-
ures VI.4 and VI.5). The source of these lipids is still unknown, but their co-occurrence
indicates a common biological origin, which is probably bacterial. Structural elucidation
of core B-GDGTs isolated from a peat extract revealed 1,2-sn-glycerol con�guration (Sin-
ninghe Damsté et al., 2000), which strongly suggests a bacterial rather than an archaeal
origin of these lipids. Thus far, intact and core B-, OB- and IB-GDGTs have so far not
been detected in microbial cultures, except for small amounts of one B-GDGT core lipid
in species belonging to the order Thermotogales (Sinninghe Damsté et al., 2007) and in a
few species of Acidobacteria (Sinninghe Damsté et al., 2011). However, non-isoprenoid
branched GDGT core lipids have been largely detected in natural environments ranging
from peats and soils (e.g., Schouten et al., 2000; Sinninghe Damsté et al., 2000; Hopmans
et al., 2004; Weijers et al., 2006) to marine (e.g., Hopmans et al., 2004; Peterse et al.,
2009; Liu et al., 2012b) and lake sediments (e.g., Tierney and Russell, 2009). Intact polar
B-GDGTs have only been reported in peats (e.g., Liu et al., 2010) and the detection
of core B-GDGTs in marine sediments was initially interpreted as terrestrial signal
(Hopmans et al., 2004). However, more recent studies revealed indications for the in situ

production of B-GDGTs in various marine settings, such as in the oxygen minimum
zone of the Eastern Tropical North Paci�c Ocean (Xie et al., 2014) and the anoxic water
columns of the Black Sea and the Cariaco Basin (Liu et al., 2014). While these latter
observations indicate a similar anaerobic biological origin for marine B-GDGTs, their
exact source remains elusive. We further identi�ed abundant intact as well as core B-,
OB- and IB-GDGTs (Figures VI.4 and VI.5). The source of these lipids is still unknown,
but their co-occurrence indicates a common biological origin, which is probably bac-
terial. Structural elucidation of core B-GDGTs isolated from a peat extract revealed
1,2-sn-glycerol con�guration (Sinninghe Damsté et al., 2000), which clearly con�rms
a bacterial rather than an archaeal origin of these lipids. Thus far, intact and core B-,
OB- and IB-GDGTs have so far not been detected in microbial cultures, except for small
amounts of one B-GDGT core lipid in species belonging to the order Thermotogales

(Sinninghe Damsté et al., 2007) and in a few species of Acidobacteria (Sinninghe Damsté
et al., 2011). However, non-isoprenoid branched GDGT core lipids have been largely
detected in natural environments ranging from peats and soils (e.g., Schouten et al.,
2000; Sinninghe Damsté et al., 2000; Hopmans et al., 2004; Weijers et al., 2006) to marine
(e.g., Hopmans et al., 2004; Peterse et al., 2009; Liu et al., 2012b) and lake sediments (e.g.,
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Tierney and Russell, 2009). Intact polar B-GDGTs have only been reported in peats (e.g.,
Liu et al., 2010) and the detection of core B-GDGTs in marine sediments was initially
interpreted as terrestrial signal (Hopmans et al., 2004). However, more recent studies
revealed indications for the in situ production of B-GDGTs in various marine settings,
such as in the oxygen minimum zone of the Eastern Tropical North Paci�c Ocean (Xie
et al., 2014) and the anoxic water columns of the Black Sea and the Cariaco Basin (Liu
et al., 2014). While these latter observations indicate a similar anaerobic biological origin
for marine B-GDGTs, their exact source remains elusive.

The carbon isotopic composition of the alky chains derived from the intact B-, OB-
and IB-GDGTs allows us to speculate on the metabolism of their producers. Depend-
ing on the utilized substrate, biosynthetic pathway and growth conditions, isotopic
fractionation during lipid biosynthesis can range between −2 to −8 h for this pro-
cess (e.g., DeNiro and Epstein, 1977; Hayes, 1993; Hayes, 2001). The ∆δ13C between
TOC and lipids was >−10 h for most branched GDGT derived alkyl chains in most of
our samples (Figure VI.7), slightly o� the heterotrophic range considering the similar
biomass and substrate δ13C during heterotrophy (Blair et al., 1985). However, for some
sulfate reducers grown heterotrophically, isotope fractionation between substrate and
fatty acids has been shown to be between −11.9 and −14.4 h and thus respiring het-
erotrophs as source for intact B-, OB-, and IB-GDGTs cannot be completely excluded.
Alternatively, fractionation during chemoautotrophy might explain the depleted car-
bon isotopic composition. Assuming typical sedimentary δ13CDIC values of −20 h

in the past environment (e.g., Presley and Kaplan, 1968), we evaluated the possibility
for chemoautotrophic assimilation of CO2. Considering that lipids are depleted in 13C
compared to bulk biomass (e.g., Sakata et al., 1997), the Calvin-Benson-Bassham (CBB)
cycle as well as the reductive acetyl-CoA by methanogens or acetogens seem to be of
little or no relevance as both typically result in substantial 13C/12C fractionation (House
et al., 2003). In contrast, the carbon isotopic fractionation from CO2 to biomass by the
reductive TCA cycle as well as the acetyl-CoA pathway in microbes that do not form
methane or acetate typically results in much lower carbon isotopic fractionation (House
et al., 2003), and would be the most plausible pathways resulting in the observed carbon
isotopic signature of the branched GDGT derived alkyl chains.

The occurrence of intact B-, OB- and IB-GDGT in combination with a distinct archaeal
lipid distribution fundamentally distinguished the benthic microbial community of Unit
II from that after the basin formation. Based on this observation, we propose three
possibilities for the exclusive detection of glycosidic ether lipids in these sediments.
The �rst concerns the higher preservation potential of ether- relative to ester-bound
lipids in marine sediments (Logemann et al., 2011; Xie et al., 2013), which might be even
more pronounced under oxic conditions of Unit II sediments. Secondly, cell membranes
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composed of sugar-based and ether lipids are less permeable to ions than phosphate-
based and ester lipids, respectively (Yamauchi et al., 1993; Baba et al., 2001; Mathai et al.,
2001). Based on the concept that membrane lipids dictate the microbial thermodynamic
ecology in the environment (Valentine, 2007, 2009), we suggest that the detection of
glycosidic tetraethers from both bacteria and archaea might re�ect an adaptation to stress
conditions in the sediments prior to basin formation (e.g., ultraoligotrophic conditions or
high temperatures). A third possibility is related to past hydrothermally active sediments
in the Discovery Basin, which is located at the tectonically active Mediterranean Ridge
(Fusi et al., 1996). In addition, the formation of the brine pools in this area was suggested
to result from tectonically induced �uid circulation through the Messinian deposits
(Wallmann et al., 1997). Thus the solely detection of ether lipids, especially the glycosidic
bacterial tetraethers, might be related to high temperature sediments during Unit II
or a pyrolysis event during basin formation. While the exact mechanism leading to
the occurrence and accumulation of those unusual bacterial tetraethers is uncertain,
further geochemical and mineralogical analysis (X-ray analyses and electron microscope
observations) might provide clues regarding the paleoconditions of sediments during
Unit II.

VI.5. Summary

The results of this study provide insights into the identities of predominant microorgan-
isms in the deep-sea hypersaline anoxic Discovery Basin as well as their development
over time from the basin formation to the modern conditions evident from the sedimen-
tary record (Figure VI.9). Given the extremely high MgCl2 concentrations in the main
brine body and sediments are incompatible with life, the sedimentary record provided an
ideal archive to investigate changes in the microbial community composition. Taxonomic
highly speci�c lipids indicate that methanogenesis, ammonium oxidation, heterotrophy
and sulfate reducing activity occurs at the modern brine-seawater interface and implies
intensive microbial activity on carbon, nitrogen and sulfur cycles.

Several intact membrane lipids have been identi�ed for the �rst time in environmental
samples, such as GN-1G- and NAcG-AR, which are likely associated with archaeal
methanogens belonging to Methanohalophilus. Other distinct lipids could be assigned
to Halobacteriales-like archaea, such as Me-PGP-, SDG- and PG-Ext-Uns-AR as well as
core Uns- and Ext-ARs. We further identi�ed intact forms of hybrid isoprenoid/branched
tetraether lipids. These compounds combine attributes usually considered characteristic
of either archaea (phytanyl moiety) or bacteria (methylated alkyl moiety) and were the
major IPLs in the sediments deposited before the basin formation. Their stable carbon
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isotopic composition suggests chemolithoautotrophic growth of the not yet identified

source organisms.

Figure VI.9. Schematic representation of the distribution of intact polar and associated micro-
bial communities in the brine-seawater interface, brine body and underlying sediments of the
Discovery Basin. The sediment column is divided into different zones according to the lithology
representing different depositional environments.

The sediment record suggested changing environmental conditions as described in

Fig. 8, which was consistently reflected in changes in lipid biomarker distribution. The

detection of halophilic archaea- and AOA-specific IPLs only in the top 23 cmbsf matches

DAN-based evidence for these archaea at the modern interface and is in agreement

with modeling experiments for the development of the brine from other studies. Before

the basin became brine-filled, conditions in the sediments were likely anoxic and the

microbial community predominantly consisted of methanogenic archaea and sulfate

reducing bacteria as indicated by the IPL composition. A sharp lithological transition

recorded the collapse of the basin. The sediments below this transition, i.e. Unit II, were

deposited under oligotrophic conditions and likely hosted distinct microbial communities

as indicated by the IPLs. The detected lipids potentially originate from relict benthic

communities and likely represent specific adaptations to so far unknown environmental

variables but conditions, such as high temperatures together with anoxia could explain

the presence of the intact bacterial tetraether lipids.

In conclusion, the unique properties of the sediments below the Discovery Basin al-

lowed us to use IPLs as biomarkers for the reconstruction of past microbial communities

and environmental conditions and demonstrated their biomarkers potential for assessing

the taxonomic composition of microbial biomass.
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VI.6. Supporting Information

Supplementary Table VI.1 Core lipid structures of bacterial IPL compound classes in the water
column and sediments of the deep-sea hypersaline anoxic Discovery Basin. Core structures are
depicted as combinations of fatty acids (e.g., 14:0/16:1) or ether-lipids (e.g., o-16:0).

Zonation Bacterial IPL compound class Major core structure

Super�cial brine-sea water
interface (3570 mbsl)

PC-DAG, PG-DAG, PE-DAG, PDME-DAG, DPG,
PG sphingolipid, unk PG-DAG

15:0/15:0; 15:0/16:1; 15:0/16:0; 16:1/17:0;
15:0/17:0; 17:0/17:0

PC-AEG, PG-AEG 15:0/o-15:0; o-15:0/16:1; o-15:0/16:0;
o-16:1/17:0; o-17:0/17:0

PG-DEG o-30:0; o-30:1; o-31:0; o-31:1; o-32:0;
o-32:1

BL 16:1/18:1; 16:0/18:1; 17:0/17:0

Brine-sea water interface
(3575 mbsl)

PC-DAG, PG-DAG, PE-DAG, unk PG-DAG 15:0/16:1; 15:0/16:0; 16:1/17:0; 15:0/17:0;
17:0/17:0

PC-AEG, PG-AEG o-15:0/16:1; o-15:0/16:0; 15:0/o-16:0;
16:1/o-17:0; o-17:0/17:0

Brine (3580-3610 mbsl) PC-DAG, PG-DAG, PE-DAG, BL, unk PG-DAG 15:0/16:1; 15:0/16:0; 16:1/17:0; 15:0/17:0;
17:0/17:0

PC-AEG, PG-AEG, PG-AEG 15:0/16:1; 15:0/16:0; 16:1/17:0; 17:0/17:0

Surface sediments (Unit Ia,
0-12 cmbsf)

PG-DAG, PE-DAG, PME-DAG; PDME-DAG,
DPG, BL, unk PG-DAG

15:0/16:1; 15:0/16:0; 16:1/17:0; 17:0/17:0;
16:1/18:1; 16:1/18:0

PC-DAG 16:1/17:0; 17:0/17:0; 16:1/18:1; 16:1/18:0;
18:1/22:6; 20:5/20:5

PC-AEG, PG-AEG o-15:0/16:1; o-15:0/16:0; 15:0/o-16:0;
16:1/o-17:0; o-17:0/17:0

Sediment (Unit Ia, 12-24
cmbsf)

PG-DAG, PE-DAG, BL 15:0/16:1; 15:0/16:0; 16:1/17:0; 15:0/17:0;
17:0/17:0; 16:1/18:1; 16:1/18:0

PC-DAG 16:1/17:0; 17:0/17:0; 16:1/18:1; 16:1/18:0;
18:1/22:6; 20:5/20:5

PC-AEG, PG-AEG o-15:0/16:1; o-15:0/16:0; 15:0/o-16:0;
16:1/o-17:0; o-17:0/17:0

Sediment (Unit Ia, 32-48
cmbsf)

PE-DAG 15:0/16:1; 15:0/16:0; 16:1/17:0; 15:0/17:0;
17:0/17:0

PC-AEG, PE-AEG o-15:0/16:1; o-15:0/16:0; 15:0/o-16:0;
16:1/o-17:0; o-17:0/17:0

Sediment (Unit Ib, 59-191
cmbsf)

PE-DAG 15:0/16:1; 15:0/16:0; 16:1/17:0; 17:0/17:0;
16:1/18:1; 16:1/18:0

PC/PE-DEG o-30:0; o-31:0; o-32:0

Sediment (Unit II, 212-411
cmbsf)

n.d. n.d.
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Supplementary Table VI.2 Carbon isotopic composition from individual archaeal and bacterial
ether core lipid derived alkyl chains.

δ13C (h)

Core lipid
class

Ether cleavage
product

3570
mbsl

23
cmbsf

41
cmbsf

95.5
cmbsf

184
cmbsf

285
cmbsf

386.5
cmbsf

AR Phytane n.d. -25.2 -23.3 -26.4 -34.6 n.d. -37.2

GDGTs bp-0 -31.4 -18.9 -19.5 -19.5 -24.3 -17.9 -22.5
bp-1 n.d. -18.9 -19.9 -19.9 -23.5 -18.0 -22.0
bp-2 n.d. -18.5 -19.7 -19.3 -22.8 -17.7 -20.0
bp-3 n.d. -19.1 -19.8 -19.7 -22.6 -17.3 -20.9
mean -31.4 -18.9 -19.7 -19.6 -23.3 -17.7 -21.3

GDDs bp-0 n.d. -19.7 n.d. -19.7 -20.7 -18.6 n.d.
bp-1 n.d. -18.6 n.d. -17.9 -18.9 -19.9 n.d.
bp-2 n.d. -19.2 n.d. -19.0 -19.5 -19.8 n.d.
bp-3 n.d. -19.4 n.d. -20.5 -20.3 -19.5 n.d.
mean n.d. -19.2 n.d. -19.3 -19.8 -19.5 n.d.

OH-
GDGTs

uns-bp-0 n.d. n.d. n.d. n.d. -19.34 n.d. n.d.

bp-0 n.d. -20.1 n.d. -21.9 -23.5 -23.6 -17.1
bp-1 n.d. -19.6 n.d. -20.5 -22.4 -17.9 n.d.
bp-2 n.d. -19.2 n.d. -17.7 -20.0 -18.8 n.d.
bp-3 n.d. n.d. n.d. -18.2 -20.6 -18.4 n.d.
mean n.d. -19.6 n.d. -19.6 -21.6 -19.7 -17.1

IB-GDGTs I n.d. n.d. n.d. -27.0 n.d. -33.9 n.d.

OB-
GDGTs

I n.d. n.d. n.d. -27.0 -29.5 -34.9 n.d.

II n.d. n.d. n.d. -32.9 -29.8 -35.4 n.d.
III n.d. n.d. n.d. -31.0 -32.4 -39.5 -31.0
mean n.d. n.d. n.d. -30.3 -30.6 -36.6 -31.0

B-GDGTs I n.d. -26.2 n.d. -26.0 -32.3 -25.2 -33.3
II n.d. n.d. n.d. n.d. -40.2 n.d. -33.0
III n.d. n.d. n.d. n.d. -37.1 n.d. n.d.
mean n.d. -26.2 n.d. -26.0 -36.5 -25.2 -33.2

n.d., not detected or below detection.
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Supplementary Table VI.3 Carbon isotopic composition from individual archaeal and bacterial
intact polar ether lipid derived alkyl chains.

δ13C (h)

Core lipid class Ether cleavage
product

3570
mbsl

23
cmbsf

41
cmbsf

184
cmbsf

285
cmbsf

386.5
cmbsf

2G-2OH-GDGT +
HPH-GDGT

bp-0 n.d. -20.72 n.d. n.d. n.d. n.d.

bp-1 n.d. -19.91 n.d. n.d. n.d. n.d.
bp-2 n.d. -18.29 n.d. n.d. n.d. n.d.
bp-3 n.d. -20.52 n.d. n.d. n.d. n.d.
mean n.d. -19.86 n.d. n.d. n.d. n.d.

1G-2OH-GDGT bp-0 n.d. -20.25 n.d. n.d. n.d. n.d.
bp-1 n.d. -18.27 n.d. n.d. n.d. n.d.
bp-2 n.d. -18.39 n.d. n.d. n.d. n.d.
bp-3 n.d. -20.33 n.d. n.d. n.d. n.d.
mean n.d. -19.31 n.d. n.d. n.d. n.d.

2G-OH-GDGT bp-0 -19.05 -20.74 -19.62 -17.12 n.d. n.d.
bp-1 n.d. -19.19 -20.87 -16.77 n.d. n.d.
bp-2 n.d. -19.66 -18.43 -17.65 n.d. n.d.
bp-3 n.d. -18.93 -18.37 -17.39 n.d. n.d.
mean -19.05 -19.63 -19.32 -17.23 n.d. n.d.

1G-OH-GDGT bp-0 n.d. -19.75 n.d. -20.52 n.d. n.d.
bp-1 n.d. -19.29 n.d. -18.47 n.d. n.d.
bp-2 n.d. -18.79 n.d. -19.71 n.d. n.d.
bp-3 n.d. -19.99 n.d. -17.73 n.d. n.d.
mean n.d. -19.45 n.d. -19.11 n.d. n.d.

2G-GDGT bp-0 n.d. -18.85 n.d. -22.98 n.d. n.d.
bp-1 n.d. -18.09 n.d. -19.19 n.d. n.d.
bp-2 n.d. -19.21 n.d. -18.77 n.d. n.d.
bp-3 n.d. -20.34 n.d. -18.25 n.d. n.d.
mean n.d. -19.12 n.d. -19.8 n.d. n.d.

1G-GDGTs bp-0 -19.78 -19.35 n.d. -19.89 -22.03 n.d.
bp-1 -19.26 -20.26 n.d. -19.49 n.d. n.d.
bp-2 -19.44 -20.45 n.d. -20.24 -20.43 n.d.
bp-3 -19.73 -21.03 n.d. -20.18 -21.57 n.d.
mean -19.55 -20.27 n.d. -19.95 -21.34 n.d.

Intact IB-GDGT I n.d. n.d. n.d. n.d. -32.96 -28.62

Intact OB-GDGT I n.d. n.d. n.d. n.d. -32.03 n.d.
II n.d. n.d. n.d. n.d. -37.7 -26.85
III n.d. n.d. n.d. n.d. -36.52 -26.12
mean n.d. n.d. n.d. n.d. -35.42 -26.48

Intact B-GDGT I n.d. n.d. n.d. n.d. -31.22 -26.2
II n.d. n.d. n.d. n.d. -31.42 -26.91
III n.d. n.d. n.d. n.d. -33.67 -29.82
mean n.d. n.d. n.d. n.d. -32.1 -27.64

n.d., not detected or below detection.
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Supplementary Figure VI.1 Concentration profiles of Mg, Na, Ca, K and Cl in the in the water
column and pore water fractions of the sediment at site GeoB15102.
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VI.6.1. Mass spectral identi�cation of novel compounds

Several novel compounds were identi�ed in the sediments and water column of the Dis-
covery Basin based on elution time, accurate mass/proposed sum formula and diagnostic
fragments mainly based on Yoshinaga et al. (2011) in RP-HPLC-ESI-MSn. We identi�ed
�ve novel structures of intact polar archaeols, including glycerol-pentose- (GPs), N-
acetylglucosamine- (NAcG), phosphatidylglycerol-unsaturated-extended (PG-Uns-Ext),
monoglycosyl-deoxy-glycosyl (1G-deoxy-G) and (N-acetyl)-glucosamine-monoglycosyl
(GN-1G) AR.

GPs-AR eluted at 16.0 min retention time (see Supp. Fig. VI.2 for extracted ion chro-
matograms of all identi�ed intact archaeols) at m/z 862.7 ([M+NH4]+) in the RP-HPLC–
MS chromatogram of sample GeoB15102-4, 22-24 cmbsf, using the protocol form Wörmer
et al. (2013). Sum formula calculation from accurate mass and isotope pattern match
indicated the stoichiometric formula C50H104NO+

9 for the ammoniated molecule. The
major product ions for this molecule during MS2 fragmentation were at m/z 653.7, which
is formed by the loss of the polar head group and represents a core AR fragment (Supp.
Fig. VI.3a) and at m/z 373.3, resulting from the loss of the polar head group and one
phytanyl group (as phytene).

1NAcG-AR eluted at 16.0 min retention time atm/z 856.7 ([M+H]+) in sample GeoB15102-
5, 177-191 cmbsf. Sum formula calculation from accurate mass and isotope pattern match
indicated the stoichiometric formula C51H102NO+

8 for the protonated molecule. The
major product ion for this molecule during MS2 fragmentation was at m/z 204.1, which
represents the 1NAcG head group (Supp. Fig. VI.3b).

PG-Uns-Ext-AR eluted at 15.6 min retention time at m/z 875.7 ([M+H]+) in sample
GeoB15102-3, 3570 mbsl. Sum formula calculation from accurate mass and isotope
pattern match indicated the stoichiometric formula C51H104NO8P+ for the ammoniated
molecule. The major product ions for this molecule during MS2 fragmentation were at
m/z 595.4, resulting from the loss of the phytanyl chain (as phytene) and at m/z 527.4,
resulting from the loss of the monounsaturated sesterterpenyl chain as a diunsaturated
neutral fragment (Supp. Fig. VI.3c).

GN-1G-AR eluted at 15.5 min retention time atm/z 976.8 ([M+H]+) in sample GeoB15102-
4, 22-24 cmbsf. Sum formula calculation from accurate mass and isotope pattern match
indicated the stoichiometric formula C55H110NO+

12 for the protonated molecule. One
major product ion for this molecule during MS2 fragmentation was at m/z 653.7, which
is formed by the loss of the polar head group and represents a core AR fragment (Supp.
Fig. VI.3d). Another major fragment ion was at m/z 373.3, resulting from the loss of the
polar head group and one phytanyl group (as phytene).

2G-Deoxy-AR eluted at 15.9 min retention time at m/z 978.8 ([[M+NH4]+) in sample
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GeoB15102-4, 22-24 cmbsf. Sum formula calculation from accurate mass and isotope
pattern match indicated the stoichiometric formula C55H112NO+

12 for the ammoniated
molecule. The major product ions for this molecule are the same as for GN-1G-AR (Supp.
Fig. VI.3e).

A second group of novel compounds include intact polar branched, overly branched
(OB) and hybrid isoprenoid/branched (IB) GDGTs (Supp. Fig. VI.5). These compounds
were present in all samples from below 184 cmbsf. Based on MS properties during IPL
analysis using RP-HPLC-ESI-MSn, we found several distinct series of the di�erent GDGT
IPL groups di�ering in mass by 14 Da. For example, the molecular ions obtained from MS1
experiments of the most prominent cluster in the sample from 380 to 393 cmbsf showed
dominant m/z ([M+NH4]+) values of 1501, 1515, 1529, respectively. The corresponding
fragment ion from MS2 experiments involving loss of the polar head group for the
compound at m/z at 1515.3 was at m/z 1176, i.e. the characteristic ion of an IB-GDGT
core lipid (Liu et al., 2012c). Another major fragment at m/z 1322 demonstrates the loss
of one methoxylated (MeO) sugar moiety (neutral loss of 176 Da) from the original
molecule. Consequently, the second sugar moiety represents a deoxylated (deoxy) sugar
(m/z 1322˘146 Da loss; (Supp. Fig. VI.5b;Yoshinaga et al. (2011). Overall, we identi�ed
compound series with one to four sugar moieties, which can be present as regular
hexoses (or inositol) but also as deoxy and MeO sugars, and branched, overly branched
and hybrid isoprenoid/branched GDGT core lipids.
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Supplementary Figure VI.2 UHPLC-qToF-MS chromatogram shown as extracted ion chro-
matogram (EIC) of identified intact polar archaeols in samples from the water column and
sediments of the deep-sea hypersaline Discovery Basin. Abbreviations: AR, archaeol; 1G,monogly-
cosyl; 2G, diglycosyl; 1G-deoxy-G, monoglycosyl-deoxy-glycosyl; GN-1G, N-acetyl-glucosamine-
monoglycosyl; GPs, glycerol-pentose; Me-PGP, methylated phosphatidylglycerolphosphate;
NAcG, N-acetylglucosamine; PG, phosphatidylglycerol; PG-Uns-Ext, phosphatidylglycerol-
unsaturated-extended; SDG, sulphated diglycosyl.
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Supplementary Figure VI.3 MS2 spectra of novel intact archaeols (ARs). (a) Glycerol-pentose-
(GPs) AR, (b) N-acetylglucosamine-(NAcG) AR, (c) phosphatidylglycerol-unsaturated-extended-
(PG-Uns-Ext) AR, (d) (N-acetyl)-glucosamine-monoglycosyl (GN-1G) AR and (e) 1G-deoxy-G-AR.
Suggested structures and formation of major product ions are also drawn. For detailed mass
spectral interpretation, see text.
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Supplementary Figure VI.4 MS2 spectra of sulphated diglycosyl- (SDG) and methylated
phosphatidylglycerolphosphate- (Me-PGP) archaeol (AR) in the samples from GeoB15102-4,
22-24 cmbsf and GeoB15102-3, 3570 mbsl, respectively. The chemical structure and formation of
major product ions are also shown.
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Supplementary Figure VI.5 (a) Density map of sample M84/1, GeoB15102-5, 380-393 cmbsf
showing major core and intact tetraether lipids. (b) MS2 spectrum of an intact IB-GDGT at
m/z 1515.3. The spectrum indicates a structure containing one methoxylated (MeO) and one
deoxylated (deoxy) sugar head group, and the major product ion at m/z 1176.2 suggests an
IB-GDGT containing 11 methylations (cf. Liu et al., 2012c). Presumed structure and formation of
major product ions are also shown.
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Supplementary Figure VI.6 Molecular structures and presumed biological origin (only for
archaea, based on the works from Kushwaha et al. (1982), Kates (1993a), Koga et al. (1993b), and
Pitcher (2011) of intact polar lipids identified in samples from the Discovery Basin.
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Chapter VII. Respiratory quinones in Archaea

Abstract

Isoprenoid quinones are membrane-bound lipids functioning as electron carriers in
respiratory chains of almost all organisms. However, knowledge of the quinone com-
position 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 Thaumar-

chaeota. 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 thaumar-
chaeal quinones was exemplarily demonstrated on a water column pro�le 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 signi�cant chemotaxonomic information and
high biomarker potential for classi�cation and quanti�cation of distinct archaeal orders
in the environment.
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VII.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 classi�ed 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 di�erent quinone types have distinct redox potentials that depend on headgroup
structures, while the in�uence of length of the side chain and degree of its unsatu-
ration has not been systematically studied (Supp. Table VII.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. VII.1; Abken et al., 1998). Complementary to polar membrane lipid
analysis, quinone pro�ling o�ers PCR-independent taxonomic characterization and
quanti�cation 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 speci�c quinones in
microorganisms due to their distinct redox potentials (Supp. Table VII.1; Hedrick and
White, 1986; Wissenbach et al., 1990; Bekker et al., 2007; Nowicka and Kruk, 2010). There-
fore, 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 instance,
Sévin and Sauer (2014) observed that sustained osmotic-stress tolerance in Escherichia

coli depended on accumulation of ubiquinone. Therefore, characterization of the cellular
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quinone pool appears essential for a holistic understanding of membrane properties in
microorganisms.

Structural characterization and quanti�cation 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 pro�les in environ-
mental 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 de-
tection. These methods do not allow precise quanti�cation of quinones in complex
mixtures and structural identi�cation of unknown compounds (Hiraishi, 1999). More-
over, 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 represen-
tatives 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 quanti�cation of archaeal and bacterial respiratory quinones as well as
core and intact polar glycerol-based membrane lipids. We explored the phylogenetic im-
plications of respiratory quinone distribution in Archaea and evaluated the potential of
quinones as chemotaxonomic markers. For the �rst time, we report the quinone invento-
ries 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 were analyzed for their methanophenazine
composition. In order to demonstrate the strength of simultaneous quinone and mem-
brane lipid pro�ling in the environment, we investigated thaumarchaeal abundance
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in suspended particulate matter samples from the southern Black Sea, where archaeal
community composition is linked to the distinctly strati�ed water column chemistry
(Coolen et al., 2007; Wakeham et al., 2007).

VII.2. Results

VII.2.1. Chromatographic separation and mass spectrometric characterization
of respiratory quinones

Reversed phase (RP)-HPLC–MS analysis of di�erent 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. VII.1). Retention of quinones was dependent on headgroup type and
isoprenoid alkyl chain length and its degree of unsaturation (Fig. VII.1 & Supp. Fig. VII.2)
to the e�ect that compounds of a given headgroup type were baseline-separated when
they possessed a di�erent 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., 2013a, Fig. VII.1). For quinones with identical side chain structure, the elution
order was UQs, PQs, demethylmenaquinone (DMKs), MKs, methionaquinones (MTKs),
and methylmenaquinones (MMKs; Supp. Fig. VII.2 & Supp. Fig. VII.6). Co-elution was
observed for several structurally distinct quinones (e.g., DMK7:7, MTK6:5, MMK6:6; Supp.
Fig. VII.2) but did not interfere with their quanti�cation 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. (2013a). 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. VII.6). While archaeal lipids
could be detected using this method, di�erences in tetraether side chain cyclization
could not be fully resolved (Wörmer et al., 2013).

Respiratory quinones were identi�ed based on exact molecular mass and fragmenta-
tion 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
chain (Fig. VII.2, Fig. VII.3, Supp. Table VII.1). For example, saturated menaquinones
(MKs) showed a dominant product ion at m/z 187. This ion represents the naphtho-
quinone moiety after loss of the isoprenoid side chain (Tindall et al., 1989). Similarly, the
major product ions of demethylmenaquinones (DMKs), methylmenaquinones (MMKs,
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Figure VII.1. Reversed phase HPLC–MS analyses of archaeal cultures demonstrating simulta-
neous 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. VII.5.

i.e., thermoplasmaquinones), sulfolobusquinones (SQs), caldariellaquinones (CQs), ben-
zodithiophenoquinones (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. VII.2, Supp. Table VII.1).

VII.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 VII.1; Fig. VII.3). Seven respiratory quinone classes were identi�ed in the investi-
gated 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, Methanopy-

rus kandleri, Methanothermobacter thermautotrophicus, and Methanothermococcus ther-

molithotrophicus.
Fully saturated quinones were dominant in most of the archaeal strains while partially

unsaturated quinones were less abundant. Fully unsaturated side chains were only de-
tected in the euryarchaeal acidophile Thermoplasma acidophilum, and the euryarchaeal
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halophiles Haloferax volcanii and Halorubrum lacusprofundi. Menaquinones were de-
tected 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 �ve to six isoprenoid units (De Rosa et al., 1977; Thurl et al., 1986; Nicolaus
et al., 1992).

Figure VII.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.
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Table VII.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 Order/Group Species Strain Habitat Major quinones (relative abundance in
%)

Minor quinones (relative abundance in %)

Thaumar-

chaeota

Group I.1a Nitrosopumilus maritimus SCM1 Marine water MK6:0 (91.0) MK6:1 (9.0)

Group I.1b Nitrososphaera viennensis EN76 Soil MK6:0 (76.1), MK6:1 (23.9) -
Nitrososphaera gargensis Ga9.2 Terrestrial

hydrothermal
MK6:0 (68.0), MK6:1 (32.0) -

SAGMCG-1 Nitrosotalea devanaterra Nd1 Acidic soil MK6:0 (72.4), MK6:1 (27.6) -

Crenar-

chaeota

Desulfurococ-

cales

Ignicoccus hospitalis KIN4/1 Marine hydrothermal DMK6:0 (62.1), DMK6:1 (14.1),
MK6:0 (13.7)

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)

Staphylothermus marinus F1 Marine hydrothermal - -
Aeropyrum pernix K1 Marine hydrothermal MMK6:0 (74.8), MK6:0 (15.0) 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)
Pyrolobus fumarii 1A Marine hydrothermal DMK6:0 (92.4) DMK5:0 (5.5), DMK6:1 (1.1), MK6:0 (0.6), MK5:0 (0.1), DMK7:0 (0.1), DMK5:1 (0.1),

Sulfolobales Metallosphaera prunae Ron
12/II

Heated mine tailings CQ6:0 (86.1), CQ6:1 (12.2) CQ6:2 (1.4), CQ5:0 (0.1), SQ6:0 (0.1)

Sulfolobus acidocaldarius 98-3 Terrestrial
hydrothermal

CQ6:0 (80.9) SQ6:0 (9.7), CQ6:1 (9.2), CQ6:2 (0.2)

Sulfolobus solfataricus P1 Terrestrial
hydrothermal

CQ6:0 (85.8), CQ6:1 (13.7) SQ6:0 (0.5)

Sulfolobus islandicus Y.N.15.51 Terrestrial
hydrothermal

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)

Euryarchae-

ota

Thermococ-

cales

Pyrococcus furiosus Vc 1 Marine hydrothermal - -

Thermococcus kodakarensis KOD1 Terrestrial
hydrothermal

- -

Methanopy-

rales

Methanopyrus kandleri AV19 Marine hydrothermal - -

Methanobacte-

riales

Methanothermobacter

thermautotrophicus

Delta
H

Terrestrial
hydrothermal

- -

Methanococ-

cales

Methanothermococcus

thermolithotrophicus

SN-1 Marine hydrothermal - -

Thermoplas-

matales

Thermoplasma acidophilum 122-
1B2

Terrestrial
hydrothermal

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

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)

Archaeoglob-

ales

Archaeoglobus fulgidus VC-16 Marine hydrothermal MK7:0 (68.9), MK7:1 (25.0) 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)

Archaeoglobus profundus AV18 Marine hydrothermal MK7:0 (61.1), MK7:1 (36.5) MK5:1 (0.8), MK6:0 (0.8), MK5:0 (0.5), MK5:1 (0.3)
Halobacteri-

ales

Haloferax volcanii DS2 Terrestrial hypersaline MK8:7 (67.3), MK8:8 (22.9) MK7:7 (7.1), MK7:6 (0.7)

Halorubrum lacusprofundi ACAM34 Terrestrial hypersaline MK8:7 (54.4), MK8:8 (45.1) MK7:6 (0.5), MK7:7 (0.1)
Methanosarci-

nales

Methanosarcina acetivorans C2A Marine sediment MP5:4 (57.0), OH-MP5:4 (18.4),
OH-MP5:5 (12.6)

OH-MP5:3 (7.9), MP5:3 (4.2)

Methanosarcina barkeri MS Terrestrial & marine
sediment

MP5:2 (67.2), MP5:3 (25.1) 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 Soils & sediments MP5:4 (93.1) MP5:3 (2.7), OH-MP5:4 (2.2), OH-MP5:5 (1.5), OH-MP5:3 (0.5)
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The major quinone found in all investigated representatives of the phylum Thaumar-

chaeota 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 ther-
moacidophile T. acidophilum as well as the halophiles H. volcanii and H. lacusprofundi,
while the length of the isoprenoid side chains di�ered. The halophiles contained pre-
dominantly 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 speci�c for M. acetivorans, M. barkeri, and M. mazei (Table VII.1; Fig. VII.3). A previ-
ously not described compound in Methanosarcinales was tentatively identi�ed as triun-
saturated 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 identi�ed. Furthermore, novel hydroxymethanophenazines
(OH-MP), i.e., methanophenazines with an hydroxylated isoprenoid side chain, were
tentatively identi�ed in M. acetivorans and M. mazei (Supp. Fig. VII.4).

VII.2.3. Chemotaxonomic patterns

Complementing the quinone distribution in the 25 investigated archaeal cultures with
published distributions from 11 additional strains (Fig. VII.3; supplementary informa-
tion) 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 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-
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occurrence of other quinone types. The �rst group comprised exclusively Halobacteriales

strains and was characterized by polyunsaturated MKs with predominantly 7 or 8 iso-
prenoid 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 Desul-

furococcales 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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Figure VII.3. Relative abundances of respiratory quinones and methanophenazines in cultivated strains of the phyla Thaumarchaeota, Crenarchaeota,
and Euryarchaeota. Major chemotaxonomic groupings are labeled and highlighted in grey/white. Compiled from strains investigated in this study (bold)
and published data (indicating occurrence, (X) and absence/not reported (blank) of quinone types; sources listed in supplementary information). Quinone
abundances below 0.1% were rounded to 0.1%.165
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VII.2.4. Thaumarchaeal quinones and glycerolipids in marine suspended
particulate matter

In order to validate the biomarker potential of archaeal quinones, we investigated
thaumarchaeal quinone in concert with membrane lipid abundances in the water column
of the southern Black Sea (Supp. Table VII.2). Suspended particulate matter was sampled
at nine depth intervals covering all major geochemical zones from oxic water (40 m water
depth) to the suboxic chemocline (90, 120, 150 m) and the underlying anoxic (sul�dic)
zone (300, 500, 700, 900, 1200 m).

Figure VII.4. Distribution of MK6:0 (A) and MK6:1 (B), abundance of MK6:0 and MK6:1 relative
to total quinones (C) intact polar crenarchaeol lipids (D), as well as intact polar archaeols (E)
in the water column of the southern Black Sea. The location of the chemocline, indicating the
transition from shallow oxic to deep anoxic water, is shaded in grey.

The concentrations of the Thaumarchaeota-speci�c quinones MK6:0 and MK6:1 were
quanti�ed in comparison to monoglycosidic, diglycosidic and hexose-phosphohexose
crenarchaeol derivatives, i.e., major membrane lipids of marine Thaumarchaeota (Supp.
Fig. VII.5). 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. VII.4a). MK6:1 was similarly
concentrated 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. VII.4b). 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). In contrast, total quinone concentrations, i.e., the sum of ubiquinones,
menaquinones, plastoquinones, peaked in the oxic part (40 m, 4.3 ng l−1) as well as in
the anoxic zone below the chemocline at 300 m (9.4 ng l−1; Supp. Table VII.3) but were
minimal between 90-150 m. The ratio of MK6:0 to MK6:1 relative to total quinones showed
a sharp maximum between 90-120 m (Fig. VII.4c). Similar to the MK6:0 and MK6:1 pro�les,
the distribution of total intact polar crenarchaeol showed a peak between 90 and 120 m
in the suboxic waters of the chemocline with 42.8 ng l−1 and minimal concentrations in
the fully oxic and anoxic parts of the water column (Fig. VII.4d). Intact polar archaeols,
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i.e., all glycolipids and phospholipids with an archaeol core structure (Supp. Fig. VII.5;
Supp. Table VII.3), showed a maximum in the anoxic zone at 300 m water depth and
below but were also detected in signi�cant amounts in the chemocline.

VII.3. Discussion

VII.3.1. Phylogenetic signi�cance 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 VII.1; Fig. VII.3) as well as
other deeply branching archaeal (Table VII.1) and bacterial lineages (Supp. Table VII.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 (Boucher
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 VII.1; Fig. VII.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.

Methylated naphthoquinone derivatives (MMKs) are likely derived from methylation
of menaquinones and are found in Bacteria (Collins and Jones, 1981), thermophilic Ar-
chaea (Fig. VII.3), and the haloalkaliphile Natronobacterium gregoryi, which also contains
dimethylated menaquinones (DMMKs; Fig. VII.3; Collins and Tindall, 1987). Similar
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to menaquinones, DMKs are found in Bacteria as well as A. pernix (Fig. VII.3; Nishida
et al., 1999) and T. acidophilum (Fig. VII.3) and are precursors in menaquinone biosyn-
thesis 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 Hy-

drogenobacter (Hiraishi, 1999). The biosynthesis of MTKs in both Aqui�cae 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 VII.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 a�nity
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 e�ects on quinone redox potentials, the large di�er-
ence 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 di�er fundamentally from those of
ammonia-oxidizing bacteria.

Despite the central role of quinones in most studied archaeal respiratory chains, a con-
siderable 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 et al., 2008)
in favor of a sole dependence on chemiosmosis appears to be a simpler, more ancient
metabolic con�guration 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
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linked to the diversi�cation of methanogenic substrates and increased substrate utiliza-
tion e�ciency of the Methanosarcinales. In contrast, a ‘menaquinone-�rst’ 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 distri-
bution of quinone biosynthesis in the crenarchaeal order Desulfurococcales (Fig. VII.3).
Based on current phylogenetic models (Spang et al., 2010; Brochier-Armanet et al., 2011)
and the occurrence of menaquinones in Archaea (Fig. VII.3), a ‘menaquinone-�rst’ sce-
nario 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 Archaeoglob-

ales and Thermoplasmatales would then need to have been acquired through lateral gene
transfer from other microbes, as evidently happened to the ancestor of the Halobacteri-

ales (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 ther-
mophilic archaeal orders (Ruepp et al., 2000; Boucher et al., 2001; Nelson-Sathi 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. Speci�cally, the distribution of menaquinones in Archaea suggests an an-
cestral origin of menaquinone biosynthesis in Cren- or Thaumarchaeota. In contrast, the
highly divergent quinone distribution in Euryarchaeota may result from a combination
of vertical inheritance, lateral gene transfer and gene loss.
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VII.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 pro�ling of quinones and
membrane lipids in environmental samples. This facilitates direct comparison of archaeal
glycerolipids and quinone derivatives (Fig. VII.1, Supp. Fig. VII.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 di�erent for each species. In particular,
MK6:0 and MK6:1 in Thaumarchaeota are the �rst 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. VII.3). Considering the widespread occurrence
of Methanosarcinales in the marine environment, in particular subsea�oor 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 di�erent quinone inventories of the investigated archaeal strains
may be attributed to di�erent 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. VII.3). In contrast, the high diversity of quinones found in T. acidophilum

may re�ect 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
pro�les. Exploring the environmental quinone 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
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and hydrothermal systems, and might complement membrane lipid-based and gene-
based approaches.

VII.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 pro�les of the menaquinones MK6:0 and
MK6:1 trace the pro�le of intact polar crenarchaeol closely (Fig. VII.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. VII.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. VII.3) and may thus serve as biomarkers for
tracing thaumarchaeal abundance in aquatic environments. Vertical o�sets in quinone
vs. lipid abundances such as observed in the oxic zone of the Black Sea (Fig. VII.4) may
re�ect 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. VII.4; Supp. Table VII.3). Previous studies suggested that crenarchaeol core lipid
maxima in the anoxic zone are related to metabolically adapted thaumarchaeal commu-
nities (Coolen et al., 2007; Wakeham et al., 2007). However, our intact polar lipid and
quinone pro�les strongly suggest that Thaumarchaeota are con�ned to a narrow interval
in the oxic and suboxic zone. Since crenarchaeol core lipids represent a predominantly
fossil signal (Ingalls et al., 2012), quinone pro�les appear to be better suited for tracing
living Thaumarchaeota. Thus, the pro�les of MK6:0 and MK6:1 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 Thau-
marchaeota 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.
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VII.4. Experimental procedures

Archaeal strains described in this study were cultivated according to standard conditions.
For detailed information please refer to supplementary information.

VII.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, 2013). 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 µm pore-size glass �ber
�lters using insitu pumps (for chemical zonation and corresponding CTD data refer to
Supp. Table VII.2). Recovered �lters were immediately wrapped in combusted aluminum
foil and stored at −20 ◦C. Due to the use of 0.7 µm pore-size �lters, membrane lipid and
quinone concentrations should be regarded as minimum estimates (Ingalls et al., 2012).

VII.4.2. Lipid and quinone extraction and analysis

Lipids and quinones were ultrasonically extracted from �lters and biomass pellets
following a modi�ed Bligh & Dyer protocol (Sturt et al., 2004) with dichloromethane:
methanol:bu�er (1:2:0.8, v:v:v) using phosphate and trichloroacetic acid (CCl3CO2H)
bu�ers (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 quanti�ed 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-�ight 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
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 �ow 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 µm particle size, Advanced Chromatography Technologies,
Aberdeen, Scotland) maintained at 45 ◦C as described previously (Zhu et al., 2013a). In
brief, analytes were eluted at a �ow 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
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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 �ushed 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 UHPLC-
qToF-MS system under di�erent chromatographic conditions using RP chromatogra-
phy as described by Wörmer et al. (2013). Brie�y, 1 % TLE aliquots were dissolved in
methanol:dichloromethane (9:1, v:v) and injected onto an Acquity UPLC BEH C18 col-
umn (1.7 µm, 2.1 x 150 mm, Waters, Eschborn, Germany) maintained at 65 ◦C. Analytes
were eluted at a �ow 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 identi�ed by retention time, molecular mass, and MS2

fragmentation (cf. Yoshinaga et al., 2011). Integration of peaks was performed on ex-
tracted 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 integra-
tion. Quanti�cation 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 stan-
dard mixtures showed elution of MK4:4 at 6.2 and UQ10:10 at 23.6 min (Supp. Fig. VII.7a).
Calibration curves of MK4:4 and UQ10:10 standards were established by injecting 1 pg
to 10 ng quinone on column (Supp. Fig. VII.7b). The lower limit of detection was de-
termined 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 puri�ed
standards. Puri�ed standards were gained from extracts of A. fulgidus by orthogonal
semi-preparative liquid chromatography as described by Zhu et al. (2013a). The abun-
dances of mono- and diglycosidic crenarchaeol were corrected for the response of the
puri�ed acyclic analogs. Due to the lack of an identical standard, the abundances of
hexose-phosphohexose crenarchaeol were corrected for the response of a commer-
cially available phosphatidylglycerol-hexose GDGT standard (Matreya LLC, Pleasant
Gap, PA, USA). The abundances of mono- and diglycosidic archaeol were corrected
for the respective puri�ed 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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VII.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-bu�ered Synthetic Crenarchaeota Medium (SCM, 1.5 mM
NH4Cl) 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-�ow �ltration 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 modi�ed from Könneke et al. (2005) and Krümmel and
Harms (1982) and harvested in early stationary phase. The medium contained 5 g l−1

NaCl, 1.5 g l−1 CaCl2 x 2 H2O, 1 g l−1 KCl, 0.5 g l−1 MgCl2 x 6 H2O, 0.5 g l−1 MgSO4 x 7
H2O, 2 g l−1 KH2PO4, 2 mM NaHCO3, 7.5 µM FeNaEDTA, 1 mM NH4Cl and 1 ml l−1 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-bu�ered freshwater medium modi�ed from Tourna et al. (2011) by addition of
1.5 mM pyruvate and 3 µM NH4Cl 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
modi�ed from Lehtovirta-Morley et al. (2013) by addition of 0.08 g l−1 of CAS amino
acids and 1 µM phthalate bu�er solution. Cells were harvested in stationary phase using
centrifugation.

VII.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 extrac-
tion. Haloferax volcanii strain DS2 (ATCC 29605) and Halorubrum lacusprofundi strain
ACAM34 (ATCC 49238) were grown at 17 ◦C using ATCC medium 974. Methanother-

mococcus thermolithotrophicus (DSM 2095) and Methanopyrus kandleri (DSM 6324) were
grown at 85 ◦C in enamel-protected fermentors with stirring (400 rpm) and contin-
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uous 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., 2014b).
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.,
2015a). 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, Py-
rococcus furiosus, Pyrolobus fumarii, Staphylothermus marinus, and Thermoplasma aci-

dophilum were provided by M. Thomm, E.J. Gagen, and H. Huber from the Archaeenzen-
trum, 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) modi�ed 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).

VII.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 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).
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Supplementary Figure VII.1 Structures of respiratory quinone classes detected in cultivated
archaea (DMK, MK, MMK, MTK, BDTQ, SQ, CQ) and bacteria (DMK, MK, MMK, MTK, UQ,
K1, PQ) as well as methanophenazine, an electron carrier in Methanosarcinales. 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. DMK: Demethylmenaquinone. MK:
Menaquinone (vitamin K2). MMK: Methylmenaquinone. MTK: Methionaquinone. BDTQ: Ben-
zodithiophenoquinone. MP: Methanophenazine. SQ: Sulfolobusquinone. CQ: Caldariellaquinone.
PQ: Plastoquinone. UQ: Ubiquinone. K1: Vitamin K1 (synonyms: phylloquinone, MK4:1).

m
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Supplementary Figure VII.2 Reconstructed density map obtained by reversed phase HPLC–
MS showing elution of respiratory quinones (black) in an extract of Thermoplasma acidophilum

relative to the C46-GTGT standard and core archaeol (AR, red).
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Supplementary Table VII.1 Diagnostic fragment ions in MS2 mode (related to loss of the head-
group) and midpoint redox potentials (E′0 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 Diagnostic ions in MS2 E′
0 (mV) Citation (E′

0)

UQ 197.1 +112 (UQ10:10) (Schnorf, 1966)
SQ 193 NA -
CQ 179.0, 225.0 +106 (CQ6:0) (Schäfer et al., 1993)
PQ 151.1 +80 (PQ9:9) (Okayama, 1976)
BDTQ 249 NA -
MTK (sat./polyuns.) 219 NA -
DMK (polyuns.) 173 +36 (DMK8:8) (Holländer, 1976)
MK (sat.) 187.1 NA -
MK (partially unsat.) 187.1 -78 (MK4:1) (Wagner et al., 1974)
MK (polyuns.) 187.1, 253.1 -67 (MK6:6) (Wagner et al., 1974)
MMK (sat.) 201.1 NA -
MMK (polyuns.) 201.1, 267.1 -90 (MMK6:6) (Dietrich and Klimmek, 2002)
MP (partially unsat.) 197.1 -165 (MP5:4) (Tietze et al., 2003)

Supplementary Table VII.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
(σθ)

Salinity
(PSU)

Temperature
(◦C)

40 4.3 Oxic 14.2 17.8 8.5
90 6.1 Suboxic 15.4 18.7 8.5
120 23 Suboxic 15.9 19.8 8.4
150 204 Anoxic 16.4 20.5 8.5
300 10.8 Anoxic 16.8 21.7 8.8
500 11.4 Anoxic 17 22 8.9
700 21.3 Anoxic 17.1 22.2 8.9
900 9 Anoxic 17.2 22.3 9
1200 73.2 Anoxic 17.2 22.3 9
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Supplementary Table VII.3 Menaquinone MK6:0 and MK6:1, and intact polar membrane lipid
(IPL) concentrations (ng l−1) in the Black Sea water column (n.d., not detected). IPL-Cren is
the sum of IPLs with monoglycosidic, diglycosidic and hexose-phosphohexose headgroups
attached to a crenarchaeol core lipid. Total IPL archaeols include archaeols with glycosidic and
phosphatidic headgroups. Total quinones include menaquinones, ubiquinones, vitamin K1, and
plastoquinones.

Water depth (m) MK6:0 MK6:1 IPL-Cren Total IPL-archaeols Total quinones

40 0.18 0.15 7 10.4 4.3
90 0.27 0.24 26 8.8 0.7
120 0.36 0.22 43 8.2 0.6
150 0.06 0.01 6.5 3.3 1
300 0.09 0.02 1.5 79 9.4
500 0.06 0.01 6.2 38 2.6
700 0.02 0.02 2.9 85 2.2
900 0.03 0.01 n.d. 37 2.7
1200 0.01 0.01 0.4 33 0.2

m/z

Supplementary Figure VII.3 Extracted ion chromatogram of C46-GTGT and plastoquinone-9
(PQ9:9; A) and MS2 spectrum of PQ9:9 obtained from a total lipid extract (TLE) of a marine
sediment sample from the western Mediterranean Sea using the reversed phase HPLC-ESI-MS
protocol of Wörmer et al. (2013).
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Supplementary Figure VII.4 Density map (A) and extracted ion chromatogram (B) obtained
by reversed phase HPLC–MS showing elution of methanophenazines (MPs) and hydrox-
ymethanophenazines (OH-MPs) in an extract of M. acetivorans. OH-MP5:4 and OH-MP5:3 show
elution of two isomers. Panel (C) shows the tentative structure (position of double bonds and
hydroxyl group not constrained) and MS2 spectrum of OH-MP5:3.
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Supplementary Figure VII.5 Structures of archaeal core lipids and polar headgroups used for
the calculation of total intact polar crenarchaeal and total intact polar archaeols (Fig. VII.4, Supp.
Table VII.2). Intact polar lipids are combinations of a core lipid and one (GDGT, archaeol) or two
headgroups (only GDGT).

m
/z

Supplementary Figure VII.6 Reconstructed density map showing elution of archaeal and
bacterial respiratory quinones (black) and bacterial (blue) and archaeal (red) intact polar lipids
from a marine sediment sample from the western Mediterranean Sea using the reversed phase
HPLC-ESI-MS protocol of Wörmer et al. (2013).
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Supplementary Figure VII.7 Base peak chromatogram (A) and calibration curve (B) of a
standard mixtures (0.001 ng, 0.1 ng, 1 ng, 10 ng on column) of C46-GTGT, MK4:4 and UQ10:10

obtained by reversed phase HPLC-ESI-MS. Coefficient of correlation (r2) of C46-GTGT, MK4:4

and UQ10:10 was always >0.99. Error bars represent standard deviation of triplicate analyses.
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Chapter VIII. Distribution of respiratory quinones in the Black Sea

Abstract

Isoprenoid quinones are a diverse group of membrane-bound lipids serving as elec-
tron carriers in the respiratory chains of almost all organisms. Complementary to the
quantitative and phylogenetic information encoded in membrane lipid distributions,
quinone compositions re�ect speci�c metabolisms and source organisms. Recent an-
alytical advances enable simultaneous pro�ling of quinones and membrane lipids in
environmental samples. In order to demonstrate the utility of coupled environmental
quinone and membrane lipid pro�ling, we investigated a vertical section of the wa-
ter column and sediment in the Black Sea, the world’s largest anoxic marine basin
which is characterized by its pronounced physical, chemical, and microbial strati�cation.
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 photo-
synthesis and aerobic respiration. Maximum abundances of thaumarchaeal saturated
menaquinones and isoprenoid tetraether lipids at the chemocline and the low abun-
dances of other quinone types indicate 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 photo-
synthetic green sulfur bacteria. High abundances and diversity of speci�c quinones and
membrane lipids in the dark anoxic zone indicated high respiratory activity and biomass
of denitrifying, ammonium-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 identi�ed in the upper sediment based on geochemical data, high abundances
of bacterial polyunsaturated menaquinones and phospholipid containing ester and ether
lipids as well as Methanosarcinales-speci�c 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 �ndings show that the simultaneous analysis of
membrane lipids and respiratory quinones permits a reconstruction of the strati�cation
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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VIII.1. Introduction

Microbial mediated redox-reactions ultimately drive the global cycling of carbon, nitro-

gen, 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 com-

ponent 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. VIII.1;

Table VIII.1; Collins and Jones, 1981; Bekker et al., 2007; Nowicka and Kruk, 2010).

n

Methanophenazine, E'  = -165 mV0

Vitamin K1, E'  = -78 mV0

UQ, E'  = +112 mV0

n

ChQ, E'  = +39 mV0MK, E'  = -67 mV0

PQ, E'  = +80 mV0

Figure VIII.1. Structures and midpoint redox potentials (E0’, at pH 7) of archaeal (MK), bac-
terial (MK, UQ, PQ, ChQ), and eukaryotal (UQ, PQ, K1) respiratory quinone classes and the
Methanosarcinales-specific functional quinone analog methanophenazine detected in water col-
umn 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, hereafter termed

fully unsaturated (quinone nomenclature Qm:n indicates headgroup type Q, number of
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isoprenoid units in the side chain m and number of double bonds n). They are involved in
electron transport in the mitochondria and other compartments of eukaryotes (Nowicka
and Kruk, 2010). Quinones that are speci�c 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. VIII.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 VII;
Collins et al., 1981; Shimada et al., 2001), the latter having acquired quinone biosyn-

thesis 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 VII), while specialized compounds are synthesized by some lineages such
as sulfur-containing quinones in Sulfolobales. The only organisms that have been sug-
gested not to produce quinones are fermentative bacteria and some representatives of the
Crenarchaeota and Euryarchaeota, including methanogens (cf. Chapter VII). However,
methanogenic Euryarchaeota of the order Methanosarcinales are known to substitute
quinones with the functional analog methanophenazine (Fig. VIII.1; Chapter VII); Abken
et al., 1998).

Table VIII.1. Diagnostic fragment ions in MS2 mode (related to loss of the headgroup; from
Chapter VII and Fig. VIII.4) and midpoint redox potentials (E′0, 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 E′0 (mV) Citation (E′0)

UQ 197.1 +112 (UQ10:10) Schnorf (1966)
PQ 151.1 +80 (PQ9:9) Okayama (1976)
ChQ 201.1 +39 (ChQ7:7) Redfearn and Powls (1968)
MK (sat.) 187.1 NA -
MK (partially unsat.) 187.1 −78 (MK4:1) Wagner et al. (1974)
MK (polyuns.) 187.1, 253.1 −67 (MK6:6) Wagner et al. (1974)
MP (partially unsat.) 197.1 −165 (MP5:4) Tietze et al. (2003)

Given the large structural diversity of respiratory quinones, detailed knowledge of
their phylogenetic distribution and their distinct redox-potentials, quinones o�er a
high potential as process-speci�c biomarkers in environmental studies (Chapter VII;
Hiraishi, 1999; Urakawa et al., 2000; Kunihiro et al., 2014). In contrast to the increasing
use of intact polar membrane lipid (IPL) analysis in 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 pro�ling (e.g. Hiraishi and Kato,
1999; Urakawa et al., 2000; Urakawa et al., 2001; Urakawa et al., 2005; Kunihiro et al.,
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2014). However, tracing living microbial cells by IPL pro�ling 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-pro�ling therefore bene�ts from complementary biomarker
approaches (e.g. Schubotz et al., 2013). Novel high-performance liquid chromatography-
mass spectrometry (HPLC–MS) protocols enable simultaneous pro�ling of quinones
and membrane lipids in a single analysis (cf. Chapter VII), thus opening new avenues for
complementing the quantitative and phylogenetic information contained in membrane
lipid distributions with process-speci�c quinone distributions.

To demonstrate the utility of coupled environmental quinone and membrane lipid
pro�ling, we studied a sequence of water column and sediment samples in the southern
Black Sea (Fig. VIII.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
strati�cation 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 sul�de (Murray et al., 1989; Sorokin,
2002). Chemoautotrophic carbon �xation 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), sul�de and thiosul�de 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. 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.

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
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Figure VIII.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.

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 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.

VIII.2. Materials and Methods

VIII.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. VIII.2; 41◦31.70’N, 30◦53.10’E, 1227 m water
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depth) during R/V Meteor cruise M84/1 (’DARCSEAS I’; Zabel and Cruise Participants,
2013). 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 double pre-
combusted 0.7 µm pore-size glass �ber �lters using in situ pumps. Recovered �lters were
immediately wrapped in combusted aluminum foil and stored at−20 ◦C. Due to the use of
0.7 µm pore-size �lters, 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 µm �lter 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).

VIII.2.2. Water column and pore water chemistry

Water column pro�les of temperature, �uorescence and depth as well as pressure and
dissolved oxygen were measured with a vertical resolution of 1 m using a CTD rosette
(GeoB15105-5). The salinity was derived from conductivity, while the density was calcu-
lated from pressure and temperature measurements as well as salinity.

Water column samples (10 to 20 mL) were directly �ltered from the Niskin bottle (0.2
µm syringe micro �lter) after the recovery of the CTD-equipped rosette. Pore water
samples were taken from closed MUC cores and gravity cores and through rhizon mi-
cro suction samplers (5 cm length, 0.2 µm porous polymer). Dissolved sulfate (SO2−

4 )
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 H2O. Concentrations of dissolved phosphate (PO3−

4 ) were measured
photometrically. One mL of sample was placed in a disposable polystyrene (PS) cuvette
(2.5 ml) containing 50 µl ammonium molybdate solution, and amended with 50 µl 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). Dis-
solved ammonium (NH+

4 ) was measured using a �ow injection, PTFE tape gas separator
technique after Hall and Aller (1992). About 200 to 300 µl of plain sample were injected
into a 100 µl 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
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conductivity signal in a receiving acid solution (0.001 M HCl). The resulting conductivity
was determined using a temperature-compensated conductivity meter (Amber Scienti�c
1056) with a micro �ow-through cell (Amber Scienti�c 529) and recorded on a strip chart
recorder. Dissolved hydrogen sul�de (HS−) was determined in samples �xed with ZnCl2
using the photometric methylene blue method (Cline, 1969).

VIII.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 Te�on septum and
heated for 20 min at 60 ◦C. After heating, 100 to 500 µl sub-samples were taken from the
headspace gas with a gas-tight syringe and analyzed on board by gas chromatography-
�ame 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 quanti�ed 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 (δ13CH4) was determined from
duplicate GC-isotope ratio mass spectrometry (GC–irMS) analyses using a ThermoFinni-
gan Trace GC Ultra coupled to a DELTA Plus XP mass spectrometer equipped with via
a ThermoFinnigan GC Combustion III interface. An aliquot of 200 µl 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-
umn (30 m x 0.32 mm ID; Supelco, Inc, USA) at a constant Helium �ow 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 δ-notation
as per mil deviation from the Vienna Pee Dee Belemnite standard. Analytical precision
was determined by repeated injections of commercially available standards (methane
100 ppm; C1 to C6 mixture, 1000 ppm, Air Liquide) and was typically better than 1h.

VIII.2.4. Quinone and membrane lipid extraction and analysis

Respiratory quinones and membrane lipids were ultrasonically extracted from �lters
and sediments after addition of an extraction standard (phosphatidylcholine (PC) C21:0)
following a modi�ed Bligh & Dyer protocol (Sturt et al., 2004) with dichloromethane:
methanol: bu�er (1:2:0.8, v:v:v) using phosphate and trichloroacetic acid (CCl3CO2H)
bu�ers (each 2x). After each extraction step, the samples were centrifuged at 800 x g for
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10 min and the supernatants were collected in a separation funnel. The combined super-
natants 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 3000RS high performance liquid chromatography
(UHPLC) system connected to a Bruker maXis Ultra-High Resolution quadrupole time-of-
�ight 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 �ow 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 µm particle size, Advanced Chromatography Technologies,
Aberdeen, Scotland) maintained at 45 ◦C as described previously (Zhu et al., 2013a). In
brief, analytes were eluted at a �ow rate of 0.2 ml min−1 isocratically for 10 minutes
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 minutes, followed by a gradient to 65 % B in 55 minutes. The column was then
�ushed with 90 % B for 10 minutes and re-equilibrated with 100 % A for 10 minutes.
Quinones and lipids were identi�ed by retention time, accurate molecular mass, and MS2

fragmentation (Table VIII.1; cf. Chapter VII; 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
3000RS UHPLC 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 dichloro-
methane:methanol (9:1, v:v) on a Dionex Ultimate 3000RS UHPLC system connected
to a Bruker maXis Ultra-High Resolution qToF-MS equipped with an ESI ion source
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operating in positive mode as described above. Analyte separation was achieved using
normal phase HPLC on an Acquity UPLC BEH Amide column (1.7 µm, 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 �ow 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
�ushed with 40 % B for 1 min.

Archaeal IPL and quinone quanti�cation was achieved by injecting a known amount of
an internal standard (C46-GTGT) along with the samples. Bacterial IPLs were quanti�ed
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 avail-
able and puri�ed standards. Puri�ed standards were obtained from extracts of Ar-

chaeoglobus fulgidus as described in Elling et al. (2014). The abundances of mono- (1G)
and diglycosidic (2G) glycerol dibiphytanyl glycerol tetraethers (GDGTs) and hydrox-
ylated GDGTs were corrected for the response of puri�ed 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 mono- and diglycosidic
archaeol were corrected for the respective puri�ed 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 commer-
cial β-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
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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 mono-
glycosidic 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):

MDq =

(
p∑

k=1

√
xk

)2

(Eq. 1)

where xk indicates the abundance of quinone k relative to total quinones.

BDq =
(√

UQ+
√
PQ+K1 +

√
polyuns MK +

√
sat+monouns MK +

√
ChQ

)2
(Eq. 2)

where UQ, PQ, vitamin K1, polyunsaturated (polyuns) MK, saturated (sat) MK, mono-
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.

VIII.3. Results

VIII.3.1. Water column and sediment chemistry

Geochemical data of the Black Sea water column revealed a strong vertical strati�ca-
tion (Fig. VIII.3). The salinity increased from 17.7 at the surface to 22.3 in deep waters
(Fig. VIII.3A). The steepest increase occurred between 80 and 150 meters below sea
level (mbsl). The temperature pro�le behaved similarly and ranged between 8.5 and
9 ◦C (Fig. VIII.3A). A minimum in �uorescence was detected at 70 mbsl (Fig. VIII.3B).
Dissolved oxygen concentrations decreased in a narrow depth interval between 70 and
150 mbsl from more than 250 µmol kg−1 to below detection (Fig. VIII.3C). Hydrogen
sul�de was �rst detected below a depth of 100 mbsl and slightly increased in concen-
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tration to 11.5 µmol l−1 at ca. 1100 mbsl (Fig. VIII.3C). In the sample from 1205 mbsl,

HS− concentration showed a strong increase to 38.6 µmol l−1. Both, dissolved phosphate

(PO3−
4 ) and ammonium (NH+

4 ) first appeared at 150 mbsl. While PO3−
4 showed a distinct

peak at this depth, NH+
4 increased towards the seafloor. Phosphate concentrations fol-

lowed this trend between 200 and 1200 m (Fig. VIII.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.





Figure VIII.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 δ13C of methane (G) are
shown.
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The pore water pro�les of dissolved PO3−
4 and NH+

4 followed similar trends with
increasing concentrations within the �rst 2 m of the sediment (Fig. VIII.3E). Ammonium
concentrations were ca. eight to ten times higher than phosphate concentrations. While
NH+

4 concentrations stayed fairly constant below 200 cm below sea�oor (cmbsf), PO3−
4

concentrations slightly decreased towards the deepest sample. Dissolved sulfate de-
creased with sediment depth, reaching minimum values at 400 cmbsf. Hydrogen sul�de
concentrations showed a maximum at approximately 100 cmbsf. Below 400 cmbsf, con-
centrations were close to zero (Fig. VIII.3F). Methane concentrations were low (<75 µmol)
in the top 30 cm of the sediment, but increased to almost 15.4 mM at 623 cmbsf. The
δ13CCH4 values signi�cantly decreased from−53h to−88.5h within the top 127 cmbsf.
Below this depth, δ13CCH4 values increased to −69h in the deepest investigated sample
(Fig. VIII.3G).

VIII.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. VIII.5A). ChQ7:7 was detected
here for the �rst time in environmental samples. The structure of ChQ7:7 was con�rmed
by comparing MS2 spectra of ChQ7:7 in the samples (Fig. VIII.4) with literature data
(Powls et al., 1968).

We additionally tentatively identi�ed several novel UQ and MK isomers based on
accurate molecular mass in full scan (MS1) mode and characteristic fragmentation in
MS2 mode (Fig. VIII.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. VIII.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. VIII.5). As for
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. VIII.5C). In total, 43 di�erent quinone structures were identi�ed 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.

195



Chapter VIII. Distribution of respiratory quinones in the Black Sea

m/z

m/z

Figure VIII.4. (A) Extracted ion chromatogram (EIC), obtained by RP-UHPLC–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.

VIII.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. VIII.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 con-

centrations occurred in the deepest water column sample at 1200 mbsl. In the sediments,

concentrations were highly variable and ranged from 1.7 ng 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. VIII.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 chemo-

cline, 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 com-
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Figure VIII.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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pounds (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.

Figure VIII.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.
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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. VIII.6A). Here,
polyunsaturated MKs were also detected in signi�cant 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 di�erent pattern: UQs were still
the dominant quinone group, but PQs were almost absent (Fig. VIII.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 signi�cantly to the total quinone pool with relative abundances of up to
14 % in the deeper sediment (cmbsf).

VIII.3.4. Relative abundances of quinone isomers

The distribution of the ‘regular’ menaquinones and ubiquinones compared to the later
eluting isomers showed large di�erences between the oxic and anoxic water column and
the sediments (Fig. VIII.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 de�ned as isomers. Similarly, based on the
retention time di�erence of the MK4:4 standard relative to the compounds with longer
isoprenoid side chains, MKs labeled with ‘(b)’ were de�ned as regular MKs and other
quinones with the same molecular mass were assigned as isomers (a, c, d; Fig. VIII.7).

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. VIII.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 abun-
dances of the UQ and MK isomers compared to the respective regular compounds, and
the distribution pattern of total isomers showed little variability (Fig. VIII.7a). However,
analysis of the detailed distribution of isomers of individual quinones revealed major
changes in the water column and sediment samples (Fig. VIII.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. VIII.7b),
whereas UQ10:10(b) was of greater abundance in the sediment, especially in lithological
Unit I.

Di�erences in the distribution of isomers was even more pronounced for the four
MK8:8 isomers (Fig. VIII.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
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Figure VIII.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).

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.

VIII.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. VIII.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
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150 mbsl (0.23 ng l−1), below which concentrations were one order of magnitude lower
(<0.03 ng l−1; Fig. VIII.8C). UQ7:7(a) showed a similar depth trend (Fig. VIII.8D), while
concentration maxima for other UQs were observed in the anoxic water column mainly
at 300 mbsl (Fig. VIII.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. VIII.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. VIII.8L). The concentrations of both MK6:0 and
MK6:1 were one order of magnitude lower in the anoxic part of the water column be-
low 150 m (0.01 ng l−1) as compared to the oxic and suboxic zones. Concentrations of
polyunsaturated MKs with di�erent length and degree of unsaturation of the isoprenoid
side chain varied between 10 pg l−1 and ca. 1 ng l−1 (Fig. VIII.8M-Ai). All MKs contain-
ing 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 pro�le 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 isomer
(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 pro�les of individual quinones were more uniform compared

to the water column (Fig. VIII.9) and mainly tracked total quinone concentrations (see
Fig. VIII.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 �rst
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 di�erent polyunsaturated MKs showed large variability. While concentrations of
partially saturated MKs were mainly below 1 ng g−1 sed. dw., concentrations of some
fully unsaturated MK6:6, MK7:7 and MK8:8 isomers were at least one order of magnitude
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Figure VIII.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 VIII.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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higher. Highest concentrations within the polyunsaturated MKs were observed for

MK6:6(b), MK7:7(c), MK8:8(a) and MK8:8(c).

VIII.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. VIII.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.

Figure VIII.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 VII.

Samples from the same water column zones and sedimentary units showed similar

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
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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.

VIII.3.7. Methanophenazines

Figure VIII.11. Profile of total
methanophenazines (MP5:4 and MP5:3)
in the water column and sediments of
the southern Black Sea (cruise M84/1,
station GeoB15105).

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, ex-

cept at 1200 mbsl (Fig. VIII.11). Highest concentra-

tions 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).

VIII.3.8. Relative abundances of IPLs

For examining their distribution in the water col-

umn and sediments, IPLs (see Fig. VIII.12 for chem-

ical 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. VIII.6) and

total IPLs (Fig. VIII.13) were similar in the water

column and within the sediment. In the water col-

umn, IPL concentrations decreased from the oxic

zone to the chemocline and showed maxima at 300

and 900 mbsl similar to quinone concentrations

(Fig. VIII.13). In comparison to quinone concentra-

tions, IPL concentrations in the surface sediments

showed a steeper decrease towards deeper sedi-

ments 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.
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Figure VIII.12. Structures of archaeal and bacterial core lipids and associated polar headgroups
detected in Black Sea water column and sediment samples.

Similar to the distribution of major quinone groups, specific IPL classes were associated

with distinct geochemical zones. In the oxic zone, G-DAGs were the dominant IPLs,

contributing almost 80% to the total IPL pool. Minor IPL groups 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
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chemocline (120 mbsl) and were detected throughout the anoxic water column. In the

deepest part of the chemocline (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.

Figure VIII.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 except for water column samples from 150 m, 300 m, 500 m, and 900 m depth
from Schröder (2015).

The IPL composition of the sediments differed strongly from that of the water column

(Fig. VIII.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
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and P-DAG. G-DAG were detected only in trace amounts and disappeared below the
surface. 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 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.

VIII.3.9. Absolute abundances of IPLs and apolar lipids relative to quinones

The concentrations of the di�erent IPL groups showed signi�cant variations in the water
column and, in part, within the sediment (Fig. VIII.14). Depth-dependent concentrations
of G-DAG, BL and P-DAG (Fig. VIII.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. VIII.14A, B) and at 300 mbsl (P-DAG; Fig. VIII.14C). The G-DAG depth
pro�le was similar to the pro�les of PQ9:9 and vitamin K1, whereas the P-DAG pro�le
was more similar to those of UQ8:8(a), UQ9:9(a) and UQ10:10(a) (Figs. VIII.9 and VIII.14),
although the distribution in the anoxic waters also matched some MK pro�les. 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. VIII.14D, E, and H). DPG, OL, and PG-(OH)-Cer were
minor components or absent within the chemocline and the oxic zone (Fig. VIII.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. VIII.14F and G). The concentration of PG-
(OH)-Cer only peaked at 700 mbsl in the anoxic zone (Fig. VIII.14I). The concentration
pro�les 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. VIII.14J), while they were low throughout the anoxic water column.
This distinct maximum in the chemocline was not observed in the depth pro�le of IP-AR.
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Figure VIII.14. Depth profiles of IPL groups, isorenieratene, alkenones and cholesterol detected
in the water column and sediments of the Black Sea. 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 anoxicwaters; red, archaeal lipids. Abbreviations:
G, glycosidic headgroup-bearing; P, phosphatidic headgroup-bearing; DPG, diphosphatidyl
glycerol; BL, betaine lipids; OL, ornithine lipid; PG-(OH), hydroxy-phosphatidylglycerol; DAG,
diacyl glycerol; AEG, acyl ether glycerol; DEG, diether glycerol; Cer, ceramide; IP, intact polar;
GDGT, glycerol dibiphytanyl glycerol tetraether; AR, archaeol. IPL data except for water column
samples from 150 m, 300 m, 500 m, and 900 m depth from Schröder (2015).
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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. VIII.14K). The depth pro�le of IP-GDGTs followed a similar trend as compared
to MK6:0 and MK6:1 (Figs. VIII.1 and VIII.14), and IP-ARs largely followed the trend
of MPs (Figs. VIII.11 and VIII.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. VIII.14), and thus re�ected the depth
pro�le of ChQ7:7 (Fig. VIII.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.

In the sediment, the majority of IPL species were only detected in the surface
(Fig. VIII.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. VIII.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 �rst 50 cmbsf, a pronounced peak
within the sapropel layer (Fig. VIII.14E, J, and K), which was similar to most quinone pro-
�les (cf. Fig. VIII.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. VIII.14L). In contrast to the water column, IP-AR and
MP concentrations were decoupled in the sediments (cf. Figs. VIII.11 and VIII.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 pro�le of cholesterol was similar but showed a peak in the sapropel
layer.

VIII.4. Discussion

VIII.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 di�erences 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
identi�ed by NMR as cis- and trans-isomers, respectively (Dunphy et al., 1968). Similarly,
cis- and trans-isomers of MMK7:7 (methylated menaquinone) have been identi�ed 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
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nearest to the menaquinone headgroup was suggested to be a cis con�guration (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. VIII.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 con�gurations at
di�erent double bond positions or multiple cis con�gurations, since similar retention
time patterns may be expected. Assuming the same retention time di�erence for cis and
trans-isomers as for UQs, one early and one late eluting MK could represent a couple
with cis- and trans-con�guration, 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 di�erences of the MK and UQ isomers remain unconstrained and further
investigation are needed in future studies to unambiguously identify their structure, for
example by NMR.

VIII.4.2. Microbial strati�cation in the Black Sea water column and biomarker
potential of respiratory quinones

Combined respiratory quinone and membrane lipid pro�ling resolved the strati�cation
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
signi�cantly correlated (Fig. VIII.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 VIII.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
re�ects the mode of respiration that dominates in a sample, showed large variations
between di�erent geochemical zones (Fig. VIII.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,
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r

Figure VIII.15. Linear correlation coefficients (p <0.05) calculated from concentrations of respi-
ratory 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. VIII.14.

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 (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.
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Table VIII.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), Gold�ne 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), Brinkho� 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

Oxic (0-90 m) Vitamin K1, PQ9:9,
UQ7:7, UQ9:9, UQ10:10

G-DAG, BL,
P-DAG,

Alkenones,
Cholesterol

Cyanobacteria, eukaryotic algae Oxygenic
photosynthesis

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

G-DAG, P-DAG,
P-AEG, P-DEG

Diverse Proteobacteria Bacterial
autotrophy &
heterotrophy

Suboxic (90-120
m)

MK6:0, MK6:1 IP-GDGTs, IP-ARs Thaumarchaeota Ammonia
oxidation

UQ8:8, UQ10:10 G-DAG, P-DAG,
DPG

α-Proteobacteria (e.g.
Nitrobacter, type II

methanotrophs)

Nitrite, iron &
aerobic methane

oxidation
UQ8:8 P-DAG, DPG β-Proteobacteria (e.g.

Nitrosomonas, Thiobacillus)
Ammonia, iron &
sulfur oxidation

UQ8:8, UQ9:9 P-DAG, DPG γ-Proteobacteria (e.g.
(Marinobacter, Thiomicrospira,
Nitrosococcus, Nitrococcus, type

I methanotrophs)

Ammonia, sulfur,
iron, nitrite &

aerobic methane
oxidation

Photic anoxic
(120-150 m)

ChQ, MK7:7 G-DAG, P-DAG,
DPG,

Isorenieratene

Green sulfur bacteria
(Chlorobiaceae)

Anoxygenic
photosynthesis

Dark anoxic
(150-1200 m)

MK6:6 P-DAG, P-AEG,
P-DEG, OL

δ- (Desulfomonas,
Desulfovibrio), ε-Proteobacteria

(e.g., Sulfurimonas)

Sulfate reduction,
Sulfur oxidation

MK7:7 P-DAG, P-AEG,
P-DEG

δ-Proteobacteria (Desulfobacter,
Desulfococcus, Desulfosarcina)

Sulfate reduction

MK6:6 P-DAG, OL, BL,
(PC- &

PE-ladderanes*)

Planctomycetes Anaerobic
ammonium
oxidation

MK7:7, MK8:8 IP-GDGTs, IP-ARs Planktonic Euryarchaeota and
Crenarchaeota

Unknown

MK8:8 P-DAG, P-AEG,
P-DEG

δ-Proteobacteria
(Desulfuromonas)

Sulfate reduction

MK7:7, MK9:9 G-DAG, P-DAG,
BL

Firmicutes (e.g.,
Desulfotomaculum)

E.g., sulfate
reduction

MK8:8, MK8:7, MK8:6,
MK9:9, MK9:8, MK9:7,

MK10:9, MK10:10,
MK11:11

G-DAG, P-DAG Actinobacteria E.g., nitrate
reduction

MP5:4, MP5:3 IP-ARs Methanosarcinales, anaerobic
methane oxidizing archaea

(ANME)

Methanogenesis,
anaerobic

oxidation of
methane

Regular UQs - Unknown anaerobic source or
fossil detritus

-

UQ isomers - Unknown anaerobic source -
Vitamin K1, PQ9:9 - Unknown anaerobic source or

fossil detritus
-
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VIII.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 VIII.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 α-, β-, and γ-Proteobacteria (Table VIII.2; Hiraishi, 1999;
Nowicka and Kruk, 2010). Only the trans-isomers (a-series) were detected in the oxic
zone, indicating that aerobic organisms predominantly synthesize UQs with this speci�c
stereochemical con�guration.

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 (Gold�ne, 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. VIII.8, VIII.14 and VIII.15). This indicates that algae are the major source of these
lipids in the oxic zone of the Black Sea (Table VIII.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. VIII.8, VIII.14
and VIII.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 VII), although the concentrations of these quinones and the
contribution to the overall respiratory quinone pool were comparatively little (Fig. VIII.6).
Similarly, low abundances of thaumarchaeal biomass in the oxic zone are implicated by
minor abundances of intact polar GDGTs (Figs. VIII.8 and VIII.14), which are thought to
be predominantly sourced by planktonic Thaumarchaeota (e.g. Pitcher et al., 2011a), but
have recently been suggested to be also produced by Marine Group II Euryarchaeota
(Lincoln et al., 2014a).
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VIII.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 di�erent from that observed
in the oxic zone. The predominance of thaumarchaeal quinones (>70 % of total quinones,
(Fig. VIII.8) and the decrease in dissolved ammonium concentration (Fig. VIII.3) indicate
that archaeal ammonia-oxidation is the major respiratory process in these layers as
suggested in an earlier study (cf. Chapter VII). Moreover, the depth pro�les of both
intact polar GDGTs and the thaumarchaeal quinones MK6:0 and MK6:1 showed a distinct
concentration maximum in the suboxic zone (Figs. VIII.8 and VIII.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).
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 α-, β- and γ-Proteobacteria as well as aerobic nitrite- and methane-
oxidizing α- and γ-Proteobacteria (Table VIII.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; Gold�ne,
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. VIII.8 and VIII.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
�uorescence 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.
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VIII.4.2.3. Photic anoxic zone (120-150 mbsl): Bacterial anoxygenic photosynthesis

Penetration of H2S-containing water into the photic zone (Fig. VIII.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, sul�dic waters at 150 mbsl
(Figs. VIII.6 and VIII.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 signi�cantly increased in
concentration at this depth (b-isomer, Fig. VIII.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 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. VIII.13
and VIII.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 �rst time in the present paper.

VIII.4.2.4. Anoxic zone (150 – 1200 mbsl): Sulfate and nitrate reduction, anammox,

and sulfur oxidation

The �rst appearance of polyunsaturated MKs in the anoxic zone (including the deep
chemocline at 150 mbsl) re�ects a shift of aerobic and micro-aerobic archaeal and bacte-
rial respiration to mainly bacterial, MK-dependent, anaerobic respiration (Figs. VIII.6
and VIII.8). Likely sources of polyunsaturated MKs in the anoxic zone are diverse sulfate-
reducing δ-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 VIII.2; Collins and
Jones, 1981). Sulfur oxidizing ε-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 Desulfotomacu-

lum (e.g., Collins and Jones, 1981). Several of these bacterial clades have been suggested
to be responsible to a large extent of dark carbon �xation below the chemocline (Pi-
menov and Neretin, 2006). The occurrence of quinones of sulfate reducing bacteria in
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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 VIII.2; Rütters et al., 2001; Sturt et al., 2004),
were detected throughout the anoxic water column (Figs. VIII.13 and VIII.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 speci�c quinones is supported by the correlation of P-DAG and OL abundances
with those of MK6:6 (a+b), MK8:8 (a+b) and MK9:9 (b) (Figs. VIII.8, VIII.14 and VIII.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 �rst 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 a�liated with a deeply-branching
monophyletic lineage of this phylum perform the reduction of NO−2 to N2 by NH+

4 , i.e.,
anaerobic ammonium oxidation (anammox). Based on the analysis of 16S ribosomal
RNA gene markers and the anammox speci�c 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 pro�les 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 con�ned
to the suboxic zone and anammox bacteria residing within the upper anoxic zone (cf.
Table VIII.2), although geochemical coupling of these processes cannot be excluded.
High sul�de 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).
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Fully unsaturated and partially saturated MKs with chains lengths of 8 to 11 have been
commonly associated with bacteria of the phylum Actinobacteria (Table VIII.2; Collins
and Jones, 1981; Urakawa et al., 2005). In particular, Actinobacteria have been implicated
in denitri�cation, i.e., the heterotrophic reduction of NO−3 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. VIII.8),
and thus indicate a signi�cant contribution of Actinobacteria to the metabolic activity,
possibly denitri�cation, 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. VIII.14).

Late eluting UQ isomers (b-series) occurred only in the anoxic water column and were
absent from the oxic and suboxic zones, suggesting production of these compounds by
unknown anaerobic bacteria (Fig. VIII.8). Alternatively, lateral intrusions of modi�ed
Bosporus water represent a signi�cant 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 �ux associated with high
freshwater runo� particularly in the late winter and late spring, and/or by an in�ux 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. VIII.6 and VIII.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 contributed up to 15 % of the total IPLs in the suboxic and anoxic zones
(Fig. VIII.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 bacteria-like fatty
acid composition of G-Cer in the anoxic zone contrary to a eukaryotic fatty acid compo-
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sition observed in the photic zone. The fact that G-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. VIII.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 Methanosarci-

nales (cf. Chapter VII), which comprise the metabolically most versatile methanogens
utilizing CO2 + H2, acetate, and methylated compounds as substrates (Kendall and Boone,
2006). Methanogens are likely outcompeted for acetate and H2 by sulfate reducing bacte-
ria in the anoxic zone of the Black Sea due to thermodynamic constraints (e.g., Abram
and Nedwell, 1978; Oremland and Polcin, 1982; Lin et 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 signi�cant 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 pro�le as
MPs and these compounds are thus likely sourced from the same euryarchaeotal 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 speci�c for archaea, i.e., fully saturated menaquinones or menaquinone
derivatives (cf. Chapter VII), 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 VII),
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).
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VIII.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. VIII.15). Moreover, quinones as well as IPLs
were correlated to the abundance of cholesterol (Fig. VIII.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.

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. VIII.13).
This signal is not re�ected in the quinone composition, (Fig. VIII.6). Both saturated
and polyunsaturated menaquinones, which are potentially produced by archaea (cf.
Chapter VII) showed low relative abundances in the sediments, suggesting that the
sedimentary archaea do not produce signi�cant 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 sulfate-
depleted (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 VII; Thauer et al., 2008),
the quinone abundance and diversity is expected to be low in the methanogenic zone.

VIII.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 signi�cantly di�erent (Fig. VIII.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 microor-
ganisms, 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 pro�le of the eukaryotic apolar lipid cholesterol was similar to
that of PQ9:9 (Figs. VIII.9, VIII.14 and VIII.15) further supporting a fossil origin of PQ9:9.
The concentration of vitamin K1 was very low in the sediments although the depth
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pro�le was similar to cholesterol and PQ9:9 (Figs. VIII.6 and VIII.9), indicating di�erent
degradation kinetics of the two quinone types that might be related for example to the
di�erent headgroup types or the length of the isoprenoid chain. Similarly, Urakawa et al.
(2000) and Urakawa et al. (2005) detected signi�cant amounts of PQ9:9 and vitamin K1 in
shallow marine sediments and suggested that these quinones originate from phytoplank-
ton detritus. The same likely applies for the Chlorobiaceae-speci�c 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. VIII.9). This observation indicates
rapid degradation of ChQ7:7 as further exempli�ed by its strong decrease in abundance
within the uppermost sediment (Fig. VIII.14), whereas isorenieratene is well preserved
in the sedimentary record of the Black Sea (Fig. VIII.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 re�ect periods of a shallow chemocline with abundant green
sulfur bacteria in the Black Sea water column (Fig. VIII.14).

The distribution of UQ and MK isomers di�ered signi�cantly between the water
column and the sediments (see Fig. VIII.7) and suggests either di�erent communities
inhabiting the two environments and/or adaptation di�erent adaptation mechanisms,
while signi�cant 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. VIII.7 and VIII.9). Modi�cation of quinone stereochemistry may strongly a�ect the
physicochemical properties of these compounds similar to the in�uence of fatty acid
cis/trans isomerism on membrane �uidity in bacteria (Guckert et al., 1986; Heipieper
et al., 1992; Lo�eld 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.

VIII.4.3.2. Evidence for benthic bacterial activity

The co-occurrence of polyunsaturated MKs and P-DEG lipids that we observed through-
out 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
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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. Al-
bert 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, such as some Desulfovibrio and Desulfobacter

species may also switch to fermentative metabolisms and perform for example dispro-
portionation of thiosulfate (e.g., Krumholz et al., 1997; Rabus et al., 2006). Occurrence of
this process in marine sediments has been con�rmed 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 conser-
vation, which may explain the abundance of MKs and DEG IPLs in the sulfate-depleted
sediments (cf. Fig. VIII.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 sur�cial sediments were not detected below
40 cmbsf, where sulfate became depleted (Fig. VIII.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).

VIII.4.3.3. Evidence for benthic archaeal activity

MPs were present within the top 400 cmbsf, which indicates the presence ofMethanosarci-

nales and/or ANME-2 at these depths (Fig. VIII.9). Similar to the anoxic water column,
these archaea either produce methane via methylotrophic methanogenesis (Methanosarci-

nales), 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 pro�les revealed
patterns typical for the anaerobic oxidation of methane at our study site (Fig. VIII.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
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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 sed-
iments (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, e.g.,
Methanobacteriales or Methanococcales which do not produce quinones, is more likely
to occur in the deep sediments. The δ13CCH4 values of approximately−75h observed in
the methanogenic zone are also consistent with the range of values characteristically as-
sociated with CH4 produced via CO2-reduction (Whiticar et al., 1986) assuming δ13CCO2

of ca. −20h for the Black Sea sediments (e.g., Knab et al., 2009). The strongly depleted
δ13CCH4 values observed below the sulfate-methane transition zone (ca. 100-200 cmbsf;
Fig. VIII.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. VIII.11 and VIII.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., 1993b; 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 correla-
tion in the water column (Fig. VIII.15). Thus, the two compound groups might also have
di�erent 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. VIII.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 ther-
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mophiles (cf. Pearson and Ingalls, 2013; Schouten et al., 2013a). 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 anoxic subsurface sediments (Inagaki et al., 2006; Roussel et al., 2009;
Jørgensen et al., 2012). Jørgensen et al. (2012) suggested that sediment-speci�c thau-
marchaeal 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 abun-
dances 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. VIII.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 fer-
mentative 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 PO3−

4 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. VIII.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 (Chloro�exus-like organisms) to
be active within the sapropels. Chloro�exi synthesize exclusively polyunsaturated MKs
(Imho� and Bias-Imho�, 1995; Zhi et al., 2014), which may explain the high abundance
of these quinones in the sapropel.

VIII.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
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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. VIII.6), which can hardly be explained by the benthic production of this quinone
speci�c for photosynthetic green sulfur bacteria. It was suggested that the water col-
umn 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 un-
likely. 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 speci�c preservation mechanism for this compound.

Apart from microbial life in situ, fossilization of IPLs might signi�cantly 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,
signi�cant 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 re�ect mixed allochthonous and autochthonous sources.

VIII.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 strati�cation of microbial abundances, community composition and
metabolisms along the redox gradients of the southern Black Sea, which are summarized
in Fig. VIII.16.

The oxic, photic zone of the Black Sea water column was dominated by high abun-
dances of quinones (UQs, vitamin K1, PQ9:9) and IPLs (G-DAG, BL, P-DAG) associated
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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 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).
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Figure VIII.16. Schematic representation of the distribution of respiratory quinones and associ-
ated metabolic processes.in the different geochemical zones of the Black Sea.

A pronounced maximum in ChQ7:7 and the pigment isorenieratene indicated metabol-

ically active, extremely low-light adapted Chlorobiaceae performing anoxygenic photo-

synthesis 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 β-, and ε-Proteobacteria, Firmi-

cutes, 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 and based on sulfate and methane

concentration and δ13CCH4 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
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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
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 pro�ling provides
a useful tool to trace abundances and metabolic processes of microbial communities
involved in the cycling of carbon, nitrogen, and sulfur in the strati�ed 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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Chapter IX

Concluding Remarks

Summary and conclusions

This PhD thesis focused on lipids that form prokaryotic and eukaryotic cell membranes.
Signatures of membrane lipids in environmental samples re�ect the community com-
position and the physicochemical and physiological conditions under which microbial
community members have existed in the natural habitat (cf. Brocks and Pearson, 2005;
Brocks and Ban�eld, 2009). However, the use of lipids as strict life and chemotaxonomic
markers is limited since most lipids found in the environment are common to several
phylogenetically related organisms and lipid distribution patterns are a response to
multiple environmental variables (cf. Hazel and Williams, 1990). Moreover, the full
characterization of lipids in environmental samples and microbial cultures typically
requires a combination of analytical approaches due to the structural complexity and
the wide range of concentrations (e.g., Lipp and Hinrichs, 2009) resulting in complex
work�ows for lipid analysis. To fully characterize the environmental lipidome including
trace amounts in complex organic sample matrices and to identify new biomarkers,
reliable and sensitive methods are of crucial importance. The work presented in this
thesis aimed at (i) improving the analytical methodology for lipid analysis, (ii) expanding
the portfolio of lipid biomarkers for the characterization of microbial life in marine envi-
ronments and (iii) investigating the proxy potential of novel lipids as chemotaxonomic
makers and as indicator for redox conditions.

In the �rst research manuscript (Chapter III), we described new HPLC-MS-based
protocols for the analysis of archaeal and bacterial glycerol ether core lipids due to
limitations in sensitivity and inadequate separation of target compounds, such as core
iGDGTs and iGDDs, when using the previous generation of methods. The presented
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protocols take advantage of new chromatographic possibilities such as small particle
sizes (<2 µm) and novel column packing materials. They o�er superior chromatographic
separation of archaeal and bacterial GDGT core lipids while maintaining an analytical
window encompassing the whole spectrum of ether core lipids found in environmental
samples. The protocols thus allow a more nuanced exploration of the distribution of
these lipids in the environment. Examination of MS2 data of the compounds eluting
as chromatographic shoulders of iGDGTs and iGDDs showed the same fragmentation
pattern for pairs comprising shoulder and major peak, suggesting a high degree of struc-
tural similarity. The substitution of cycloalkane moieties by double bonds in shoulder
peaks was excluded on the basis of a hydrogenation experiment. Thus, the shoulder
peaks of the GDGTs likely represent either regioisomers or structural isomers with
di�erent biphytane moieties, e.g., di�erent ring positions; further veri�cation is needed,
however, to support this hypothesis.

In Chapter IV, we introduced an extension of the analytical protocols described in
chapter III, which enables the simultaneous acquisition of three paleo SST proxies (TEX86,
UK′

37 and LDI) and six additional proxies such as the archaeol/caldarchaeol ecometric
and the methane index for the reconstruction of paleosalinity and past methane hydrate
dissociation, respectively. This novel protocol eliminates laborious sample preparation
steps and reduces analysis time while at the same time providing increased sensitivity
of one order of magnitude compared to conventional GC-based methods. As a proof of
concept, we have applied this method to sediments deposited since 21 kyrs BP in the
Sea of Marmara. This interval covers large shifts in climate and environmental condi-
tions, such as the Last Glacial Maximum (LGM), the Bølling/Allerød (B/A), the Younger
Dryas, sapropel S1 formation and the late Holocene. Reconstructed temperatures di�ered
considerably between the proxies, suggesting that parameters other than temperature
additionally a�ect the distributions of the relevant lipids. For example, changes in the
composition of alkenone-producing species at the transition from the LGM to the B/A
were inferred from unreasonably high UK′

37 -derived SST values (ca. 20 ◦C) during the
LGM. The species present in the Sea of Marmara before its connection to the Eastern
Mediterranean thus likely had a di�erent proxy-environment relationship than today’s
ubiquitously occurring haptophyte Emiliania huxleyi. In contrast, SSTLDI and SSTTEX86

are low during the last glacial and, as expected, show warming at the transition to the
B/A. Clearly, the ecological and hydrological changes in the Sea of Marmara had less
in�uence on the relationship between temperature and the distributions of iGDGTs and
long chain diols. The observations from this study con�rmed that considering multiple
proxies is crucial to verify the consistency of results between di�erent methods. The
novel analytical protocol greatly simpli�ed the overall work�ow for the analysis of
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the existing organic SST proxies and might further expand their application for paleo-
environmental reconstructions.

The third study (Chapter V) showed the identi�cation of fatty acid-substituted
iGDGTs (FA-iGDGTs) and observed their widespread occurrence in environmental
samples. We suggest that these compounds are of diagenetic origin formed by the es-
teri�cation of free fatty acids and iGDGTs. Both compounds appear to be in chemical
equilibrium and the concentration of FA-iGDGTs is suggested to be dependent on re-
actant availability, hydrolytic conditions and water activity. Their production might
serve as an example for the early cross-linking reactions occurring during early dia-
genesis of these compounds, leading to their subsequent incorporation into geopolymers.

In Chapter VI, we examined the microbial membrane lipid distributions in the brine-
seawater interface, the anoxic brine and sediments of the deep-sea hypersaline anoxic
Discovery Basin. This system is considered to be uninhabitable for life due to the
extremely high MgCl2 concentration, restricting microbial activity to the interface.
Based on the detection of taxonomically speci�c IPLs and core lipids, we con�rmed
that ammonia oxidizing, extremely halophilic, methanogenic archaea, as well as sulfate-
reducing bacteria inhabit the interface, suggesting their in�uence on carbon, nitrogen
and sulfur cycling. Several intact membrane lipids have been identi�ed for the �rst time
in environmental samples, e.g., GN-1G- and NAcG-AR, which were linked to archaeal
methanogens belonging to Methanohalophilus. Other distinct lipids could be assigned
to Halobacteriales-like archaea, such as Me-PGP-, SDG- and PG-Ext-Uns-AR as well as
core Uns- and Ext-ARs. The presence of marine AOA was indicated by the detection of
large quantities of HPH-GDGT, which is only known from Thaumarchaeota, whereas
abundant phospholipids containing non-isoprenoid diether core lipid structures were
linked to sulfate-reducing bacteria.

Although we considered that novel extremophilic microorganisms may be possible at
in situ Mg2+ concentrations, a more plausible explanation is that microbial metabolism
cannot proceed in the brine body and sediments and that the high Mg2+ concentrations
resulted in excellent preservation of molecular biomarkers. Thus, the sedimentary IPL
and core lipid record enabled the study of past microbial life from times before the
formation of the basin to modern hypersaline conditions. The changing environmental
conditions were consistently re�ected in changes in the lipid biomarker distributions.
The composition of head groups and unsaturated side chain structures in halophilic
archaeal lipids di�ered distinctly between the brine-seawater interface and surface
sediments, suggesting di�erent archaeal communities and/or their adaptation to chang-
ing conditions at the interface since the brine formation. The detection of halophilic
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archaea-speci�c IPLs only in the top 23 cm of the sediment con�rmed a young age of
the brine (<2000 yr). After basin formation but before intrusion of highly concentrated
salt solution, methanogenesis and sulfate reduction were major microbial metabolic
activities supporting the prevalence of anoxic conditions. The conditions before the
basin formation were likely oligotrophic and a sharp lithological transition recorded the
collapse of the basin at ca. 35000 yr BP. In these deposits we identi�ed the intact forms of
hybrid isoprenoid/branched tetraether lipids. These compounds combine attributes usu-
ally considered characteristic of either archaea (phytanyl moiety) or bacteria (methylated
alkyl moiety). We hypothesize that the lipids originate from relict benthic communities
and they might represent speci�c adaptations to for example high temperatures together
with anoxia.

Chapters VII and VIII focused on the distribution of respiratory quinones in culti-
vated archaea and their potential as biomarkers for archaeal and bacterial community
structure in a case study from the Black Sea. In Chapter VII, we investigated the respira-
tory quinone inventory of 25 cultivated archaeal strains covering the three phyla Cren-,
Eury- and Thaumarchaeota. The quinone compositions allowed the di�erentiation of
distinct archaeal clades. For instance, the single quinones in the thaumarchaeal Nitrosop-
umilales were saturated and monounsaturated menaquinones containing six isoprenoid
units (MK6:0 and MK6:1). The thaumarchaeal quinones have been reported for the �rst
time in this study and are promising biomarkers for tracing this globally abundant
clade. Other distinct chemotaxonomic markers are thiophene-containing quinones for
Sulfolobales and methanophenazines, functional quinone analogs, for Methanosarcinales.
Thus, the structural variations of quinones and their distribution among archaea bear sig-
ni�cant chemotaxonomic information that can be used to classify and quantify distinct
archaeal orders in the environment. The considerably di�erent quinone inventories of
the investigated archaeal strains was attributed to di�erent habitats, adaptive strategies
and metabolism of their producers. Moreover, the heterogeneous taxonomic distribution
of quinone types among the archaea provided insights into the evolutionary history
of quinone biosynthetic pathways. Speci�cally, the distribution of menaquinones in
archaea indicates an ancestral origin of menaquinone biosynthesis in Crenarchaeota. In
contrast, quinone biosynthesis in Euryarchaeota is highly divergent and indicates lateral
transfer of polyunsaturated menaquinone biosynthesis from bacteria to Halobacteriales.
We additionally exemplarily demonstrated the biomarker potential of thaumarchaeal
quinones on samples from a water column pro�le of the Black Sea, where MK6:0 and
MK6:1 trace thaumarchaeal distribution and abundance.

The comprehensive study of the environmental distribution of microbial respiratory
quinones and membrane lipids in marine suspended particulate matter and sediments
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from the Black Sea (Chapter VIII) resolved the strati�cation of microbial abundance,
community composition and diversity of metabolisms along the redox gradients. We
used novel, highly sensitive analytical protocols permitting direct and simultaneous
detection of quinones and membrane lipids. In total, we identi�ed more than 30 di�erent
quinone structures including several novel UQ and MK isomers. The dominant quinones
in the oxic zone were ubiquinones, which are associated with aerobic respiration, and
phylloquinone (vitamin K1) and plastoquinone, which are both involved in electron
transfer of photosystem I and II of cyanobacteria and phototrophic eukaryotes. The main
intact polar lipids in the oxygenated surface waters were G-DAG, BL, and P-DAG and
could be assigned to the same biological sources as the quinones. Most striking �ndings
appeared in the chemocline. In the upper chemocline, thaumarchaeal MKs (MK6:0 and
MK6:1), which are associated with the aerobic oxidation of ammonium (chapter VII),
were the dominant quinones, while low relative abundances of thaumarchaeal IPLs
(IP-GDGTs) were observed. This indicated that respiratory activity but not biomass
was dominated by thaumarchaeal ammonia-oxidizers. In contrast, based on abundant
P-DAGs and G-DAGs, the largest contribution to biomass in these layers was related to
aerobic proteobacterial methane-, iron-, and nitrite-oxidizers. In the photic anoxic zone
(deep chemocline), distinct peaks of ChQ7:7 and isorenieratene indicated metabolically
active, extremely-low light adapted Chlorobiaceae, which supported the use of ChQ7:7

as a diagnostic biomarker for anaerobic photosynthesis in the environment and which
we demonstrated for the �rst time in this study. The high abundance and diversity
of quinones and IPLs in the dark, anoxic zone indicated high respiratory activity and
large quantity of biomass of denitrifying, ammonium-oxidizing, sulfur-oxidizing and
sulfate-reducing bacteria. Another process that could be identi�ed in these depths was
the anaerobic oxidation of methane indicated by detection of Methanosarcinales-speci�c
MPs.

Based on geochemical pro�les of methane and sulfate in combination with polyun-
saturated MK, P-DEGs and AEGs as well as MPs and IP-ARs, sulfate reduction and
methylotrophic methanogenesis or the anaerobic oxidation of methane were identi�ed
as major processes in the upper 4 m of the sediment. In the deeper sediments, in contrast,
high concentrations of biogenic methane and the disappearance of MPs suggested that
methanogenesis was not driven by Methanosarcinales but by other hydrogenotrophic
methanogens, e.g., Methanobacteriales and Methanococcales. In this study, we further
considered contributions from fossil planktonic sources to the sedimentary quinone pool,
as indicated by the detection of the photosynthetic quinone PQ9:9. However, especially
in the sediments several so far undescribed UQ and MK isomers were detected and
their distribution pattern strongly indicates subsurface production. Based on the distri-
bution of thaumarchaeal quinones (MK6:0 and MK6:1) and IP-GDGTs in the sediments
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and the absence of other typical archaeal quinones (cf. Chapter VII), it seems that
benthic archaea synthesize either bacterial-like quinones or are devoid of quinones. The
results from this last chapter suggest that quinone composition carries information on
microbes involved in redox cycling of carbon, sulfur and nitrogen in the water column
and potentially also in sediments, which further supports and establishes the use of
respiratory quinones as biomarkers for microbial community composition and associated
respiratory processes in environmental samples. Thus, respiratory quinone pro�ling
provides additional process-related information to the more quantitative aspect of IPLs.

Results from this last chapter suggest that quinone composition carries information
on microbes involved in redox cycling of carbon, sulfur and nitrogen in the water
column and potentially also in sediments, which further supports and establishes the
use of respiratory quinones as biomarkers for microbial community composition and
associated respiratory processes in environmental samples. Thus, respiratory quinone
pro�le provides additional process-related information to the more quantitative aspect
of IPLs.

Outlook

The work presented in this thesis contributed to the development of novel analytical
protocols for lipid analysis that have signi�cantly expanded the analytical window for
microbial lipidomics in complex environmental sample matrices and have paved the
way for the discovery of a multitude of novel microbial biomarkers. Some of these lipids
bear signi�cant chemotaxonomic information and have a high biomarker potential for
the classi�cation and quanti�cation of distinct microbial groups and their associated
processes in the environment. However, these investigation raised new questions and
several aspects remain unsolved for example regarding exact biological sources and
structures of many novel lipids, which need to be addressed by future investigations.
Perspectives that have emerged during the course of this PhD project are presented in
the following paragraphs.

Further insights into the identities and the signi�cance of GDGT isomers. The
structure of previously co-eluting isomers of isoprenoid GDGTs could not be fully vali-
dated by MS2 experiments. To fully characterize these compounds, their isolation via
preparative LC and subsequent identi�cation by NMR or detailed analysis of chem-
ical degradation products would be thus required. Since the separation e�ciency of
preparative LC columns is generally worse compared to analytical columns, the latter
would have to be used for isolation. The function of the shoulder compounds remains
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also unknown. However, we proposed that di�erent ring positions might result in
chromatographic separation of the isomers and Chong et al. (2012) demonstrated that
the cyclopentane ring position can have signi�cant in�uence on membrane packing
tightness, lipid conformation, membrane thickness and organization, and headgroup
hydration/orientation. Moreover, Elling et al. (2014) observed changes in the distribution
of these compounds with growth phase of N. maritimus, providing evidence that they are
involved in membrane lipid adaption in response to metabolic status. Additionally, high
abundances of early-eluting GDGT isomers occurred in some soils, where they are even
more abundant than their "regular" counterparts (Pitcher et al., 2009a). This suggests
that previously hidden clues regarding source organisms and/or community response
to environmental forcing factors may be encoded in the distribution of the isomers but
systematic studies on their distribution for example along pH and temperature gradients
will be useful as well as further studies of archaeal pure cultures.

Extending the analytical window. The novel HPLC methods extend the analytical
window to compounds that are typically analyzed by GC, such as alkenones. This leads
to a highly simpli�ed work�ow for proxy applications where nine paleoenvironmental
proxies can be analyzed simultaneously within one analysis. The analytical window
can potentially be further extended to encompass other apolar lipids, such as core DEG,
AEG and DAG lipids as well as steroids and hopanoids. Methods capable of measuring
and identifying all lipids simultaneously in a single sample are of great advantage for
the �eld of environmental lipidomics and would allow rapid screening of samples and
deliver maximum information per unit time.

Constraining the uncertainties of organic SST proxies. Although the organic SST
proxies are widely applied and often provide reasonable temperature estimates, concerns
regarding where and when they record temperature remain. Multiproxy approaches
help to verify the consistency of results between di�erent methods and help to identify
additional factors. However, more insights into the physiological responses of the or-
ganisms to a changing environment and their e�ect on the proxies, preferably based on
pure culture experiments, are needed for constraining uncertainties. Although alkenone-
producing haptophytes have been studied in detail (Epstein et al., 1998; Versteegh et al.,
2001; Prahl et al., 2003; Ono et al., 2012, e.g.,), results for GDGT-producing cultures of
Thaumarchaeota are still lacking except for an initial study by Elling et al. (2014) that
investigated GDGT distributions in response to growth phase. The gained knowledge
from more systematic culture-based studies could then be transferred to calibration
models using modern analogue environments as suggested by Tierney and Tingley
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(2014) to provide more reliable SST estimates in the geologic record.

Sources, identities and fate of novel intact tetraether lipids. In sediments from
the Discovery Basin the intact forms of IB- and OB-GDGTs were identi�ed for the �rst
time using novel highly sensitive methods. IB- and OB-core lipids occur ubiquitously in
the marine environment indicating important roles of the producers in the environment
(Liu et al., 2012b). However, the structures have only been tentatively identi�ed based on
inspection of fragment mass spectra and further structural elucidation by NMR analysis
of isolated and puri�ed compounds is desirable to prove their exact structures. This
will be particularly interesting for IB-GDGTs as they combine archaeal and bacterial
traits (Schouten et al., 2000). Information on the stereochemistry of the glycerol could
help to constrain a bacterial or archaeal source of these lipids (Sinninghe Damsté et al.,
2000) although their distribution in the marine water column (Liu et al., 2014; Xie et
al., 2014) as well as in our study from the Discovery Basin suggests a bacterial origin.
Moreover, future work exploring the environmental distribution patterns of intact IB-
and OB-GDGTs will help to determine their microbial sources and functional role in the
source organism.

Systematic investigation of the distribution of quinones in the environment
and further validation of their potential as life- and redox-markers. Studies on
the environmental distribution of respiratory quinones are scarce and additional work on
the behavior of quinones in the marine environment is required before these compounds
can be widely applied as rigorous biomarkers. For example, little is known about the
origin and fate of quinones in the marine water column. Besides the pioneering study
presented in Chapter VII of this thesis, their biological sources, transport vectors, and
chemical stability during sedimentation are not fully constrained. Moreover, knowledge
about the e�ects of physiological and environmental parameters on quinone distributions
is limited. Recently, (Sévin and Sauer, 2014) showed that ubiquinones act as a membrane-
stabilizing agents that enhance resistance to osmotic stress. Since membrane stability is
an intriguing feature of organisms under energy stress (Valentine, 2007), an important
role of quinones in membrane lipid adaptation can be expected. Thus, investigation
of the quinone composition of environmentally relevant cultured organisms grown
under a range of conditions including nutrient and substrate starvation will be useful
for the interpretation of quinone pro�les. Moreover, further exploration of quinone
distributions in a wide range of environments with contrasting microbial community
compositions may help to connect speci�c metabolisms to lipids with so far unknown
biological precursors, and hence to identify or constrain potential source organisms. In
order to evaluate the validity of quinones as strict life-markers, degradation experiments
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similar to those performed for IPLs (Logemann et al., 2011; Xie et al., 2013) are further
required. The development of a method for stable isotope analysis of quinones, e.g., based
on high-temperature GC, would enhance the information gained from their distribution
as well as enabling the application of stable isotope probing experiments.
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Abstract
Glycerol ether lipid distributions have been developed as proxies for reconstructing
past environmental change or, in their intact polar form, for �ngerprinting the viable
microbial community composition. However, due to their structural complexity, full
characterization of glycerol ether lipids requires separate protocols for the analysis of
the polar head groups and the alkyl chain moieties in core ether lipids. As a conse-
quence, the valuable relationship between core ether lipid composition and speci�c polar
head groups is often lost; this limits understanding of the diversity of ether lipids and
their utility as biogeochemical proxies. Here, we report a novel reversed phase liquid
chromatography–electrospray ionization-mass spectrometry (RP–ESI-MS) protocol that
enables the simultaneous analysis of polar head groups (e.g. phosphocholine, phospho-
glycerol, phosphoinositol, hexose and dihexose) and alkyl moieties (e.g. alkyl moieties
modi�ed with di�erent numbers of cycloalkyl moieties, hydroxyl and alkyl groups and
double bonds) in crude lipid extracts without further preparation. The protocol greatly
enhances detection of archaeal intact polar lipids (IPLs) and core lipids (CLs) with double
bond- and hydroxyl group-bearing alkyl moieties. With these improvements, widely
used ratios that describe relative distributions of the core lipids, such as TEX86 and ring
index, can now be directly determined in speci�c intact polar lipids (IPL-speci�c TEX86

and ring index). Since IPLs are the putative precursors of the environmentally persistent
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core lipids, their detailed examination using this protocol can potentially provide new
insights into diagenetic and biological mechanisms inherent to these proxies. In a se-
ries of 12 samples from diverse settings, core and IPL-speci�c TEX86 values followed
the order: 2G-GDGTs > core GDGTs > 1G-GDGTs > 1G-GDGT-PI and the ring indices
followed: 1G-GDGTs ≈ core GDGTs > 2G-GDGTs > 1G-GDGT-P1G > 2G-OH-GDGTs ≈
1G-OH-GDGTs (1G, monoglycosyl; 2G, diglycosyl; P1G, phosphomonoglycosyl; GDGT,
glycerol dialkyl glycerol tetraether).
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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 environ-
mental factors in�uencing lipid composition in AOA, in particular the cyclization of
GDGTs, remain unconstrained. We investigated the e�ect of metabolic state on the com-
position 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
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thaumarchaeon Nitrosopumilus maritimus

that they are valuable biomarkers for the metabolically active fraction of AOA assem-
blages in the environment. Methoxy archaeol was identi�ed 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
di�ered substantially, were generally lower during early and late growth phases than
in stationary phase, and did not re�ect growth temperature. Consequently, our results
strongly suggest that biosynthesis is at least partially responsible for the systematic
o�sets in TEX86 values between di�erent intact polar GDGT classes observed previously
in environmental samples. Nevertheless, di�erences in degradation rates of intact polar
GDGTs may in�uence the TEX86 index because the intact polar lipid precursors di�er
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 precur-
sors. Overall, our �ndings stress the need to accurately describe the factors in�uencing
GDGT cyclization in thaumarchaea and thus paleotemperature reconstructions.
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Figure X.1. 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.
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Abstract
Archaea of the phylum Thaumarchaeota are globally distributed and abundant microor-
ganisms 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 envi-
ronments. However, interpretation of environmental lipid pro�les is mainly hindered
by the lack of comparative and quantitative studies on the membrane lipid composi-
tion of cultivated representatives of this phylum. Here, we describe the core and intact
polar lipid (IPL) composition of 11 thaumarchaeal pure and enrichment cultures rep-
resenting all four characterized thaumarchaeal clades. In general, all thaumarchaeal
strains synthesize similar lipid types conFsisting of consisting mainly of glycerol dibi-
phytanyl glycerol tetraethers with monoglycosidic, diglycosidic, phosphoxehose and
hexose-phosphoxose headgroups. However, the relative abundances of these lipids as
well as their core lipid composition di�er signi�cantly among the thaumarchaeal phylo-
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genetic 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

eury- and crenarchaeal strains and environmental samples from the equatorial North

Pacific Ocean, we further demonstrate that the apolar lipid methoxy archaeol is synthe-

sized 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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Figure X.2. (A) 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.
(B) 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 individ-
ual cyclized intact polar GDGTs). Cultures from similar habitats show close relatedness in their
intact polar lipid compositions.
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