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Abstract 

 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has been 

implemented as a means to separate and detect tetraether lipid cores derived from the 

complex lipids of Archaea. Distinct dissociation pathways during tandem mass 

spectrometry were noted for the lipid cores, providing information regarding their 

structure on-line. Analysis of cellular material from species of Methanothermobacter 

and Sulfolobus revealed tetraether lipid cores which contain up to four cyclopentyl 

rings per etherified alkyl chain, including structures identified previously in each 

genera. Identical structures were similarly identified in novel isolates from New 

Zealand hot springs. Product ions in the MS/MS spectra of the lipid cores include 

those formed from individual losses of both ring-containing C40 alkyl chains, 

allowing the reported structures to be verified with respect to the distribution of the 

rings within the two chains. A number of additional, hitherto unreported isomers and 

higher homologues of the ring-containing structures were resolved, both 

chromatographically and/or by characteristic product ions in MS/MS. Structures in 

which the two chains appear to be conjoined by a covalent link were also identified 

in Ignisphaera aggregans, the first such identifications in a Euryarchaeote. The 

array of structures revealed highlights both the complexity of the archaeal lipidome, 

which is more extensive than has been attributed previously, and the potential of LC-

MS/MS as a powerful tool for probing tetraether lipid core structure. Ether lipid 

cores extracted from ancient aquatic sediments and contemporary soil were used to 

investigate the scope of LC-MS/MS for profiling of extremely complex distributions 

sourced from ecological communities as opposed to single organisms. Over 100 

ether lipid components in total were identified during the studies, the vast majority 

of which represent novel structures. These include isoprenoid lipid cores of known 

archaeal origin and structures which may represent their transformation products; 

triolic structures in which one of the two capping glycerol moieties has been lost and 

chain or glycerol methylated higher homologues. A wealth of non-isoprenoid lipid 

cores were similarly identified, with inferred structures suggestive of a eubacterial or 

mixed eubacterial/archaeal origin. The components, once constrained to more 

specific origins, may be of chemotaxonomic value for use in modern environmental 

profiling or in palaeoecological reconstructions made using fossilised lipid cores.
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1.1. Archaea 

 

In the classification system for life proposed by Woese et al. (1977; 1987; 1990), the 

Archaea represent one of the three domains, evolutionarily distinct from both the 

eubacteria and eukaryota (Fig. 1.1). The archaeal domain is extremely antiquated, 

having diverged from the ancestral line of the eubacteria in the primaeval biosphere 

(Fox et al., 1980; Woese, 1987). The slow rates of evolution identified for some 

archaeal species indicate that contemporary archaea within these lineages may 

represent some of the most primitive forms of extant life (Woese, 1987). More 

conservative ages, however, have also been proposed recently (Blank, 2009). Within 

the archaeal domain, four phylogenetically distinct kingdoms have been identified: 

Euryarchaeota, Crenarchaeota, Korarchaeota and Nanoarchaeota
†
. The second pair 

are rare, with the Korarchaeota being defined largely on the basis of distinct 

archaeal 16S rRNA sequences observed in environmental settings (Barns et al., 

1996; Elkins et al., 2008) and the Nanoarchaeota represented by a sole known 

symbiont (Huber et al., 2002), the phylogenetic placement of which has been 

questioned (Brochier et al., 2005). Euryarchaeota and Crenarchaeota (Woese et al., 

1990), on the other hand, are of widespread occurrence in the environment. Prior to 

1992, archaea were believed to be restricted to distinctive and extreme ecological 

niches, such as the rumen of ruminents and other anoxic environments (Zeikus, 

1977), hypersaline environments (Grant and Ross, 1986), volcanic hot springs (e.g. 

Brock et al., 1972) and hydrothermal vents (e.g. Jones et al., 1983). As such, they 

were typically categorised into three phenotypically distinct groups, comprising 

extreme halophiles, methanogens and thermophiles (Woese, 1987). More recently, 

however, archaea have been identified as major contributors to the pelagic biomass 

of the world’s oceans (up to 20% of all picoplankton), indicating that archaea can 

survive and actively compete in mesophilic conditions (Fuhrman et al., 1992; 

DeLong, 1992; Karner et al., 2001; DeLong, 2006). Furthermore, their high 

abundances in natural marine environments indicate that they play important roles in 

the major cycles of elements, particularly the carbon and nitrogen cycles (Francis et 

al., 2007). 

                                                 
†
 A fifth distinct kingdom, the Thaumarchaeota, which segregates the mesophilic members of the 

Crenarchaeota, has also recently been proposed (Brochier-Armanet et al., 2008; Spang et al., 2010). 
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Fig. 1.1. The universal phylogenetic tree of life based on 16S rRNA sequences 

(Woese et al., 1990), with the phylogeny of the archaeal branch shown in detail 

(adapted from Schleper et al., 2005). 

 

Several distinct clades of archaea are now known to contribute to oceanic 

ecosystems, including Marine Group I Crenarchaeota and Group II Euryarchaeota, 

which represent the major pelagic species (DeLong, 2006; 2007 and references 

therein). Group I Crenarchaeota can live at variable depths within the water column 

(e.g. Damsté et al., 2002a) and appear to be chemolithoautotrophic, aerobically 

oxidising ammonia to nitrite as a source of energy and utilising bicarbonate or 

carbon dioxide derived therefrom as a carbon source (Pearson et al., 2001; Wuchter 

et al., 2003; Könneke et al., 2005). Less is known about the Group II Euryarchaeota, 

largely due to the lack of a representative isolate from the clade (Turich et al., 2007). 

Molecular biomarker approaches (both genetic and lipid-based) have identified a 

significant community of viable archaea living within the marine benthos and in 
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deep sub-surface sediments (see Teske and Sørensen, 2008 for an extensive review 

of the topic). Other studies have indicated that methanotrophic (ANME) archaea, 

which live in syntrophic consortia with sulfate-reducing eubacteria, are found to be 

abundant in sediments with a substantial methane through-flux, such as cold seep 

carbonates and mud volcanoes (Hoehler et al., 1994; Hinrichs et al., 1999; 2000; 

Boetius et al., 2000; Orphan et al., 2001; 2002; Pancost et al., 2001b). These 

organisms are believed to be responsible for large scale anaerobic oxidation of 

methane, also known as AOM (Orphan et al., 2002 and references therein), a process 

responsible for significant turnover of the methane released into oceanic 

environments (Reeburgh, 2007).  

 

In addition, archaea have been identified in a number of non-marine environments in 

which moderate conditions prevail, such as freshwater lakes (Powers et al., 2010 and 

references therein), peat bogs (e.g. Schouten et al., 2000; Weijers et al., 2004; 2006a; 

Liu et al., 2010) and soils (e.g. Leininger et al., 2006; Weijers et al., 2006b). 

 

1.2. Lipids of the Archaea 

 

1.2.1. Typical features and biosynthesis 

 

All members of the Archaea synthesise complex polyisoprenoid ether lipids, unique 

to this domain, which are used within the cellular membranes of the organisms to 

confer structure. The complex ether lipids, often referred to as intact polar lipids 

(IPLs), typically comprise an ether lipid core derived from glycerol which is capped 

by modified phosphate and/or glycosyl head groups (De Rosa and Gambacorta, 

1988a; Sturt et al., 2004). Interestingly, the stereochemistry of the glycerol moieties 

established during biosynthesis of the lipids is also unique, with the hydrophobic 

chains in the structures exclusively bound to the sn-2 and sn-3 carbinols of the polar 

groups (De Rosa and Gambacorta, 1988a). By contrast, eukaryotic and eubacterial 

lipids typically comprise mainly saturated or unsaturated straight chain fatty acids, 

ester-bound to glycerol at the sn-1 and sn-2 positions (see Section 1.3 for contrary 

examples of non-archaeal ether lipids). The simplest ether lipid core is archaeol (1; 

see Scheme 1.1), a glycerol dialkyl diether (GDD) lipid which comprises two C20 
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phytanyl (i.e. 3,7,11,15-tetramethylhexadecanyl) chains ether-linked to a glycerol 

group exhibiting the unique sn-2,3 stereochemistry (Kates, 1972). The isoprenoid 

chains in this core are biosynthesised via the classical mevalonate pathway and, as 

phosphorylated geranylgeraniol units, are condensed onto a glycerol-1-phosphate 

template (Koga, and Morii 2007; Scheme 1.1). Subsequent additions of head groups 

followed by hydrogenation of the geranylgeranyl chains yield complex lipids 

containing 1 as the core.  

 

 

Scheme 1.1. A condensed synthetic route to formation of archaeal GDD and GDGT 

lipids, including both IPL and core structures, of which examples are given. P 

represents a phosphate group. R represents a generic polar headgroup. 

 

In some archaea, two complex lipids based on 1 can undergo an intermolecular 

dimerisation, whereby the terminal carbons of the phytanyl chains are coupled via 

formation of two new C-C bonds, establishing a pair of C40 biphytanyl (i.e. 
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3,7,11,15,18,22,26,30-octamethyldotriacontanyl) hydrocarbons (Nemoto et al., 

2003). The chemical mechanism through which this coupling occurs is currently 

unknown, although the process is inhibited in Thermoplasma acidophilum by 

addition of a squalene epoxidase inhibitor to the inoculated growth medium (Kon et 

al., 2002; Nemoto et al., 2003). On a more fundamental level, there is debate as to 

whether the geranylgeranyl chains in the cores of the lipids involved in this coupling 

are fully saturated or contain remnant double bonds (Koga and Morii, 2007; Eguchi 

et al., 2000; 2003). One feature of the coupling that is more extensively understood 

is the apparent lack of specificity for the orientation of the GDD precursors prior to 

condensation; it appears that coupling of the precursors is equally favourable 

whether the two glycerol groups are initially aligned parallel or antiparallel to one-

another (Gräther and Arigoni, 1995). As such, subsequent dephosphorylation of the 

dimerisation products yields anti and syn isomers of the tetraether lipid caldarchaeol
†
 

(2a and 2b, respectively), the simplest examples of glycerol dialkyl glycerol 

tetraether (GDGT) lipid cores (Scheme 1.1).  

 

 

 

 

 

Fig. 1.2. Structures of the archaeal lipids GTGT 3 and GMD 4. 

 

Acyclic caldarchaeol (3; Fig. 1.2), a glycerol trialkyl glycerol tetraether (GTGT) 

lipid, has also been observed in a number of thermophilic and mesophilic archaea 

(De Rosa and Gambacorta, 1988a; Uda et al., 2000; Hopmans et al., 2000; Schouten 

et al., 2008b; 2008c; de la Torre et al., 2008; Pitcher et al., 2010) and aquatic 

sediments (Hopmans et al., 2000; Schouten et al., 2000; Pancost et al., 2001b; 

2006). The lipid is presumably formed when the intermolecular cross coupling does 

not proceed to completion following formation of the first C-C bond (de la Torre et 

al., 2008). Interestingly, macrocyclic archaeol (4), denoted here as a glycerol 

                                                 
†
 This term was first used by Nishihara et al. (1987b) to describe GDGT 2a in Methanobacterium 

thermoautotrophicum and, in a more general sense, to provide a systematic descriptor for other 

dialkyl and trialkyl tetraether lipids that had been found previously in Caldariella acidophila (e.g. De 

Rosa et al., 1977b). Here, it is used in a restricted fashion, solely as a formal name for lipid 2a. 
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monoalkyl diether (GMD) lipid,  has also been identified in Methanocaldococcus 

jannaschii (formerly Methanococcus jannaschii), an isolate from a deep-sea 

hydrothermal vent (Comita et al., 1983; 1984; Sprott et al., 1991), tentatively in two 

other members of the Methanococcales (Koga et al., 1998) and in cold seep settings 

(Birgel and Peckmann, 2008a; De Boever et al., 2009). As M. jannaschii also 

synthesises GDD 1 (Comita et al., 1983; 1984; Sprott et al., 1991), it is conceivable 

that GMD 4 may be formed via an intramolecular coupling between two terminal 

methyl groups on the opposing phytanyl chains of a single GDD lipid. A direct 

biosynthetic link between 1 and 4, however, has yet to be established conclusively. 

  

1.2.2. Structural variation 

 

Other GDD lipids to have been identified (Fig. 1.3) include structures containing one 

phytanyl ether-bound chain and one sesterterpanyl (i.e. C25; 3,7,11,15,19-

pentamethylicosane) ether-bound chain (5; De Rosa et al., 1982; 1983a; 1986; 

1988a; Upasani et al., 1994; Qiu et al., 1999; Romano et al., 2007; Wang et al., 

2007; Lipp et al., 2008; 2009) or, otherwise, containing two ether-bound 

sesterterpanyls (6; De Rosa et al., 1983a; 1988a; Sako et al., 1996; Morii et al., 

1999; Tachibana et al., 2000). The sn-2 and sn-3 hydroxyarchaeols 7 and 8, 

respectively, which contain both a phytanyl and a 3-hydroxy-3,7,11,15-

tetramethylhexadecanyl chain, have been identified in a number of archaea (Ferrante 

et al., 1988; 1989; Sprott et al., 1990; 1993; 1997; 1999; Nishihara and Koga, 1991; 

Swain et al., 1997; Koga et al., 1998) and in environmental settings which harbour 

archaeal organisms (e.g. Hinrichs et al., 1999; 2000; Pancost et al., 2000; 2001a; 

2001b; Blumenberg et al., 2004; Schubert et al., 2006; Thiel et al., 2007a; 2007b; 

Niemann and Elvert, 2008; Stadnitskaia et al., 2005; 2008). Dihydroxyarchaeols 

containing two hydroxylated phytanyl chains (e.g. 9; Orphan et al., 2002; Kelley et 

al., 2005; Thiel et al., 2007a; Rossel et al., 2008; Bradley et al., 2009b) and an 

extended hydroxyarchaeol (10; Stadnitskaia et al., 2008; Chevalier et al., 2010), in 

which the chain-bound hydroxyl group is located at the C-7 position of a 

sesterterpanyl chain (i.e. yielding a 7-hydroxy-3,7,11,15,19-pentamethylhexadecanyl 

chain), have also been identified in marine microbial mats and in carbonates from 

cold seeps. In addition, polyunsaturated archaeols (11), hydroxyarchaeols (12) and 
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sesterterpanyl GDDs (precise structures unknown), most likely precursors of the 

saturated diethers, have been identified in a variety of archaea (e.g. Nichols et al., 

1992; 2004; Hafenbradl et al., 1993; Upasani et al., 1994; Qiu et al., 1998; 2000; 

Gonthier et al., 2001; Nishihara et al., 2002; Gibson et al., 2005; de Souza et al., 

2009). A monounsaturated archaeol structure identified in Mediterranean mud dome 

sediments (Pancost et al., 2001b) and belonging to this lipid set has been suggested 

as a possible transformation product of hydroxyarchaeols (Ekiel and Sprott, 1992; 

Nichols et al., 1993). A bis-phytanyl diether tetritol (13), containing an unusual 

1,2,3,4-tetrahydroxybutane group in place of glycerol, has been identified in a 

methanogen (De Rosa et al., 1986; Trincone et al., 1988), although a biosynthetic 

origin for this component has been disputed (see Koga et al., 1993b). 

 

 

Fig. 1.3. The variety of archaeal GDD lipid cores identified to date. 

 

Variation in GDGT lipid core structure is often provided by the incorporation of 

cyclopentyl (Cp) moieties within the aliphatic chains of the tetraether lipid cores 

(e.g. 14-21; Fig. 1.4). Mesophilic and thermophilic members of both the 

Euryarchaeota and Crenarchaeota are known to synthesise tetraether lipids 

containing between 0 and 8 Cp rings in total, with up to 4 rings per biphytanyl chain 

(De Rosa and Gambacorta, 1988a; DeLong et al., 1998; Damsté et al., 2002b). 

Interestingly, despite the large number of potential GDGT structures conceivable 

from pairwise combinations of the known ring-containing biphytanes, only a handful 

of lipids have been identified to date, both in environmental samples and in archaeal 

cultures. This restriction appears to be due, in part, to controls on the positions in 

which the rings are incorporated within the alkyl chains (De Rosa et al., 1980c). 
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Further limitation is attributable to the small number of combinations of the alkyl 

chains that appear to be adopted, with all such tetraether molecules definitively 

identified to date exhibiting biphytanyl pairs that differ by, at most, two Cp rings (De 

Rosa and Gambacorta, 1988a; Thurl and Schäfer, 1988; Schouten et al., 2000; 

Pancost et al., 2001b). GTGT lipids containing up to four Cp rings have been 

identified in a thermophilic Crenarchaeote (de la Torre et al., 2008), with a GTGT 

structure containing one Cp ring located on a biphytanyl chain similarly identified in 

mud domes associated with methane seeps (Hopmans et al., 2000; Pancost et al., 

2001b). GMD lipids containing one or two Cp rings (22 and 23, respectively; Fig. 

1.4) have also been identified in carbonates from cold seep environments 

(Stadnitskaia et al., 2003; 2005; van Dongen et al., 2007; Birgel and Peckmann, 

2008a; De Boever et al., 2009). The apparent absence of ring-containing relatives of 

1, and occurrence of Cp ring-containing derivatives of 2-4 suggests that ring 

formation occurs either simultaneous to, or following generation of C40 isoprenoid 

chains during ether lipid biosynthesis. A mechanism involving α methyl- methylene 

cyclisation within a coupled biphytanyl chain has been proposed (Weijers et al., 

2006a), although this has yet to be confirmed either in vitro or in vivo. Cobalamins 

have, however, been proposed as speculative, but plausible, catalytic agents which 

may mediate the cyclisation processes (Galliker et al., 1998). A novel pair of Cp 

ring-containing GDGT lipids, crenarchaeol and its regioisomer (24 and 24’’, 

respectively; Fig. 1.4), which also contain a cyclohexyl (Ch) ring in addition to four 

Cp rings, have been identified in cultures of Crenarchaeota (Damsté et al., 2002b; 

Schouten et al., 2008c; de la Torre et al., 2008; Pitcher et al., 2010) and within the 

environment (e.g. Schouten et al., 2000; 2002; Pearson et al., 2004; Powers et al., 

2004; Weijers et al., 2004; 2006a; 2006b; Pitcher et al., 2009b). An additional 

GDGT core, 25 (Fig. 1.4), containing one Ch and five Cp rings has also been 

identified in a moderately themophilic Group I.1b Crenarchaeote (Pitcher et al., 

2010). Homocaldarchaeol (26a; Fig. 1.4), a GDGT core which contains an additional 

branching methyl group at the C-13 chain position of one of the two ether-bound 

biphytanyl chains by comparison with 2, has been identified along with two syn 

isomers (e.g. 26b) in a thermophilic methanogen (Galliker et al., 1998). A GMD 

lipid core containing a similar α,-dietherified C41 isoprenoid chain was tentatively 

identified in a hydrothermal sulfide chimney (Blumenberg et al., 2007). The location 
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of the non-isoprenoid methyl group within the chain was different to that of the C41 

chain in homocaldarchaeol  (Blumenberg et al., 2007). 

 

 

 Fig. 1.4. The variety of archaeal GDGT, GDCT and GMD lipid cores identified to 

date. A previously identified isomer of 26a and 26b, in which the additional methyl 

group with respect to 2a and 2b is located at the C-20 as opposed to C-13 chain 

position (Galliker et al., 1998), is not shown, nor is a GMD lipid core containing an 

α,-bound C41 chain (Blumenberg et al., 2007). 

 

A series of isoprenoid lipid cores (2c and 14c-21c; Fig. 1.4), containing 0-8 Cp rings 

and of greater polarity than the similarly cyclised GDGT lipid cores, have also been 

identified in members of the archaeal order Sulfolobales (De Rosa et al., 1977a; 

1980c; 1983b; 1988a), in several aquatic sediments (Sturt et al., 2004; Biddle et al., 
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2006; Lipp et al., 2008; 2009) and in a peat bog (Liu et al., 2010). The structures of 

the lipids closely resemble those of GDGT structures, sharing the same isoprenoid 

hydrocarbons, but are furnished with a polyol as opposed to a glycerol moieity at one 

end of the structure. The other end of each structure retains the glycerol group found 

in the analogous GDGT lipids. The polyol was originally classified as nonitol and 

was described as an open chain (4-hydroxymethyl)-1,2,3,4,5,6,7,8-

octahydroxyoctane group (De Rosa et al., 1977a; 1980a). As a consequence, lipid 

cores containing this polyol were denoted as glycerol dialkyl nonitol tetraether 

(GDNT) lipids (De Rosa and Gambacorta, 1988a). Subsequent structural 

characterisation has, however, confirmed that the polyol is calditol (see Fig. 1.4), 

which contains seven hydroxyl groups and a cyclic five-membered saturated ring of 

carbon atoms (Koga and Morii, 2005 and references therein). A reclassification of 

lipids which contain the polyol under the nomenclature glycerol dialkyl calditol 

tetraether (GDCT) should, therefore, prove to be more appropriate. 

 

Recently, another new family comprising glycerol monoalkyl tetraether (GMGT) 

lipids, which contain C80 isoprenoid hydrocarbons and are often referred to as H-

shaped lipids, have been identified in thermophilic representatives of the 

Euryarchaeota (27-31; Fig. 1.5). A structural relative of 2, H-shaped caldarchaeol 

(27), in which the two biphytanyl chains are conjoined by a C-C covalent link, was 

identified in the thermophilic methanogen Methanothermus fervidus, although the 

precise position of the link was only assigned tentatively (Morii et al., 1998). This 

lipid was also identified in the thermophilic methanogen, Methanothermobacter 

thermautotrophicus (Morii et al., 1998) and subsequently in four strains of the 

Euryarchaeotal order Thermococcales grown at 85
o
C (Sugai et al., 2004). Lipid 27 

has also been identified in sediments in a number of non-thermophilic environments, 

suggesting that GMGT lipids are not exclusive to thermophilic archaea (Schouten et 

al., 2008a). Additional structural variation in monoalkyl tetraether lipids has been 

observed in Aciduliprofundum boonei, a thermophilic Euryarchaeote that inhabits 

deep sea hydrothermal vents (Reysenbach et al., 2006). This archaeon was shown to 

synthesise GDGT lipids, lipid 27 and a series of structures which were assigned as 

GMGT lipids containing 1-4 Cp rings (28-31), although the structures of the GMGT 

lipids were not confirmed fully (Schouten et al., 2008b). On the basis of these 
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assignments, it was noted that the ratio of GDGT to GMGT lipids containing the 

same number of rings in A. boonei was approximately constant, suggesting that the 

GMGT lipids are synthesised directly from their GDGT counterparts. Consequently, 

it is most likely that the Cp rings in the C80 isoprenoid hydrocarbons in the GMGT 

lipids occur at analogous positions to those in individual C40 chains in GDGT lipids.  

 

 

Fig. 1.5. The variety of archaeal GMGT lipid cores identified to date. The position of 

the covalent link between the isoprenoid chains in GMGT lipids is not known 

conclusively. Consequently, its placement is tentative based on previous reports of 

the structures (Morii et al., 1998; Schouten et al., 2008a; 2008b). 

 

Glycerol monoalkyl monoether (GMM) lipid cores, containing either an sn-2 or an 

sn-3 glycerol-bound phytanyl chain (32 and 33, respectively; Fig. 1.6), have also 

been identified previously in archaea (Joo et al., 1968; De Rosa et al., 1986; 1988a; 

Sprott et al., 1990) and in environments in which these organisms live (Jahnke et al., 

2001; Orphan et al., 2001; Pancost et al., 2001b; Oba et al., 2006; Chevalier et al., 

2010). Notably, however, acidic degradation of hydroxyarchaeols can yield the 

GMM cores (Sprott et al., 1990; Ekiel and Sprott, 1992), hence these structures may 

represent transformation products as opposed to authentic biosynthetic products. 

 

 

 

Fig. 1.6. The structures of archaeal GMM lipid cores containing ether-bound 

phytanyl chains. 
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1.3. Eubacterial ether lipids  

 

1.3.1. General features 

 

Although acyl lipids are the most common components of eukaryotic and eubacterial 

membrane envelopes, some species of eubacteria are known also to produce 

membrane lipids containing ether linkages (e.g. Caillon et al., 1983; Langworthy et 

al., 1983; De Rosa et al., 1988b; Huber et al. 1992; 1996; Wagner et al., 2000; 

Jahnke et al., 2001; Rütters et al., 2001; Damsté et al., 2002c; 2004; 2005; 2007; 

Paściak et al., 2003; Ring et al., 2006; Sturt et al., 2004; Boumann et al., 2006; 

Rattray et al., 2008). Notably, in all cases where stereochemical assignments were 

made, an sn-1,2 glycerol stereochemistry was established for these components; a 

key structural feature which distinguishes them from archaeal-derived lipids. An 

additional discriminatory feature of the eubacterial ether lipids is the inclusion of 

non-isoprenoid hydrocarbons as the hydrophobic component of the molecule (cf. 

isoprenoid hydrocarbons found in archaeal lipids). The ether lipids typically contain 

straight chain or branched chain hydrocarbons and/or “ladderanes”, the latter being 

alkyl chains which contain linearly concatenated cyclobutyl rings (i.e. l, m, p and q; 

Fig. 1.7 and Table 1.1). Many of the unusual non-isoprenoid alkyl chains represented 

in the ether lipids have also been identified in eubacteria as the related fatty acids 

(see Kaneda, 1991; Damsté et al., 2002c). 

 

1.3.2. Structural variation 

 

A remarkable variety of non-isoprenoid ether lipids and mixed ether/ester lipids have 

subsequently been identified in natural environments, matching or complementing 

those found in the eubacterial cultures (Fig. 1.7 and Table 1.1). Pancost et al. 

(2001a) reported three series of non-isoprenoid GDD lipid cores containing ether-

bound normal, iso or anteiso alkyl chains exhibiting 14-17 carbon atoms and 0-1 

cyclopropyl or Ch rings in a cold seep carbonate. Subsequently, the known variety of 

GDD lipid cores has been extended following analysis of lipid extracts from 

hydrothermal vent chimneys, with a total of over 40 structures being assigned 

tentatively (Bradley et al., 2009a). These structures include lipids containing 13-19 
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carbons within each ether-bound chain. Additional GDD structures containing C20 

and C21 alkyl chains have also been identified in hot spring microbial communities 

(Jahnke et al., 2001), while GDD cores containing unusual combinations of shorter 

alkyl chains have been identified in hot spring silica sinters (Pancost et al., 2006) 

and in a hydrothermal sulfide (Blumenberg et al., 2007). Furthermore, at least ten 

ladderane-containing GDD lipid cores were identified in enrichment cultures of 

Planctomycetes from wastewater treatment plants, with a similar variety of glycerol 

monoether/monoester structures containing ladderane chains also reported (Damsté 

et al., 2002c; 2004; 2005; Boumann et al., 2006; Rattray et al., 2008). An extensive 

variety of non-isoprenoid GMM lipids containing identical or very similar alkyl 

chains have also been observed (Caillon et al., 1983; Langworthy et al., 1983; Huber 

et al., 1992; 1996; Hinrichs et al., 2000; Orphan et al., 2001; Damsté et al., 2002c; 

2005; 2007; Pape et al., 2005; Pancost et al., 2005; 2006; Boumann et al., 2006; 

Rattray et al., 2008; Bouloubassi et al., 2009; Bradley et al., 2009b; Jagersma et al., 

2009; Chevalier et al., 2010; Kinnaman et al., 2010; Opperman et al., 2010). It has, 

however, been suggested that the GMM lipids may represent the lyso forms of 

glycerol monoether/monoester lipid cores (Langworthy et al., 1983; Rütters et al., 

2001). 

 

 

Fig. 1.7. Some of the unusual hydrocarbons found in the eubacterial GMM and GDD 

lipids shown in Table 1.1. Three additional monoether lipids, containing either an 

unusual polar terminus or membrane-spanning alkyl chains, are also shown. 
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In addition to ether lipids containing a single glycerol substrate, a series of non-

isoprenoid GDGT lipids have also been identified, including 34-42 (Fig. 1.8), which 

are found predominantly in terrestrial or coastal environments (Damsté et al., 2000; 

Schouten et al., 2000; Weijers et al., 2006a; 2006b; 2010). These lipids contain 

13,16-dimethyloctacosanyl and/or 5,13,16-trimethyloctacosanyl chains (i.e. 34-36) 

which, in some of the lipids (i.e. 37-42), have been modified to include a Cp ring. An 

sn-1,2 stereochemistry was confirmed for the glycerol moieties in 35, precluding an 

origin for this lipid from archaea (Weijers et al., 2006a). It has been suggested that 

these GDGT lipids may be formed via coupling of two non-isoprenoid GDD lipids, 

mirroring the process for tetraether lipid formation in the Archaea (Damsté et al., 

2000; Weijers et al., 2006a). Formation of 34 by this route could occur, for example, 

via the coupling of a pair of GDD molecules which each contain i-C15 chains bound 

to both sn-1 and sn-2 glycerol carbinols. Notably, the carbon termini of the iso 

chains are almost identical to those found in the phytanyl chains in GDD 1, which 

are cross-coupled during formation of GDGT 2. As discussed above, GDD lipids 

containing i-C15 chains are, themselves, indicative of a eubacterial origin, strongly 

suggesting that GDGTs 34-42 are also synthesised by eubacteria. Furthermore, an 

α,-13,16-dimethyloctacosanoic diacid, which contains an identical alkyl chain to 

the C30 chain found in GDGT 34, has been identified in several species belonging to 

the eubacterial genus Thermoanaerobacter (Jung et al., 1994; Lee et al., 2002; Balk 

et al., 2009) and is utilised in bis-glycerol tetraester lipids (Jung et al., 1994; Lee et 

al., 2002). GMD lipids containing C30-C35 methyl-branched, non-isoprenoid alkyl 

chains have also been identified in hot spring (Pancost et al., 2005; 2006) and cold 

seep (Blumenberg et al., 2007) environments and in marine iron sulfide nodules (van 

Dongen et al., 2007). Blumenberg et al. (2007) determined the C30 and C31 chains in 

two of these lipids (e.g. 43; Fig. 1.8) to be identical to those found in GDGTs 34-36 

and proposed that the C32-C35 chains in the remaining lipids were more heavily 

methyl-branched variants of these structures. 
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Table 1.1. The variety of GMM and GDD lipid cores of confirmed or suspected 

eubacterial origin identified to date
a
. 

 

 
R2b H 

C13     C14                C15                                          C16 

 n n i ? n i ai ? n i ai a b D c d 

      R1b                   

       H    + +  + + + + + +    +   

C13 ai         +          

C14 

n    +   +     +  + +    

i    +          + +    

ai              + +    

D                +   

C15 

n   +c +   +    +   + +    

i    +    +   +   + +  + + 

ai    + +   + +    + + +    

C16 

?          +         

n    +       +        

ai              + +    

a           +   + +    

b           +   + +    

D                +   

C17 

?                   

n                   

ai                   

e                   

k    +   +    +   + +    

C18 
?      +             

n                   

C19 
?      +             

n                   

C20 
n                   

p  +  + +  + +   + +     + + 

                    

a
 Compiled from Liefkins et al., 1979; Langworthy et al., 1983; Huber et al., 1992; 1996; Hinrichs et al., 

2000; Jahnke et al., 2001; Orphan et al., 2001; Pancost et al., 2001a; 2006; Damsté et al., 2005; Rattray et 

al., 2008; Bradley et al., 2009a; Opperman et al., 2010 and references therein. 

b
 R1 is the sn-2 ether-bound chain, R2 the sn-1 ether-bound chain; H = hydrogen; n = normal isomer; i = 

iso-branched isomer; ai = anteiso-branched isomer; ? = saturated chain (undisclosed structure); D = chain 

which contains one double bond equivalent (undisclosed structure). Letters in bold face represent unusual 

chain isomers (structures for which are shown in Fig. 1.7).  

c
 (+) = Lipid identified previously. In some cases, the orientation of chains within the lipid core is not 

known and, consequently, R1 and R2 may be interchanged from the orientations shown. 
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C17 C18 C19 C20 C21 
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 + + + +     + + + + + +    + + + + +   + 

                          

                          

                          

                          

                          

                          

    +  + +                   

         +                 

+                          

 +           +     +         

  +         +               
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            +      +    +   + 
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                      +    
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Table 1.1. (cont.) 
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Fig. 1.8. The variety of GDGT lipid cores, confirmed or suspected to be eubacterial 

in origin, identified to date. Four of the GMD lipid cores which are believed to 

originate from eubacteria are also shown. An isomer of GDGT 36, tentatively 

identified by Weijers et al. (2010), is not shown. 

 

A study into the lipids of species belonging to the eubacterial order Thermotogales 

led to identification of a different set of non-isoprenoid ether lipids (Damsté et al., 

2007). These included GMM lipids (see Table 1.1), mixed ether/ester lipids (i.e. 

monoether/monoester, monoether/triester, diether/diester and triether/monoester) and 

GDGT lipids containing diabolic acid chains (see Clarke et al., 1980; Carballeira et 

al., 1997 for the origin of the nomenclature) or the saturated derivatives thereof. 

More specifically, the GDGT lipids contained either one saturated diabolic (i.e. 

15,16-dimethyltriacontanyl) chain and one 13,14-dimethyloctacosanyl chain (44; 

Fig. 1.8), or otherwise two saturated diabolic chains (45) as the ether-bound moieties 

(Damsté et al., 2007). GMD lipids containing unmethylated (46), monomethylated 

(47) or dimethylated (48) saturated diabolic chains (Fig. 1.8) were among cores of 

this class identified in authigenic carbonates from sulfur mines (Baudrand et al., 

2010). 
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Two lipids, one a GDD core and the other a GDGT core (49 and 50, respectively; 

representative structures shown in Fig. 1.9), which appear to show structural features 

that are a hybrid between those typical for archaeal ether lipids and those typical for 

their eubacterial equivalents have been identified in aquatic sediments (Thiel et al., 

1999; Schouten et al., 2000). GDD 49 was tentatively assigned to contain an ether-

bound phytanyl chain, typical of archaea, and an ether-bound n-C16 chain, common 

in eubacterial lipids (Thiel et al., 1999). Unfortunately, the positions of the alkyl 

chains with respect to the glycerol carbinols was not determined. GDGT 50, on the 

other hand, was shown to contain one ether-bound 3,7,11,15,18-

pentamethyltriacontanyl chain and one ether-bound 3,7,11,15,18-

pentamethyldotriacontanyl chain, although the orientation of the chains within the 

lipid was not determined (Schouten et al., 2000). These two chains can be considered 

to comprise a phytanyl chain condensed with an i-C15 or an i-C17 chain, respectively. 

Both of these iso chains are typical products of eubacterial biosynthesis (see Table 

1.1). The apparent paradoxical observations of domain-distinct hydrocarbons in the 

same lipids, and the ensuing question of their biogenic origin, are yet to be resolved. 

 

 

 

 

Fig. 1.9. Representative structures for unusual ether lipids containing alkyl chains 

which represent a hybrid between typical archaeal and eubacterial hydrocarbons. The 

distribution and orientation of the chains is not known for either lipid; consequently, 

the orientations shown are arbitrary choices made solely for illustrative purposes. 

 

Although some eukaryotes also produce glycerol ether lipids, including 

plasmalogens (a major compound class which are also found in some eubacteria), 

these components are not further discussed. 
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1.4. Ether lipids as biomarkers 

 

1.4.1. Isoprenoid lipids of archaeal origin 

 

Important analytical developments which revolutionised the identification of archaea 

in natural environments include the invention of the polymerase chain reaction (Saiki 

et al., 1988 and references therein) and the subsequent developments of fluorescence 

in-situ hybridisation (FISH; see Levsky and Singer, 2003) and a more sensitive 

extension of the latter technique, catalysed reporter deposition FISH (CARD-FISH; 

see Pernthaler et al., 2002; Ishii et al., 2004). These techniques have facilitated the 

amplification or fluorescent labelling of archaeal-specific DNA or 16S rRNA 

sequences found in environmental samples, allowing identification of the archaea, 

including those species which prove resistant to cultivation, that are living in situ 

(e.g. Fuhrman et al., 1992; DeLong et al., 1992; 1999; Karner et al., 2001; Teira et 

al., 2004; Herndl et al., 2005; Rossel et al., 2008; Jagersma et al., 2009). A 

complementary approach to use of genetic markers for the identification of archaea 

has been to profile ether lipids in the environment. As  ether-linked isoprenoid IPLs 

and their naked ether lipid cores are specific to the Archaea, both classes of 

compound serve as suitable biomarkers for the domain. It has been widely accepted 

that, following cell death, the polar head groups in IPLs from the cell membrane are 

rapidly hydrolysed over the order of a few days (Harvey et al., 1986), leaving only 

the remnant lipid cores. Consequently, ether-linked isoprenoid IPLs present in the 

environment have been used as biomarkers for living archaeal cells, whereas core 

lipids have typically been used to indicate a dead or fossilised archaeal signature 

(e.g. Lipp et al., 2008; 2009; Pitcher et al., 2009a; Huguet et al., 2010). This 

assertion has, however, been challenged recently following a theoretical prediction 

of the rates of decay of phosphatidyl and glycosyl lipids in marine environments 

(Schouten et al., 2010). Following these calculations, the authors suggested that, 

although the phosphatidyl-capped IPLs are probably hydrolysed over a short 

timescale, the glycosyl-capped IPLs may persist over much longer time periods and 

be encapsulated into the developing sediment. This appears to be supported by the 

identification of fossilised glycolipids of heterocystous cyanobacterial origin in 49 

million year old sediments (Bauersachs et al., 2010). 



 

Table 1.2. Distributions of isoprenoid lipid cores within the different phyla of the Archaea as reported to date
a
. 
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Lipid(s)    Apparent Specificity 

GDD 

1  +b + + + +  + + + + + + + + + +   

5-6   +          +   +c    

7-10    +      + + +   + + +   

11-12        +     +   +c +   

GMD 
4          +     +    Methanocaldococcaceae / ANME 

22-23               +    Methanotrophs 

GTGT 
3    + +       +     +   

+ Cp rings     +               

GDGT 

2  + + + + +  + + + + +  + + + +   

14-17  + + + +   +    +   +  +   

18-21  +  +    +    +        

24, 24’’, 25     +              Group I Crenarchaeota 

26           +        M. marburgensis 

GDCT 2c, 14c-21c    +               Sulfolobales 

GMGT 
27        +         +  Euryarchaeota? 

28-31                 +  A. boonei 

                     

a Compiled from De Rosa and Gambacorta, 1988a; Sprott et al., 1990; Upasani et al., 1994; Galliker et al., 1998; Uda et al., 2000; Gonthier et al., 2001; Stadnitskaia et al., 2003; Blumenberg et al., 2004; Koga and Morii, 2005; 

Schouten et al., 2007c; 2008b; 2008c; de la Torre et al., 2008; De Boever et al., 2009; Pitcher et al., 2010 and references therein. 

b (+) indicates at least one species from the phylum produces at least one of the categorised lipids. 

c Sesterterpanyl and unsaturated GDDs noted for some Methanosarcinales (De Rosa and Gambacorta, 1988a; Nichols et al., 1992) may have been confused with degradates of GDD 7 (Sprott et al., 1990; Ekiel and Sprott, 1992).
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Organic matter of biogenic origin preserved in aquatic sediments can also provide a 

record of planktonic productivity in the overlying waters, allowing the ecology, and 

often the in situ conditions present during deposition, to be determined. In marine 

environments, the major flux of archaeal GDGT lipid cores into the developing 

sediment appears to be sourced from epipelagic archaea, probably Crenarchaeota, 

inhabiting the shallower depths (<100 m) of the water column (Wuchter et al., 2005; 

2006). IPLs detected in deep sub-surface sediments could, therefore, either be 

representative of a fossilised signal from these pelagic archaea or, as has been 

suggested (Lipp et al., 2008; 2009), reflect the viable community of archaea living 

within the sediments. In all likelihood, however, the IPL signal is attributable to a 

mixed origin from the two sources (Schouten et al., 2010). Fossilised GDGT lipid 

cores, on the other hand, have been identified in ancient sediments from as old as the 

Upper Jurassic (Ventura et al., 2007 and references therein), suggesting that the lipid 

cores can be preserved over geological timescales. Their long term survival in such 

sediments is believed to be a consequence of the stability of the ether linkages to 

chemolysis, thermolysis and enzymatic breakdown (Pease et al., 1998 and references 

therein). Consequently, in cases where the sediment is stratified and in which the 

different strata can be reliably dated, changes in the archaeal population within the 

body of water overlying the sediment can be reconstructed as a function of time via 

interpretation of the stratigraphy of the lipid core distributions.  

 

Some ether lipid cores are produced by a myriad of different archaea (Table 1.2) and, 

consequently, whilst they serve as domain-specific biomarkers, their identification 

does not allow classification of the species present to more specific phyla. For 

instance, GDD 1 is found in the vast majority of the Archaea for which lipid profiles 

are available (e.g. De Rosa and Gambacorta, 1988a; Koga and Morii, 2005; 

Schouten et al., 2008c), probably reflecting its status as a key intermediate in the 

biosynthesis of other types of lipid core (e.g. GTGT, GDGT and GMT cores; see 

Section 1.2.1). In addition, 1 has been identified in a number of disparate 

environments including hydrothermal environments (e.g. Blumenberg et al., 2007), 

terrestrial soils (e.g. Gattinger et al., 2003) and methane cold seeps, in the latter case 

probably originating from ANME organisms (e.g. Blumenberg et al., 2004; Niemann 

et al., 2008; Rossel et al., 2008). Similarly, GDGT 2 and Cp ring-containing GDGT 
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lipid cores 14-21 can originate from a variety of source organisms and, thus, are non-

specific (e.g. De Rosa and Gambacorta, 1988a; Pancost et al., 2001b; Damsté et al., 

2002b; Schouten et al., 2007c). Several of the known ether lipids, on the other hand, 

are apparently restricted to a select group of archaea and, consequently, serve as 

more specific biomarkers (Table 1.2). Crenarchaeol (24) and its regioisomer (24’’), 

for example, appear to be restricted to species of Group I Crenarchaeota involved in 

aerobic oxidation of ammonia, including both mesophilic (Damsté et al., 2002b; 

Schouten et al., 2008c) and thermophilic (de la Torre et al., 2008; Pitcher et al., 

2009b; 2010) organisms. 

 

1.4.2. Non-isoprenoid lipids of eubacterial origin 

 

Eubacterial ether lipid cores present in natural environments can also serve as 

biomarkers, on occasion with reasonable taxonomic specificity. For example, GDD 

and GMM lipids exhibiting chains containing 14-18 carbons have been used as 

markers for sulfate-reducing eubacteria within AOM consortia in marine 

environments (e.g. Hinrichs et al., 2000; Pancost et al., 2001a; Niemann and Elvert, 

2008). Other GDD and GMM lipids, with chains containing 15-21 carbons, have 

been used to reveal the presence of hyperthermophilic eubacteria in hot spring silica 

sinters and microbial mats (Jahnke et al., 2001; Pancost et al., 2005; 2006; Kaur et 

al., 2008). A ladderane GMM, present either as an IPL structure or as its lipid core, 

has been used as a biomarker for organisms involved in anaerobic oxidation of 

ammonia (Anammox) in marine environments (e.g. Kuypers et al., 2003; Wakeham 

et al., 2007; Jaeschke et al., 2009).  

 

In spite of their “orphan” status (i.e. the fact that no biological progenitor for these 

lipids has been identified to date; Weijers et al., 2009), some of the most widely used 

eubacterial ether lipid biomarkers are GDGT lipids 34-42. Evidence is, however, 

beginning to accumulate to suggest that the eubacterial species which produce the 

lipids are anaerobes or facultative aerobes (Weijers et al., 2006a), are heterotrophic 

(Oppermann et al., 2010) and reside within the Acidobacteria (Weijers et al., 2009; 

Peterse et al., 2010) or, possibly, within the Alphaproteobacteria or Actinobacteria 

(Liu et al., 2010). Structures 34-42 are often found to be the dominant GDGT lipids 
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in continental environments such as soils (Hopmans et al., 2004; Weijers et al., 

2006b; 2007c), peats (Schouten et al., 2000; Weijers et al., 2006a), rivers (Herfort et 

al., 2006b; Kim et al., 2006; 2007) and lakes (Schouten et al., 2000; Blaga et al., 

2009; 2010; Damsté et al., 2009). By contrast, they typically represent a much 

smaller proportion of the total GDGT profiles of marine sediments, particularly those 

deposited in stretches of open ocean (Schouten et al., 2000; Hopmans et al., 2004). 

This has led to the suggestion that the organisms that produce 34-42 are indigenous 

to terrestrial soils and are transported to aquatic environments via fluvial processes 

such as surface run-off or erosion (Hopmans et al., 2004). The identification of the 

lipids in marine and lake sediments can, therefore, indicate an allochthonous input of 

terrestrial material into the site. In order to quantify the effect, Hopmans et al. (2004) 

proposed the BIT index (Equation 1.1), an index relating the relative proportions of 

34-36 to the proportion of crenarchaeol (24), as a proxy for terrestrial soil input into 

aquatic environments.  

 

    

(1.1) 

 

 

Although 24 is found in soils, the proportion of this lipid relative to 34-36 is 

typically very low in such samples (Hopmans et al., 2004; Weijers et al., 2006b). 

Consequently, the vast majority of 24 identified in an aquatic sample is likely to 

have been produced within the water column, allowing 24 to be used as a fully 

autochthonous end-member. Likewise, as 34-36 are assumed to be formed solely in 

soils, they represent, as a lipid set, a fully allochthonous end-member within the 

marine environment. The BIT index, therefore, provides an approximate measure of 

the extent of admixing between the two end-members; a BIT value of 0 implies that 

all lipids have an autochthonous origin, whereas a BIT value of 1 implies that all 

lipids are terrigenous. Between these extremes, the closer the calculated BIT value to 

1, the greater the inferred input of continental organic carbon. The proxy has 

subsequently been used to trace inputs of exogenous terrestrial organic carbon both 

in contemporary studies and in geochemical studies implemented to reconstruct 

[34] + [35] + [36] 

[34] + [35] + [36] + [24]  
BIT = 
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ancient aquatic environments (e.g. Menot et al., 2006; van Dongen et al., 2008; 

Yamamoto et al., 2008; Kim et al., 2009a; 2009b; Smith et al., 2010). 

 

Several factors can, however, potentially complicate interpretations made using the 

BIT index regarding transport of organic matter. In particular, the assumptions 

regarding the nature of the end-members used in the index have had to be relaxed. 

Although crenarchaeol levels in most soils are typically low compared to the levels 

of non-isoprenoid lipids, some soils show more significant levels (Weijers et al., 

2006b; Leininger et al., 2006). Flux of terrestrially-derived 24 into aquatic 

environments would augment the pool of this lipid that was derived in situ, leading 

to an, albeit small, reduction in calculated BIT and, consequently, an 

underestimation of the extent of fluvial transport of terrestrial organic matter into the 

site. In addition, other studies have suggested that non-isoprenoid GDGT lipids may 

be produced in situ in lacustrine (Damsté et al., 2009; Tierney et al., 2009; 2010; 

Bechtel et al., 2010; Blaga et al., 2010) and marine (Peterse et al., 2009a) 

environments. As the autochthonous lipids are not discriminated from those derived 

from soil, their quantification via use of the BIT index could lead to an 

overestimation of the transported organic matter. Furthermore, whilst the BIT index 

does appear to correlate to fluvially transported input of soil-derived organic carbon, 

it does not account for aeolian transport (Hopmans et al., 2004) or for other forms of 

terrestrial organic matter, such as plant debris (Walsh et al., 2008). As such, 

calculated BIT values may underestimate the total terrestrial organic matter input, 

particularly in areas without a readily available soil or peat as an exogenous source 

(Walsh et al., 2008). 

 

Diagenetic effects also appear to have an influence on the BIT values determined for 

marine sediments. Huguet et al. (2008; 2009) examined turbidites from the Madeira 

Abyssal Plain and determined that crenarchaeol is more substantially degraded than 

the non-isoprenoid GDGT lipids following prolonged exposure to oxic conditions. 

This leads to substantial differences in BIT values between the oxidised and 

unoxidised sections of the turbidites, despite both sections of the sediment 

originating from the same depositional environment (see Huguet et al., 2008 and 

references therein). Consequently, whilst it appears that the BIT index can quantify 
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the degree of terrestrial organic matter preserved in such sediments, it does not 

necessarily reflect the quantity of organic matter actually transported from the 

continent (Huguet et al., 2008; 2009). 

 

An international study in which several laboratories partook in analysis of the same 

two sediment lipid extracts indicated that, whilst measurements made for BIT 

showed, in general, good reproducibility at each laboratory, the interlaboratory 

variation in the determined BIT values was much larger (Schouten et al., 2009). This 

was attributed to differential relative response factors for eubacterial lipids 34-36 to 

archaeal lipid 24 at the different laboratories. Experimental factors can, therefore, 

also introduce bias into the determination of BIT values. 

 

1.5. Homeoviscous adaptation of the archaeal membrane  

 

Whereas diether lipids are incorporated into a bilayer within the archaeal cell 

membrane (Fig. 1.10a; De Rosa et al., 1982; 1983a), tetraether lipids are 

bolaamphiphilic and, consequently, span the cell membranes (Fig. 1.10b; 

Langworthy et al., 1982; Gliozzi et al., 2002; Albers et al., 2006). The relative 

proportions of GDD, GMD, GTGT and/or GDGT lipids expressed by an archaeon 

are, to some extent, dependent on the kingdom and phylum to which the organism 

belongs. Halophilic archaea, for example, contain GDD 1 as their dominant 

membrane lipid whereas methanogenic archaea often show significant levels of 

GTGT 3 and GDGT 2 in addition to lipid 1 (De Rosa and Gambacorta, 1988a; Koga 

et al., 1993a; 1993b). Apart from phylogenetic differences, adaptive changes can 

also lead to variations in the ratio of lipids expressed by a particular organism. For 

example, varying the growth temperature of cultures of M. jannaschii results in 

differences in the average degree of archaeol cross-coupling observed, with more 2 

and 4 formed from 1 when the organism is stressed at increasingly high temperatures 

(Sprott et al., 1991). Equivalent increases in the ratio of 2 to 1 were observed in both 

Archaeoglobus fulgidus (Lai et al., 2008) and Thermococcus kodakaraensis 

(Matsuno et al., 2009) grown at incrementally higher temperatures. Such variations 

in lipid distributions are believed to reflect cellular responses that reduce membrane 

fluidity at elevated temperatures, effected by incorporating higher proportions of the 
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more rigid membrane-spanning lipids. Similarly, archaea can also show differing 

proportions of expressed diether and tetraether lipids during different phases of 

growth (Kramer and Sauer, 1991; Sprott et al., 1991; Morii and Koga, 1993; 

Matsuno et al., 2009). In one study, the proportion of GDGT lipid (as a percentage 

of the total membrane lipid) expressed by a set of archaea was found to correlate 

more strongly with the optimal pH than with the optimal temperature for growth of 

each organism (Macalady et al., 2004). This led to the suggestion that tetraether lipid 

expression in archaea is predominantly a mechanism which allows survival of the 

organisms in acidic conditions (i.e. at decreased pH).  

 

 

Fig. 1.10. Hypothetical archaeal cell membrane envelopes comprising: a) diether 

lipid bilayer; b) tetraether lipid monolayer. Adapted from De Rosa et al. (1982; 

1983a) with alterations made following consideration of Gulik et al. (1988). No 

known archaeon expresses all of the diether lipids shown in the composite bilayer 

shown in a). Archaeal membranes which are predominantly of b) character can 

contain an a) component and vice versa. 
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In addition to changes in the type of lipid core utilised in the cellular membrane, 

archaea can also adapt the isoprenoid chains expressed within the lipid cores to 

counteract changes in physiological conditions. The expression of sesterterpanyl 

chains in the diether lipids of some species of Halobacteriaceae is related to the 

salinity of the medium used for growth, although whether the proportion of 

sesterterpanyl-containing lipids expressed increases or decreases under elevated 

salinity is strain-dependent (Morth and Tindall, 1985). The average degree of 

unsaturation observed within the GDD lipids of the psycrophilic archaeon 

Methanococcoides burtonii increases upon growth of the organism at lower 

temperature (Nichols et al., 2004). On the other hand, the average number of Cp 

rings in the GDGT lipids of thermophilic archaea increases with increasing growth 

temperature (De Rosa et al., 1980b; Uda et al., 2001; 2004; Lai et al., 2008; Shimada 

et al., 2008). Similarly, an increase in the temperature of growth of Sulfolobus 

solfataricus and a second Sulfolobus species (genetically similar to Sulfolobus 

shibatae) leads to an increase in the average number of Cp rings incorporated into 

the GDCT lipids (De Rosa et al., 1980b; Murae et al., 2001; 2002). Ether lipid 

membranes consisting of structures containing more Cp rings are more tightly 

packed and have higher gel-to-liquid crystalline transition temperatures (Gliozzi et 

al., 2002 and references therein). Accordingly, adaptation of the proportion of Cp 

ring-containing lipids utilised in the membrane probably regulates its behaviour, 

perhaps altering the fluidity or proton permeability (Gabriel and Chong, 2000; 

Gliozzi et al., 2002). This adaptive behaviour appears to extend to species of 

mesophilic Crenarchaeota, which, at higher temperatures, also increase the number 

of rings incorporated into the GDGT isoprenoid chains (Damsté et al., 2002b; 

Wuchter et al., 2004; Schouten et al., 2007a). Temperature is, however, not the only 

physiological stress that leads to changes in the proportions of ring-containing 

tetraether lipids expressed by archaea: ambient pH (Shimada et al., 2008) and the 

presence (or absence) of oxygen during growth (Trincone et al., 1989) are also 

known to influence the degree of cyclisation observed in some organisms. In 

addition, one archaeon, Thermoproteus tenax, appears to vary the number of Cp 

rings in its membrane lipid cores depending on whether the organism is grown 

heterotrophically or autotrophically (Thurl and Schäfer, 1988). Sulfolobus 
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acidocaldarius, on the other hand, shows similar core lipid profiles irrespective of 

the nutritional status adopted by the organism during growth (Langworthy, 1977). 

 

The polar head groups in archaeal IPL structures are also subject to variation in 

response to changes in physiological conditions. The average number of glycosyl 

units in the polyglycosylated phospholipids of T. acidophilum, for example, 

increases with both increasing growth temperature and reducing pH (Shimada et al., 

2008). 

 

1.6. Molecular proxies for palaeotemperature 

 

A number of proxies have been devised for correlating parameters derived from 

molecular abundances to marine environmental temperature. These calibrations can 

then be applied to interpret similar measurements made for geological samples in 

order to aid in reconstructions of past oceanic temperatures. Many of the established 

proxies are based on inorganic measurements, such as isotopic (
18

O/
16

O; Urey, 1947; 

Epstein and Mayeda, 1953; Erez and Luz, 1983) or elemental (Mg/Ca; Elderfield and 

Ganssen, 2000; Sr/Ca; Beck et al., 1992) ratios of carbonates found in the fossilised 

shells of planktonic foraminifera or in corals. An organic palaeothermometer proxy, 

the U
k

37 proxy, based upon fossilised unsaturated alkenones originating from 

haptophyte algae, has also been developed (Brassell et al., 1986; Prahl et al., 1988). 

The alteration of the membrane lipids of mesophilic archaea and eubacteria in 

response to environmental temperature (Wuchter et al., 2004; Schouten et al., 2007a; 

Weijers et al., 2007c) has allowed GDGT lipid cores to be used as the basis set for 

two alternative organic molecular proxies for palaeotemperature; the TEX86 index 

and the MBT/CBT index for reconstruction of terrestrial mean annual air 

temperature (MAAT). 

 

1.6.1. TEX86 index 

 

The identification and quantification of the crenarchaeol regioisomers (24 and 24’’) 

and tetraether lipids containing 1-3 Cp rings (14-16) in sediments from both marine 

and lacustrine environments has led to the development of a proxy for temperature, 
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the TEX86 index (Equation 1.2), which shows positive correlation to increasing 

surface temperature of the water body at the time of sediment deposition (Schouten 

et al., 2002; Powers et al., 2004). 

 

  (1.2) 

 

 

    SST  =   (56.2 * TEX86) - 10.78   (1.3) 

 

The initial calibration, determined for contemporary environments using 44 marine 

surface sediments and their associated average overlying sea surface water 

temperatures (SSTs), employed a linear regression model (Schouten et al., 2002). A 

similar TEX86 calibration established using surface sediments from large lakes has 

also allowed extension of the proxy for use in reconstruction of continental 

freshwater palaeoenvironments (Powers et al., 2004; 2010). Sluijs et al. (2006) 

suggested that an alternative index, the TEX86’ index, in which the contribution of 

[16] to the denominator of the TEX86 index is removed, is more appropriate for 

reconstruction of subtropical arctic ocean temperatures. More recently, a larger data 

set, comprising 223 core-top sediments from a variety of worldwide locations, has 

allowed the proxy to be calibrated for use globally, with the correlation between 

TEX86 and SST (Equation 1.3) remaining linear for SSTs between 5-30
o
C (Kim et 

al., 2008). Using the same data set, Liu et al. (2009) independently suggested a non-

linear regression model for conversion of calculated TEX86 into SST. In a more 

extensive study, Kim et al. (2010) proposed two new logarithmic indices, TEX86
L
 

(Equation 1.4) and TEX86
H
 (Equation 1.5) with each index correlated to SST using 

linear regression (Equations 1.6-1.7). The new indices provide the best correlations 

to the global SST data set, with TEX86
H
 recommended for palaeoreconstructions of 

SSTs above 15
o
C and TEX86

L
 recommended for reconstructions in which SST is 

below 15
o
C (Kim et al., 2010). For reconstructions in which temperatures both 

above and below 15
o
C may be expected, such as polar oceans in past greenhouse 

environments, TEX86
L
 was suggested as the more reliable proxy. 

 

 

[15] + [16] + [24’’] 

[14] + [15] + [16] + [24’’]  
TEX86   = 
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(1.4) 

  

 

(1.5) 

 

 

   (1.6) 

 (1.7) 

 

Whereas changes in oceanic salinity can alter oxygen isotope ratios in foraminifera 

shells and, consequently, distort temperature reconstructions based upon 
18

O/
16

O 

ratios in the fossilised shell carbonates (Jaffrés et al., 2007 and references therein), 

the TEX86 proxy appears to be both salinity and nutrient independent (Wuchter et al., 

2004). Furthermore, given the excellent preservation characteristics of GDGT core 

lipids in ancient sediments, the proxy can be used in SST reconstructions from 

sediments of ages well in excess of the maximum age afforded from use of the Uk
37

 

index (~6 Ma; Schouten et al., 2002). Consequently, the SST calibrations have 

allowed widespread reconstruction of palaeotemperatures from as old as the 

Cretaceous via determination of the TEX86 indices of ancient sediments (e.g. 

Schouten et al., 2003b; Jenkyns et al., 2004; Dumitrescu et al., 2006; Hofmann et 

al., 2008; Forster et al., 2007).  

 

Despite the extensive usage and general success of the TEX86 palaeothermometer, a 

number of reports have identified factors which may bias TEX86 values and/or 

compromise the accuracy of temperatures reconstructed. These can include: changes 

in water column pH (Pearson et al., 2008), correlation of the sedimentary signal with 

subsurface water temperature as opposed to SST (Menzel et al., 2006; Huguet et al., 

2007; Lee et al., 2008), seasonal variation in epipelagic Crenarchaeota productivity 

and/or transport of the lipids produced by these organisms to the sediment (Wuchter 

et al., 2005; 2006; Herfort et al., 2006a; Huguet et al., 2007; Blaga et al., 2009; 

Powers et al., 2010), an unusual ecology of Crenarchaeota within the water column 

(Trommer et al., 2009), variable expression of the crenarchaeol regioisomer by 

[15] + [16] + [24’’] 

[14] + [15] + [16] + [24’’]  
TEX86

H
     = log 

[15] 

[14] + [15] + [16]  
TEX86

L
     = log 

SST      = (67.5 * TEX86
L
) + 46.9 

SST      = (68.4 * TEX86
H
) + 38.6 
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different species of marine Crenarchaeota or as a function of unidentified changes in 

growth conditions (Wuchter et al., 2004; Schouten et al., 2007a; Schouten et al., 

2008c; Pitcher et al., 2010), unusually high proportions of individual Cp-ring 

containing lipids in the sediment (Sluijs et al., 2006; Damsté et al., 2009), lateral or 

upward transport of archaeal lipid signatures within the water column (Herfort et al., 

2006a; Lee et al., 2008), long-term oxic degradation of GDGT lipids (Huguet et al., 

2009), thermal maturation of the sediment (Schouten et al., 2004), contributions of 

lipids from Euryarchaeota or active benthic archaea to the sedimentary pool (Shah et 

al., 2008; Blaga et al., 2009; Lipp et al., 2009; Powers et al., 2010), allochthonous 

input of terrestrially-derived isoprenoid lipids (Sluijs et al., 2006; Weijers et al., 

2006b; Blaga et al., 2009; Huguet et al., 2009; Powers et al., 2010), a more 

appropriate local, as opposed to global calibration (Trommer et al., 2009; Bechtel et 

al., 2010) and laboratory or analytical instrument-related inaccuracies (Schouten et 

al., 2009; Escala et al., 2009). The influence of such factors must be considered 

carefully before palaeotemperature reconstructions using the TEX86 index are 

attempted. 

 

1.6.2. MBT/CBT index 

 

Weijers et al. (2007c) identified apparent correlations between the relative 

proportions of branched non-isoprenoid GDGT lipids found in terrestrial soils and 

the in situ environmental MAAT and soil pH. Specifically, two indices calculated 

using the concentrations of 34-42 in the soils proved to be of particular use, the first 

relating to the degree of methyl branching in the lipids (the methylation index of 

branched tetraethers, MBT; Equation 1.8) and the second the logarithm of a 

parameter accounting for the degree of Cp ring expression within the lipids (the 

cyclisation index of branched tetraethers, CBT; Equation 1.9). 
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[34] + [35] + [36] 

[34] + [37] + [40] + [35] + [38] + [41] + [36] + [39] +[42]) 
MBT   =  

MBT   = 0.122 + (0.187 * CBT) + (0.020 * MAAT) 

CBT   = 3.33 – (0.38 * pH) 

  

(1.8) 

     

 

(1.9) 

 

 

(1.10) 

   (1.11) 

 

 

Principal components analysis of data obtained from an array of globally distributed 

soil samples indicated that changes in soil pH were largely responsible for variations 

in the values of CBT, whereas both MAAT and pH contributed to variations in MBT 

values (Weijers et al., 2007c). This led to the development of empirical calibrations 

for palaeoreconstruction of both continental soil pH and MAAT (Weijers et al., 

2007c). These calibrations (Equations 1.10-1.11) have subsequently been used to 

reconstruct ancient terrestrial MAATs via interpretation of branched non-isoprenoid 

GDGTs present in marine sediment cores, whose presence therein was attributed to 

fluvial transport from the continent (Weijers et al., 2007a; 2007b; Schouten et al., 

2008d; Donders et al., 2009).  

 

Whilst the relationships between the CBT and MBT indices and pH or MAAT have 

been qualitatively verified in other studies using contemporary soils (Damsté et al., 

2008; Peterse et al., 2009a; 2009b; 2009c; 2010) and lake (Tierney et al., 2010; Zink 

et al., 2010) or marine (Rueda et al., 2009) sediments, several authors have 

suggested that local calibrations may be more accurate predictors of MAAT than the 

global calibration (Damsté et al., 2008; Peterse et al., 2009b; Tierney et al., 2010; 

Zink et al., 2010). As discussed above (Section 1.4.2), evidence is emerging to 

suggest that, in addition to their production in soils, non-isoprenoid GDGT lipids 34-

42 may also be produced in lakes and in the ocean (Damsté et al., 2009; Peterse et 

al., 2009a; Tierney et al., 2009; 2010; Bechtel et al., 2010; Blaga et al., 2010). Both 

allochthonous and autochthonous non-isoprenoid GDGT lipid cores would be 

CBT   =     -log   
[37] + [38] 

[34] + [35] 
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preserved in the aquatic sediments under this regime, with lipids from the latter 

source more likely to reflect lake or sea water temperature than MAAT. As a 

consequence, a degree of restraint in using such sediments for reconstruction of 

continental MAAT has been advocated unless the origin of the non-isoprenoid 

GDGT lipid signal is clear (Tierney et al., 2009; Damsté et al., 2009; Peterse et al., 

2009a; Bechtel et al., 2010; Blaga et al., 2010).  

 

1.7. Instrumentation 

 

1.7.1. Gas chromatography 

 

Chromatography is a term used to refer to any process which can separate a mixture 

of components on the basis of their differential transfer equilibria between a mobile 

phase, used to carry the components, and an immobilised or stationary phase, 

through which they migrate (Skoog et al., 1998). One of the most widely used 

instrumental chromatographic techniques is gas chromatography (GC), which can 

facilitate the separation, detection and quantification of individual components in 

extremely complex mixtures. The physicochemical principle which underpins GC 

separation is the partitioning of analytes between a mobile gaseous phase and a 

liquid stationary phase at temperatures above their boiling points (James and Martin, 

1952). Notably, this requires that analytes are in a gaseous form at the onset of the 

separation.  

 

In modern GC instruments, samples are introduced by injection of a small plug 

(typically 1μL) of solution containing the mixture of components, whereby both the 

solvent and the dissolved analytes are flash volatilised. This can be mediated by 

injection into a vaporisation chamber, with subsequent carriage of the gaseous 

molecules onto a heated chromatographic column by the gaseous mobile phase 

(split/splitless injection). Alternatively, sample introduction can occur via injection 

directly onto the column followed by in situ vaporisation (on-column injection). The 

column is typically an open capillary tube (length 1-50 m) made of an inert, 

thermally conductive material (often fused silica) which is coated on its internal face 

with a thin film (0.1-5 μm thickness) of an immobilised thermostable liquid of low 
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volatility, which acts as the stationary phase. The column is seated in a thermostat-

regulated oven, which can be heated to temperatures of up to ~400
o
C as required. 

The temperature employed during the separation can either be fixed or gradually 

varied via temperature programming. An inert carrier gas (typically H2 or He) 

operated at a constant flow rate acts as the eluent, carrying the vaporised analytes 

through the column. The retention of each analyte on the column is foremost 

dependent on its volatility. Highly volatile components (for instance molecules of 

the  solvent) are sparingly soluble in the liquid film and, as the gaseous phase is 

mobile, these components rapidly migrate through the column and are eluted after 

only a short period of time. Components of lower volatility, on the other hand, have 

a greater propensity for dissolution and reside for longer periods on the column. The 

magnitude of this residence period, more commonly known as the retention time, 

increases with reducing analyte volatility, often leading to different retention times 

for molecules with distinct structures and, consequently, to their separation. Provided 

the analytical conditions remain constant, the retention times observed for a given 

analyte should be constant and, as such, this measurement proves to be of 

characteristic value. Factors related to instrument setup can affect absolute retention 

times including the column length and diameter, the film thickness, the carrier gas 

composition and its flow rate and the temperature program. The composition of the 

liquid film can influence not only the absolute retention times, but also the elution 

order of the analytes. A number of film chemistries are available, many of which are 

polyalkyl siloxanes, with polydimethyl siloxane the least polar option. Replacement 

of a proportion of the methyl substituents in the phases with other, more polar (e.g. 

phenyl) groups leads to greater retention of polar analytes. 

 

As molecules elute from the end of the column, they can be detected using one of a 

variety of different detectors, two of the most widely used of which are the flame 

ionisation detector (FID) and mass spectrometer (see Section 1.7.3). During FID 

detection, the eluting gaseous analyte stream is mixed with H2 and air and 

subsequently ignited. This generates ions which, over a given interval of time, 

provide a detectable current with a magnitude roughly proportional to the mass of 

reduced carbon that has been pyrolysed. As such, a plot of current vs. time generates 

a chromatogram which exhibits a series of peaks relating to eluting components. 
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Integration of the areas of these peaks, coupled to comparison with standards can 

allow for quantification of each analyte. 

 

1.7.2. High performance liquid chromatography 

 

One limitation of GC separation is the requirement for analytes to be in the gaseous 

state, which excludes analysis of non-thermally labile (i.e. those with a high polarity, 

large mass or containing long aliphatic chains) or thermally unstable components. 

An alternative instrumental approach for separation of mixtures is by high 

performance liquid chromatography (HPLC; often further abbreviated to LC). The 

retention of analytes which facilitates separation via HPLC occurs by transfer 

between solid and liquid phases (Skoog et al., 1998). As the sole requirement in this 

case is that analytes are soluble, HPLC can facilitate separation of components that 

are not GC-amenable. 

 

A liquid chromatograph used for HPLC typically comprises a high pressure pump, a 

solvent degasser, a solvent proportioning chamber, a sample injection system, a 

column oven, a detector and solvent transfer lines to connect the various 

components. The separation itself occurs on an interchangeable stainless steel 

column (length 5-30 cm) packed with a series of small, highly uniform particles of 

diameter of 2, 3, 5 or 10 μm, typically composed of a modified or non-modified 

silica. The column temperature can be regulated if required. Up to four separate 

solvents can be used to make up the eluent in some chromatographs, with these 

solvents degassed, mixed in appropriate proportions and pumped through the column 

at high pressure (typically ranging from 50-1000 bar). The analyte mixture is 

dissolved in a solvent chosen to closely match the initial eluent composition and 

injected as a small volume (usually 1-20 μL) into the pre-column flow. The analytes 

are carried onto the column and migrate along its length until they are eluted and 

detected, either via a spectroscopic technique or otherwise, a spectrometric technique 

(see Section 1.7.3). The rate of migration along the column and, consequently, the 

retention time of each analyte is governed by the column length and diameter, the 

column temperature and the eluent flow rate. The most influential factor, however, to 

affect the migration and separation of the analytes is the partitioning equilibrium of 
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each between the eluent and the stationary phase; as was discussed for GC, analytes 

which are partitioned into or absorbed onto the stationary phase more effectively will 

take longer to elute. The implicit interplay between the two phases provides the 

possibility to alter both analyte retention times and their elution order by modifying 

the characteristics of one or both of the phases. The simplest way in which analyte 

retention time can be altered is to change the polarity of the mobile phase; either by 

altering the solvents used during isocratic elution, in which the elutropic strength of 

the mobile phase does not vary, or by utilising gradient elution, in which the 

elutropic strength is gradually increased as a function of time. An alternative and 

more potent way of altering chromatographic behaviour is to utilise a different 

stationary phase and choose eluents which are appropriate for the chemistry of that 

phase. Such choices lead to chromatographic separations which fall into two main 

categories; normal- and reversed-phase HPLC. 

 

1.7.2.1. Normal-phase liquid chromatography 

 

In normal-phase HPLC, the stationary phase has a polar chemistry, with the column 

typically packed with silica or silica modified to bear bonded amino or cyano 

functionality. The mobile phase is of low to medium polarity, consisting of apolar 

solvents, usually n-hexane or n-heptane, mixed with small amounts of polar 

modifiers, such as ethanol, propanol, isopropanol or ethyl acetate. The mechanism of 

retention in normal-phase HPLC is believed to be through adsorption of analytes 

onto the stationary phase via hydrogen bonding and dipole-dipole type interactions 

with the silanol or modified silanol groups on the sorbent (see Snyder et al., 1980; 

1982). Given the nature of the adsorptive interactions, the Lewis acidity/basicity and 

molecular polarisability of an analyte each contribute to its retention; in general, the 

more polar an analyte, the later its elution from the column. In competition with 

adsorption is the partitioning of the analyte into the mobile phase or displacement of 

the analyte by a solvent molecule, both of which are favoured if the polarity of the 

eluent more closely resembles that of the stationary phase. As such, gradient elution 

in normal-phase HPLC proceeds by increasing the polarity of the mobile phase as a 

function of time to invoke elution of more strongly retained analytes. 
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1.7.2.2. Reversed-phase liquid chromatography 

 

In reversed-phase HPLC, the stationary phase has an apolar chemistry, comprising a 

modified silica, bonded typically with octyl (C8) or octadecyl (C18) alkyl chains. The 

mobile phase consists of a polar eluent, usually an aqueous-based buffer with 

proportions of methanol, acetonitrile or isopropanol added. By contrast with normal-

phase HPLC, less polar analytes are retained for longer during reversed-phase 

HPLC, although the mechanism by which retention occurs is not fully understood. 

Nevertheless, two models for the retention process have been proposed. In the first, 

the partition model, the hydrocarbon chains in the bonded silanol groups are 

perceived to act as a bulk homogeneous liquid (Vailaya and Horváth, 1998). In this 

regime, analytes partition between this immobile hydrophobic liquid and the more 

polar mobile phase. As a result of both hydrophobic interactions with the polar 

eluent and lipophilic interactions with the bonded phase, analytes which are more 

apolar are partitioned more effectively into the hydrocarbon layer and elute later. In 

the second model, retention is assumed to occur via physical adsorption of analytes 

onto the alkyl chains, either at the interfacial surface with the solvent or deeper 

within the hydrocarbon layer (Nikitas et al., 2004). In this model, lipophilic 

molecules are adsorbed more strongly via increased Van der Waals interaction and, 

consequently, are retained for longer. As neither model can fully explain all of the 

experimental observations made regarding the phenomenon of reversed-phase 

separation, it has been suggested that both mechanisms may be in operation 

simultaneously (Rafferty et al., 2007). Furthermore, particles in reversed-phase 

columns typically contain some residual unmodified silanol groups, which can 

interact with hydrophilic groups in the analytes and affect retention (Welsch et al., 

1990). Irrespective of the retention mechanism, a reduction in eluent polarity 

facilitates earlier elution of analytes. As such, gradient elution in reversed-phase 

HPLC typically starts with the eluent at high polarity, which is subsequently reduced 

to elute strongly retained, apolar components. 
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1.7.3. Mass spectrometry and hyphenated techniques 

 

Mass spectrometry (MS) was developed in the early part of the 20th century (see de 

Hoffmann and Stroobant, 2002) as a technique to measure the mass-to-charge (m/z) 

ratios of ionic species in the gas phase. Subsequent instrumental developments have 

led to the widespread use of this technique as a tool for characterising organic 

molecules, even in samples where they are present in trace quantities. A typical mass 

spectrometer consists of a number of key parts: an inlet, through which a sample can 

be introduced; an ionisation source, used to produce gaseous ions from molecules; a 

mass analyser, which separates ions on the basis of m/z ratios; a detector, used to 

detect ions; a data processor, used to quantify and interpret the ion current and a 

vacuum pump (or series of pumps), used to evacuate charge-neutral gas molecules 

from the instrument. The information provided by the spectrometer is not restricted 

solely to the m/z charge ratio of the ionised species, but can also include the m/z 

ratios of its isotopomers (i.e. molecules with the same molecular formula but which 

contain different isotopes of some of the atoms) or of fragment ions formed from the 

species during or subsequent to ionisation. Together, these measurements can be 

used as characteristic fingerprints to confirm the presence of previously reported 

analytes or be used to infer the structure of novel molecules. 

 

The coupling of chromatographic techniques to mass spectrometry, to form so-called 

“hyphenated” techniques, has led to a revolution in analytical chemistry. One of the 

drawbacks of GC with FID detection is that the detector response is indiscriminate of 

the type of organic analyte pyrolysed. Gas chromatography-mass spectrometry (GC-

MS), on the other hand, provides information regarding the mass and structure of 

each separated component. Similarly, spectroscopic detectors used to detect analytes 

during HPLC, with the exception of evaporative light-scattering detection (ELSD), 

require some form of chromophore within the molecules. Liquid chromatography-

mass spectrometry (LC-MS) is not hampered by this restriction. 

 

The coupling of GC to MS was reasonably facile as both techniques require analytes 

to be in the gaseous phase. As such, GC-MS instruments often use classical 

ionisation sources, such as electron ionisation sources. The challenge in coupling 
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HPLC to MS was far more substantial; the large quantities of solvent which also 

elute along with the analyte in HPLC could either compromise the vacuum in the 

ionisation source or lead to trapping of the analyte via freezing of the solvent under 

the reduced pressure. As such, establishment of robust LC-MS relied upon the 

development of sources which facilitate ionisation at atmospheric pressure; namely 

electrospray ionisation and atmospheric pressure chemical ionisation. In both GC-

MS and LC-MS, a variety of different mass analysers have been employed, including 

magnetic sector, time of flight and ion trap analysers. 

 

1.7.3.1. Electron  ionisation 

 

Electron ionisation (EI; de Hoffmann and Stroobant, 2002) involves introduction of 

a gaseous sample into an ionisation chamber in a direction perpendicular to an 

accelerated electron beam (with electrons typically at 70 eV) formed by thermionic 

emission (Fig. 1.11). As the accelerated electrons collide with the gas molecules, 

they knock out electrons residing in the molecular outer electron shells, forming 

positive molecular ions (M
+•

). These odd-electron ions are often metastable, and 

undergo fragmentation to generate both odd- and even-electron ions typically of 

lower m/z. Upon exiting the ionisation chamber, the M
+•

 and fragment ions are 

focused and accelerated into the mass analyser. Subsequent detection of these ions 

yields an information rich mass spectrum which can be used to reconstruct the 

structure of the original analyte. 
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Fig. 1.11. Diagram of an EI source (adapted from de Hoffmann and Stroobant, 

2002). 

 

1.7.3.2. Electrospray ionisation 

 

Although the principle physical technique had been developed much earlier (Dole et 

al., 1968), electrospray ionisation (ESI) was fashioned for use in mass spectrometry 

in the mid-1980s, primarily as a tool to effect ionisation of macromolecules (see 

Fenn, 2002). It has henceforth blossomed into one of the most frequent choices of 

source for ionisation from liquid samples in modern MS instruments, on account of 

the significant analytical advantages that it provides. ESI facilitates ionisation of 

involatile and/or thermally labile components which are not amenable to EI. It is also 

deemed a “soft” ionisation technique as the ions formed have low residual energy 

and undergo little fragmentation post-formation. In addition, ESI can lead to 

formation of highly charged ions. Since m/z is the measurable quantity in MS, 

multiple charging of large molecules can generate ions with an m/z value within the 

operational range of available mass analysers. Consequently, macromolecules 

containing multiple ionisation sites, such as proteins, can be both ionised and 

detected intact by ESI MS. 
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Fig. 1.12. a) Diagram of an orthogonal ESI source, operated in positive ion mode 

(modified from de Hoffmann and Stroobant, 2002; Voyksner and Lee, 1999); b) 

magnification of the capillary tip, showing formation of the spray. 

 

During ESI, a solvent flow containing the analytes, originating either as the eluent 

from HPLC or introduced directly via syringe injection, enters the source via a thin 

conductive capillary. This capillary can be oriented parallel or orthogonal (as shown 

in Fig. 1.12a) to the inlet to the mass analyser depending on the design of the source. 

ESI can be operated either in positive ion mode (i.e. generating positive ions) or in 

negative ion mode (i.e. generating negative ions). In the first case, the capillary is 

held at a large positive potential and, in the latter case, at a large negative potential, 

typically of magnitudes ± 2-4 kV relative to a counter electrode located a few 

centimetres away. As solvent and encapsulated analyte molecules exit the capillary 

tip, they become charged by the field to a polarity identical to that of the capillary. In 
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the locale of the tip, a cone-shaped meniscus known as the Taylor cone is initially 

formed due to the surface tension of the liquid and the applied electric field (Fig. 

1.12b). A flow of nebulising (sheath) nitrogen gas aids in formation of a spray 

consisting of small, charged droplets (Bruins, 1998). Solvent evaporation processes 

subsequently lead to reduction in the size of the droplets, with analytes eventually 

desolvated as free gaseous species. Once formed, the free ions are drawn towards a 

transfer capillary by both electrostatic attraction and by the pressure gradient 

generated by differential vacuum pumping. The ions traverse a curtain (also known 

as auxiliary or drying) nitrogen gas flow, used to remove any residual solvent 

molecules, before being directed via a series of ion optics to the mass analyser.  

 

 

Fig. 1.13. Ionisation models for ESI: a) Charge residue model (Dole et al., 1968); b) 

ion evaporation model (Iribarne and Thomson, 1976). 

 

Two models have been proposed for how the droplet evaporation/desolvation 

processes may occur (Fig. 1.13). In the charge residue model (Dole et al., 1968), the 

reduction in droplet size leads to an increase in internal coulombic repulsion between 

charges, tending towards the Rayleigh limit. At this limit, the surface tension of the 

droplet is insufficient to maintain its integrity and Coulombic explosion occurs, 

generating a series of smaller charged droplets (Fig. 1.13a). By way of iterative 

fissions of this nature, the droplet size diminishes until a single charged analyte 

remains in the droplet. Evaporation of the remaining solvent yields the free ionic 

species in the gas phase, bearing the maximum charge supportable by the molecule 
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and afforded by the droplet. In the ion evaporation model (Iribarne and Thomson, 

1976), the droplet size is reduced as before. As ions are distributed towards the 

surface of the droplets, this leads to an increase in the surficial electric field. This 

increase can, in turn, facilitate direct desorption of charged analytes into the gaseous 

phase (Fig. 1.13b). In reality, the true mechanism may lie somewhere in between 

these two idealisms (Cole, 2000).  

 

Singly charged ions formed in positive mode ESI are typically protonated molecules 

([M+H]
+
) or cationised molecules, such as sodiated ([M+Na]

+
), potassiated 

([M+K]
+
) or ammoniated ([M+NH4]

+
) species. In each case, the ions which afford 

the charge are provided by the solvent in the eluent. Negative mode ESI leads to 

formation of deprotonated ([M-H]
-
) or anionised species (e.g. formylated molecules; 

[M+OCHO]
-
). Multiply charged ions can comprise a mixture of cationic or anionic 

species. 

 

1.7.3.3. Atmospheric pressure chemical ionisation 

 

In atmospheric pressure chemical ionisation (APCI), the flow of eluent containing 

the analytes is delivered into the source via a heated capillary, which can be aligned 

either parallel (as shown in Fig. 1.14) or orthogonal to the transfer capillary to the 

mass analyser in much the same fashion as discussed for the different source designs 

for ESI. As the solution ejects from the capillary it is nebulised, using a sheath 

nitrogen gas flow, into a vaporisation chamber where both solvent and analyte 

molecules are evaporated. On leaving the chamber, the vapour flow passes a high 

voltage (5-6 kV) corona discharge needle, which facilitates ionisation.  
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Fig. 1.14. Diagram of an APCI source (adapted from de Hoffmann and Stroobant, 

2002). 

 

When operated in positive ion mode, the corona needle discharges and ionises 

molecules of the nebulising N2 gas to create primary ions (Good et al., 1970; 

Horning et al., 1973; Equations 1.12-1.13). At atmospheric pressure, the primary 

ions undergo numerous collisions with solvent molecules from the eluent flow and 

the resultant gas phase reactions generate secondary ions (shown for H2O only; 

Equations 1.14-1.17). These ions, in turn, also participate in further gas phase 

reactions, transferring protons to other solvent molecules and to the analyte 

molecules, in the latter case generating [M+H]
+
 species (Equation 1.18). The 

[M+H]
+
 are then transmitted to the mass analyser as described for ESI in Section 

1.7.3.2.  

 

PRIMARY IONS:  N2 + e
-
  N2

+•
 + 2e

-    (1.12) 

N2
+•

 + 2N2  N4
+• 

+ N2   (1.13) 

SECONDARY IONS:  N4
+•

 + 2H2O  H2O
+•

 + 2N2   (1.14) 

    H2O
+•

 + H2O  H3O
+
 + HO

•   (1.15) 

    H3O
+
 + H2O + N2  H

+
(H2O)2 + N2  (1.16) 

    H
+
(H2O)n-1 + H2O + N2  H

+
(H2O)n + N2 (1.17) 
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Negative ion mode APCI involves entirely different mechanisms of gas phase ion 

formation, including electron capture, proton abstraction and anion adduction 

(McEwen and Larsen, 2009). As with ESI, APCI in either mode typically leads to 

little fragmentation of the positive or negative species formed. On account of the 

higher temperatures used in APCI than in ESI, the technique is less suitable for 

ionisation of components with low thermal stability. 

 

1.7.3.4. Ion trap mass spectrometry 

 

The first mass analysers separated ions through their differing parabolic motions in a 

static magnetic field (see de Hoffmann and Stroobant, 2002). Much later, designs for 

mass analysers which selected for different ions using electrodynamic fields were 

patented, including the Paul trap, also known as an ion trap (Paul and Steinwedel, 

1960). In its initial mode of operation, this device allowed stabilisation of ions of a 

single m/z ratio within a three-dimensional evacuated space. In the early 1980s, an 

alternative mode of operation for the device, know as the mass instability mode, was 

proposed (Stafford et al., 1984). In this mode, ions of differing m/z ratio could be 

trapped simultaneously before being ejected and detected, providing a means to 

generate mass spectra. 

 

The ion trap consists of three individual hyperbolic electrodes; two curved end-cap 

electrodes, positioned opposing one-another at a distance of 2z0, and a ring electrode 

of radius r0, aligned on an axis perpendicular to that between the end-caps (Fig. 

1.15). One of the end-cap electrodes contains an inlet aperture allowing ions to enter 

the trap, while the other contains several small perforations which allow ions to exit 

the trap and be transferred to a detector. During operation, an alternating potential at 

a radio frequency (RF) is applied to the ring electrode and the end-cap electrodes are 

grounded, creating a quadrupolar field (see March, 1997). Ions admitted into this 

field are subject to electrodynamic forces and undergo oscillatory motion at a 

frequency unique to each m/z, known as the secular frequency. The ion trajectories 

are complex due to the fluxionality of the potential well in which each ion resides 

but approximate to figure-of-eight (Lissajous) shapes (March, 1997). Ions which 

oscillate with stable trajectories are retained within the trap, whilst ions whose 
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trajectories become sufficiently radially destabilised (i.e. towards the ring electrode) 

collide with the electrode and are discharged. Ions whose trajectories become 

destabilised to a sufficient degree in the axial direction (i.e. towards the end-cap 

electrodes) can be ejected from the trap through the apertures in either the inlet or the 

exit electrode, with 50% of the ions ejected leaving through each. As such, mass 

spectra can be generated by purposeful axial destabilisation of ions, initiated by 

variations in the applied field, followed by their subsequent detection. Ion-ion 

repulsion leads to natural, as opposed to invoked, destabilisation of ion trajectories 

and, consequently, a constant pressure of helium (10
-3

 Torr) is incorporated into the 

trap as a damping gas. Through interactions with this gas, ions are collisionally 

“cooled” to lower kinetic energies, aiding their focusing towards the centre of the 

trap (Stafford et al., 1984). 

 

Fig. 1.15. Diagram of an ion trap analyser (apertures in end cap electrodes not 

shown). Dimensions for the Finnigan MAT LCQ ion trap spectrometer are also 

provided. 

 

The trajectories of ions within the trap are governed by a Newtonian differential 

equation which can be reframed into the classic Mathieu equation (see Jonscher and 

Yates, 1997; March, 1997). This equation has dimensionless parametric solutions, 

both for the axial direction, given by az and qz (Equations 1.19 and 1.20; taken from 
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-16zeU 

m(r0
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 + 2z0
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az     =  

8zeV 

m(r0
2
 + 2z0

2
)

2
 

qz     =  

March, 1997), and for the radial direction (similar, but not shown). Notably, az and 

qz are functions of the amplitude of the RF potential applied to the ring electrode (V), 

and, more importantly, to the inverse of the m/z ratio of the ion in question. 

 

      

(1.19) 

      

 

(1.20) 

 

 

az, qz  =  Dimensionless stability parameters; axial solutions to the Mathieu 

  equation 

z  =  Charge number of the ion 

e = Elementary charge 

U = Amplitude of the DC potential (applied to end-caps) 

V = Amplitude of the RF potential (applied to ring electrode) 

m = Mass of the ion 

r0 = Internal radius of the ring electrode 

z0 = Half of the axial distance between the end-cap electrodes 

 = Oscillatory frequency of the RF potential 

 

A plot of az against qz (for a fixed r0 and z0) generates a generic stability diagram 

(Fig. 1.16), in which regions of differing radial and axial stability resulting from the 

combination of the two axial parameters (as governed by selection of U, V and ) 

can be described. Projections of the az and qz values of ions of given m/z onto the 

diagram can either lie in regions representative of trajectories which are 

simultaneously stable in both axial and radial directions (i.e. for positive ions, the 

region shaded grey in Fig. 1.16) or, otherwise, which are unstable in at least one 

direction. It is apparent that, along the line az = 0, ions of all m/z values have stable 

radial trajectories, but also have stable axial trajectories provided the associated qz is 

below a threshold value (i.e. qeject = 0.908). It is for this reason that modern ion trap 

instruments operate with end-cap electrodes grounded (i.e. U = 0); provided the 
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initial choice for the magnitude of applied V is conservative, this facilitates the 

preliminary trapping of ions encompassing almost the entire m/z range. During 

operation, the magnitude of the RF potential applied to the ring electrode is gradually 

increased from its initial value, leading to a concomitant increase in the qz value of 

each ion. Once the qz value of a given ion exceeds qeject, the trajectory of that ion is 

no longer axially stable (i.e. the axial or z-component of its motion exceeds the 

dimensions of the trap) and, consequently, the ion is ejected. Since ions of low m/z 

surpass this threshold value at lower values of applied V, ions are ejected in order of 

increasing m/z ratio during the scanning procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.16. Generic stability diagram for positive ions in a quadrupolar field (adapted 

from Jonscher and Yates, 1997). 
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One operational restriction in the axial ejection of ions solely through RF potential 

ramping relates to a limitation in the maximum value of this potential (Vmax) that can 

be attained by typical instruments. As a result of this upper limit, ions with large m/z 

ratios can not be ejected solely by modification of the RF potential. To extend the 

operational range, ion trap instruments often utilise the process of resonance 

ejection. This is achieved by application of a supplementary alternating potential of a 

fixed frequency (f) to the end-cap electrodes. The axial component of the secular 

frequency (z) of an ion of given m/z is proportional to  (i.e. the frequency of the 

RF potential applied to the ring electrode) but also increases with increasing qz value 

(Jonscher and Yates, 1997). Thus, RF ramping will result in each ion gradually being 

brought into resonance (i.e. z = f) with the applied supplementary potential. 

Through power absorption, the z-component of the ion trajectory is increased under 

resonance and, provided the amplitude of the end-cap potential is sufficiently large, 

eventually exceeds the dimensions of the trap. Consequently, resonance ejection 

allows ejection of the ions at lower values of V, including ions of large m/z, which 

can be ejected at V < Vmax. 

 

1.7.3.5. Multistage tandem mass spectrometry 

 

As discussed in Sections 1.7.3.2 and 1.7.3.3, formation of [M+H]
+
 by APCI and ESI 

leads to little associated fragmentation. While this maintains a high ion current 

which, in turn, aids detection of the ion, no information is provided as to the 

structure of the molecule. Consequently, dissociation of the ion and measurement of 

the dissociation products by tandem mass spectrometry (MS/MS; or MS
2
) is often 

required to further probe structure (see de Hoffmann and Stroobant, 2002). Ion trap 

instruments are ideally designed for this purpose, allowing the necessary isolation, 

dissociation and scanning processes to occur sequentially in the same space. 

 

During a typical MS/MS experiment, precursor ions of a single m/z value are 

selected and isolated in the ion trap via resonance ejection of all ions of different m/z 

(March, 2000). In an operational sense, this is effected by ejection of ions with lower 

m/z as described in Section 1.7.3.4, followed by application of a notched waveform 

to the end-cap electrodes at fixed V, which leads to ejection of ions of higher m/z. As 
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this waveform encompasses a full range of frequencies but excludes the frequency 

equal to that of the z of the precursor ions, these ions are not ejected. The isolated 

ions are allowed to relax into the middle of the trap (typically with V set to give a qz 

of 0.2-0.3) before they are subjected to collision induced dissociation (CID). In CID, 

an oscillatory potential with a frequency equal to the z of the ions is applied to the 

end-cap electrodes. As the amplitude of this potential is small (explaining its 

frequent label as a “tickle” voltage), resonance excitation as opposed to ejection 

occurs. This excitation leads to an increase in the kinetic energy of the ions, with the 

final magnitude of energy dependent on the qz value of the precursor (qz,precursor), the 

amplitude of the resonance voltage and the period for which this voltage is applied 

(see Evans et al., 2000). These three settings are often combined into a single 

parameter, the “collision energy”, reported as a percentage of the maximum 

excitation energy that the instrument can provide. The excited ions undergo more 

energetic collisions with the molecules of helium gas in the trap and the excess 

kinetic energy is converted to internal energy, leading to dissociation of the 

precursor ions and yielding product ions. Where a number of different dissociations 

are possible, a statistical distribution of different product ions may be formed from 

the multiple precursor ions that occupy the trap. As the product ions have a different 

m/z ratio and, therefore, a different z to that of the precursor ions, they are 

unaffected by the applied resonance potential. As such, they do not undergo further 

CID but are collisionally cooled into the centre of the trap. Subsequent ejection of 

the product ions as described in Section 1.7.3.4 leads to acquisition of an MS/MS 

spectrum. Alternatively, product ions of a particular m/z can be isolated as described 

above and used as the precursors for a subsequent round of CID and so on. This 

process, known as multistage tandem mass spectrometry (MS
n
), can allow a detailed 

picture of the fragmentation pathways of organic ions to be established. Although 

multistage spectra up to MS
12

 have been obtained in some cases (Louris et al., 1990), 

the diminishing ion currents inherently observed after each round of CID/ion 

ejection usually prevent dissociation beyond MS
5
 or MS

6
. As ion trap instruments 

are compatible with HPLC, MS
n
 spectra can be recorded online for components 

separated from mixtures (i.e. LC-MS/MS and LC-MS
n
 analysis is possible using 

such instruments). 
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1.7.3.6. Low mass cut-off 

 

An inherent problem with tandem mass spectrometry when performed in an ion trap 

is the issue of product ion stability following CID. Although the precursor ions have 

stabilised trajectories at the qz value used during the process, product ions with m/z 

below a certain threshold value, the low mass cut-off (LMCO; typically ~25% of the 

precursor m/z value), will have qz values (at the applied V) which are above qeject. 

Consequently, the ions at m/z below the LMCO are lost from the trap as soon as they 

form and are not detected during the MS/MS or MS
n
 scan. Several approaches have 

been developed to circumvent the problem of LMCO, including high amplitude short 

time excitation CID and pseudo MS
3
 (Cunningham et al., 2006), pulsed q 

dissociation (Meany et al., 2007) and qz value optimisation (Yang et al., 2009). Each 

method is underpinned by a key principle; while the magnitude of V can be high 

during resonance excitation of the precursor ions, it must be lowered before the 

increased internal energies of these ions invoke their dissociation if product ions with 

m/z below the LMCO are to be trapped. 

 

The HCT ion trap (Bruker) has a feature called Panoramic (PAN) MS/MS, which 

uses the m/z values of the selected precursor ion and of the smallest product ion 

required to be visualised to perform CID in a manner most likely to give an 

information rich spectrum. Depending on these values, the precursor ion can be 

dissociated by conventional CID, reduced LMCO CID or fast excitation dissociation 

(Lubeck et al., 2007). In essence, the LMCO now approaches the value set for the 

minimum m/z which needs to be observed, which can be much lower than the value 

of the LMCO for conventional operation. As such, product ions as low as m/z 60 can 

be observed using this process, even from precursors with m/z > 1000. 

 

1.7.3.7. In-source CID 

 

As the only essential requirements for CID are an excitation voltage and an inert gas 

as a collisional buffer, the process is not restricted to the mass analyser and can also 

be invoked in the ionisation source of the mass spectrometer. More specifically, in-

source CID (sCID) occurs in the interfacial head space between the APCI/ESI source 
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and the mass analyser (Harrison, 1999). The excitation potential is typically applied 

to the skimmer (shown in Fig. 1.12a and Fig. 1.14), with the N2 curtain/drying flow 

serving as a collision gas. By contrast with trap-based CID, sCID does not include a 

precursor selection step and, as a consequence, ions of all m/z formed during 

ionisation are simultaneously excited. Those ions which are susceptible subsequently 

dissociate and a sCID MS spectrum can be recorded. 

 

1.7.3.8. Other ionisation sources and mass analysers 

 

Three other fundamental mass analyser designs were utilised in addition to ion trap 

instruments to obtain mass spectral data during the studies described herein; an 

orthogonal time of flight (oTOF) analyser, a quadrupole analyser and a Fourier 

transform-ion cyclotron resonance (FT-ICR) analyser. Similarly, another ionisation 

technique, matrix assisted laser desorption ionisation (MALDI), was also employed. 

Since the use of the analysers and/or ionisation source was restricted to a handful of 

experiments, discussion of the mode of operation of each analyser and of MALDI is 

beyond the scope of the thesis. Should further details be required, the principles of 

MALDI MS are covered in a number of literature reviews, including that of Zenobi 

and Knochenmuss (1998), which provides a concise introduction to the technique. 

For details regarding oTOF MS, an excellent review of the technique by Guilhaus et 

al. (2000) is recommended. Similarly, a review of FT-ICR MS by Marshall et al. 

(1998) is both comprehensive and accessible. Quadrupole mass analysers utilise 

similar physical principles to discriminate on the basis of m/z to those discussed for 

ion trap mass spectrometry in Section 1.7.3.4. More specific functional features of 

quadrupole analysers were adequately covered by Dawson (1986). 

 

1.7.4. Previous instrumental approaches for identification of ether lipids 

 

A number of analytical methods have been utilised to detect ether lipids, either as 

IPLs, as the remnant lipid cores (formed following purposeful degradation of the 

IPLs by acidic methanolysis or base hydrolysis, or by natural degradation of these 

components in the environment) or as further degradates. The earliest approaches 

focused on separation of IPL lipids using thin layer chromatography followed by 
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degradative analysis of each isolated component (e.g. Nishihara and Koga, 1987b). 

The stereochemistry of the glycerol groups could be elucidated from the optical 

rotation of the lipid cores (e.g. Langworthy et al., 1983) or selective degradates 

(Kates et al., 1967) or, in some cases, by 
19

F NMR of the (R)- and (S)-Mosher ester 

derivatives (Dale and Mosher, 1973) of the full lipid core (Weijers et al., 2006a). 

The alkyl chains within the structures, on the other hand, were typically 

characterised by GC and GC-MS as either alkyl halides, liberated from the parent 

structures following ether cleavage of the lipid cores with HI or BCl3 (or 

alternatively, BBr3) or as hydrocarbons following subsequent reduction of these 

halides with LiAlH4 or Zn/AcOH (see Panganamala et al., 1971; Koga and Morii, 

2006). Where possible, 
1
H and 

13
C NMR were also employed in lipid identification 

(e.g. Comita et al., 1984; De Rosa et al., 1977b; 1977c). Later, mass spectrometric 

methods were developed to identify the IPLs using fast atom bombardment MS 

(Sprott et al., 1997) or ESI MS (Murae et al., 2001; 2002), forgoing the use of a 

separation step. LC-MS/MS methodologies are now available to separate IPLs from 

complex mixtures on the basis of their differing polar head groups and determine the 

identity of these head groups online (e.g. Sturt et al., 2004). 

 

Time of flight-secondary ion MS has been used to identify ether lipid cores by direct 

analysis of environmental samples (Thiel et al., 2007a; 2007b), whereas MALDI MS 

(Macaladay et al., 2004) and ESI MS (Bode et al., 2008) have been used to identify 

the cores in lipid extracts from cellular material. Several chromatographic methods 

have also been developed to separate and detect ether lipid cores in their native form, 

including HPLC coupled with Fourier transform infrared spectroscopy (Mancuso et 

al., 1986) or ELSD (Shimada et al., 2002; 2008), supercritical fluid chromatography 

(DeLuca et al., 1986; Hedrick et al., 1991) or high temperature GC (Nichols et al., 

1993; Weijers et al., 2006a; Pancost et al., 2008). Other methods have utilised a 

preliminary chemical derivatisation procedure which furnishes the lipid cores with 

an active fluorophore or chromophore. In this manner, the 9-anthroyl (Bai and 

Zelles, 1997) or dinitrobenzoyl (Demizu et al., 1992) derivatives of ether lipid cores 

can be detected by HPLC coupled to a fluorescence or UV/Vis detector, respectively. 

Recently, GC-MS of diether lipid cores as their silylated derivatives has been the 

preferred methodological choice for their detection and characterisation (e.g. Pancost 



Chapter 1: Introduction 

 
 

 55 

et al., 2001a; Stadnitskaia et al., 2003; Blumenberg et al., 2007), although LC-MS 

has also been used to detect the unmodified structures in some studies (Turich et al., 

2007; Reigstad et al., 2008; Weijers et al., 2009). Tetraether lipid cores, on the other 

hand, are now almost exclusively detected via normal-phase LC-MS, which allows 

structures containing differing numbers of Cp or Ch rings to be separated, ionised 

via APCI and detected as the [M+H]
+
 species (Hopmans et al., 2000; Schouten et al., 

2007b; Escala et al., 2007). Whilst LC-MS analysis performed in this manner is 

sufficient to identify known tetraether lipid cores, NMR and/or degradative analyses 

are still required to ascertain structural information for novel tetraether core 

components (e.g. Damsté et al., 2002b). 

 

Quantitation of the relative abundances of tetraether lipids, a necessary requirement 

for calculation of TEX86, BIT, MBT and CBT indices, is typically achieved via 

integration of LC-MS peak areas in ion chromatograms for individual lipid 

components (Schouten et al., 2002; Hopmans et al., 2004; Weijers et al., 2007c). 

Absolute quantitation, on the other hand, can be achieved either via use of external 

standard curves (e.g. Weijers et al., 2007c) or use of a synthetic C46 GTGT lipid 

(Patwardhan and Thompson, 1999) as an internal standard (Huguet et al., 2006b), 

with the latter technique affording the greater degree of accuracy (Huguet et al., 

2006b). As both the structures and molecular masses of the different isoprenoid 

GDGT lipid cores are, in general, relatively similar, the differences in their mass 

spectrometric ionisation efficiencies are assumed to be small, or at the very least, are 

largely resilient to differences in experimental conditions (Schouten et al., 2009). 

The relative ionisation efficiencies of isoprenoid compared to non-isoprenoid lipid 

cores, on the other hand, appear to be much more susceptible to interlaboratory 

variation, probably reflecting the much larger difference in masses between the two 

compound classes (Escala et al., 2009; Schouten et al., 2009). 
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1.8. Summary and Aims 

 

Archaea are cosmopolitan organisms in the contemporary biosphere, living on land 

and in the ocean, over temperatures ranging from subzero through to the hottest 

temperatures known to support life. The cores of the membrane lipids of these 

organisms are thermally and chemically robust on account of ether linkages within 

the structures. They can be preserved over geological timescales, providing a record 

of past productivity of the Archaea. Due to physicochemical controls on the lipids 

formed in some environments, archaeal ether lipids can also be employed in 

palaeotemperature reconstructions. A whole host of ether lipid cores have been 

identified previously and serve as useful biomarkers for the archaeal domain. In 

general, however, most of the cores are common to several phylogenetically distinct 

organisms within the domain and, consequently, they are of little use as marker 

compounds for specific archaeal taxa. Ether lipid cores consistent with a eubacterial 

origin have also been identified although, apart from a few select cases, little is 

known about the phylogeny of the progenitor species for these lipids. Clearly, the 

identification of new biomarkers which may offer greater specificity would provide a 

distinct advantage in both determination of ecology in modern environments and in 

palaeoenvironmental reconstructions. The necessity for degradative analysis of novel 

structures proves a bottleneck in the identification and assignment of ether lipids. 

 

The main aim of the work presented in this thesis was to extend current LC-MS 

methodology for the analysis of ether lipid cores to provide online acquisition of 

MS
n
 spectra and assess the use of this technique for rapid, yet detailed, profiling of 

complex mixtures of such components. The work described focuses solely on lipid 

core structural analysis, predominantly describing tetraether lipid cores of the 

Archaea. Chapter 2 focuses on aspects of LC-MS/MS method development using 

lipid extracts from a model archaeon. Chapters 3 and 4 provide an assessment of the 

scope of the technique for profiling archaeal membrane lipids from cultured cell 

material, including the validation of the method against previous reports for several 

organisms. Novel structures and their potential value as biomarkers are also 

considered in these chapters. To conclude, Chapter 5 investigates the use of the 
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methodology for the identification of both known and novel structures in highly 

complex lipid extracts from environmental soils and sediments. 
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LC-MS/MS methodology for structural 

elucidation of tetraether lipid cores 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Publications resulting from work discussed in this chapter: 

 

Knappy, C. S.; Chong, J. P. J.; Keely, B. J.; 2009, Rapid discrimination of archaeal 

tetraether lipid cores by liquid chromatography-tandem mass spectrometry, J. Am. 

Soc. Mass Spectrom., 20, 1, 51-59. 
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2.1. Introduction 

 

2.1.1.  Limitations in previous methods for detection and structural elucidation 

of tetraether lipid cores 

 

From the first identification of archaeol, GDD 1, in the halophilic archaeaon H. 

cutirubrum (Sehgal et al., 1962; Kates et al., 1965), to the recent identification of 

GMGTs 27-31 (Morii et al., 1998; Sugai et al., 2004; Schouten et al., 2008b), ether 

lipid cores have proven to be challenging molecules to assign structurally. They have 

relatively large masses, are significantly polar, contain a myriad of stereocentres and 

often exhibit unusual structural motifs, such as isoprenoid chains containing 

cyclopentyl rings (De Rosa and Gambacorta, 1988a), all of which test conventional 

analytical methodologies. A number of analytical techniques have been employed to 

date in order to identify and characterise tetraether lipid structures in both an intact 

form, with attached polar head groups, and as core structures, in which the head 

groups have been removed (see Section 1.7.4). Each technique used to accomplish 

this, however, has its own caveats: for example, 2D TLC-NMR based approaches 

each have a sizeable limit of detection (LOD), restricting use to samples in which 

lipid concentrations are reasonably high. Chemical degradation procedures for 

examination of the hydrocarbon chains by GC and GC-MS analysis (De Rosa and 

Gambacorta, 1988a; Koga and Morii, 2006), are cumbersome and, consequently, 

difficult to apply to complex mixtures of lipids. In addition, degradative approaches 

destroy information regarding the particular combination of the chains within the full 

lipid structure. A significant advantage of use of APCI LC-MS for analysis of ether 

lipid cores is that the distinct cores of a sample can be separated from one another 

and analysed in an intact form, even if present at very low levels (typical LOD ~ 0.4 

ng on column; Schouten et al., 2007b). Furthermore, the only preparative step 

required before analysis is chromatographic isolation of the polar lipid fraction on 

alumina. Coupled to an analytical throughput faster than one sample per hour, LC-

MS leads to significantly greater sample turnover than can be achieved with other 

methods. One limitation of the current LC-MS methodology arises from use of only 

a single stage of mass spectrometric analysis to identify the tetraether lipids. Thus, 

the lipids are assigned on the basis of their retention times, the m/z of the protonated 
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molecule and observable fragment ions formed from losses of 18 (-H2O) and 74 (-

C3H6O2) m/z units in the mass spectra (Hopmans et al., 2000). These losses both 

arise from the glycerol moiety, a common biosynthetic precursor that is not 

exclusive to tetraether lipids. Futhermore, the neutral fragments lost do not include 

any of the core hydrocarbon architecture, making it impossible to differentiate 

between isobaric GDGT lipids that have different constituent biphytanyl partners. 

The potential for discovery of new tetraether lipids in archaea, particularly in novel 

strains, is significant. Consequently, a rapid method that is able to identify tetraether 

core lipids at low concentration in archaeal cellular material or environmental 

matrices and simultaneously provide a means to discriminate them on the basis of 

their structure would prove to be highly beneficial.  

 

2.1.2. Aims 

 

The aims of the work presented in this chapter were to extend current LC-MS 

methodology for tetraether core lipid detection to include online aquisition of tandem 

mass spectra and to investigate the use of this approach in the structural 

characterisation of lipid cores during chromatographic separation. 
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2.2. Results and Discussion 

 

2.2.1. Tetraether lipid core samples 

 

In order to provide tetraether core lipid material for analysis, aerobically harvested 

cells from a pure culture of Methanothermobacter thermautotrophicus strain ΔH 

(previously known as Methanobacterium thermoautotrophicum; Zeikus and Wolfe, 

1972; Wasserfallen et al., 2000), grown at 45
o
C or 70

o
C, were refluxed in acidic 

methanol to extract polar lipids and simultaneously cleave the phosphatidyl and 

glycosyl head groups of the component structures (Hopmans et al., 2000). M. 

thermautotrophicus ΔH (MTH(ΔH)) was chosen as a model organism for this study 

on account of the extensive body of previous literature which describes the core 

lipids of the organism (Grant et al., 1985; Nishihara et al., 1987a; 1987b; 1989), all 

of which suggest that it expresses GDGT 2a as the dominant tetraether lipid core. 

The simplicity of the MTH(ΔH) lipid core profile makes the organism ideal as a 

candidate for method development. Details regarding the organism, and a more 

extensive discussion regarding its lipid cores, are provided in Chapter 3.  

 

2.2.2. Ion trap mass spectrometry 

 

Initial studies focused on analysis of the lipid core material by mass spectrometry, 

tandem mass spectrometry and liquid chromatography-tandem mass spectrometry 

using a Finnigan MAT LCQ ion trap mass spectrometer (henceforth denoted LCQ). 

Following acquisition of a higher energy, higher capacity Bruker HCTultra ETD II 

ion trap instrument (henceforth denoted HCT), subsequent analyses were also 

performed using this second mass spectrometer. As the MS and MS/MS spectra 

recorded on the two instruments show significant differences, both are reported for 

the MTH(ΔH) extract, described in detail in this chapter for comparison. In 

subsequent chapters, it has often been sufficient to describe the spectra as recorded 

solely on a particular mass spectrometer.  
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2.2.3. Direct infusion MS (LCQ and HCT) 

 

2.2.3.1. MS spectra 

 

Direct infusion of a portion of the 45
o
C MTH(ΔH) extract into the LCQ, operated in 

positive ion mode using an APCI source, generated a mass spectrum dominated by a 

peak at m/z 1302.2 (Fig. 2.1a). Similarly, the HCT, operated in an analogous fashion, 

generated a mass spectrum dominated by a peak at m/z 1302.5 (Fig. 2.1b). An ion 

with approximately the same m/z has been observed previously during LC-MS 

studies of archaeal lipid extracts (Hopmans et al., 2000; Schouten et al., 2000), 

where it was assigned as the protonated molecule of 2a. As both ion trap instruments 

have modest optimal mass accuracies (LCQ ~0.5 m/z units; HCT ~0.15 m/z units), 

the base peak ion observed in each case is consistent with that expected for this lipid 

(C86H173O6
+

; theoretical m/z 1302.3). Furthermore, the known dominance of GDGT 

2a in MTH(ΔH) allows the base peak ion observed in the mass spectrum of the lipid 

extract to be assigned as the [M+H]
+
 of 2a. Notably, the presence or absence of 

isobaric lipid 2b cannot be confirmed from the mass spectrum. No ions consistent 

with the sodiated, ammoniated or potassiated species were observed in either 

spectrum, confirming, as noted previously, that tetraether lipid cores ionise 

exclusively as the [M+H]
+
 species in APCI (Hopmans et al., 2000). Ions at m/z 

1284.2 (LCQ) and 1284.4 (HCT) were also observed in the spectra, as were ions 

with very low signal strengths at m/z 1228.2 (LCQ) and 1228.4 (HCT). The ions 

correspond to fragment ions formed during ionisation via losses of a molecule of 

water and C3H6O2 from the [M+H]
+
 of 2a. The two fragment ions have been 

observed previously in the mass spectrum of 2a, during LC-MS analysis using a 

single quadrupole mass spectrometer (Hopmans et al., 2000; Schouten et al., 2000), 

where they were denoted as characteristic ions for tetraether core structures. Both 

fragment ions are less prominent in spectra recorded using LCQ and HCT mass 

spectrometers and, consequently, their use as characteristic ions may be restricted to 

mass spectra of concentrated samples. Two additional ions, found at m/z 1316.1 and 

m/z 653.4 on the LCQ and at m/z 1316.5 and m/z 653.7 on the HCT, were also 

detected. These ions relate to the [M+H]
+
 of homocaldarchaeol (26) and archaeol (1), 

respectively, and will be discussed in more detail in Section 2.2.4.2.5 and Chapter 3. 
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Fig. 2.1. Direct infusion mass spectra for the lipid extract from MTH(ΔH) grown at 

45
o
C, as recorded on: a) LCQ; b) HCT instruments. 

 

2.2.3.2. Nominal m/z values 

 

On account of the large mass sufficiency in tetraether lipids, the m/z values for the 

[M+H]
+ 

of 2, as measured on both spectrometers, are significantly larger than the 

nominal value of a species with molecular formula C86H173O6 (1301 m/z units). This 

explains why the base peak ion, which contains zero nitrogen atoms, is measured at 

an approximately even m/z value and so does not appear to adhere to the formal 

nitrogen rule for even-electron ions (McLafferty and Tureĉek, 1993). Previous 

reports of the MS and LC-MS analyses of tetraether lipids have often quoted the 

measured m/z values of the tetraether lipids to their nearest integer value (Hopmans 

et al., 2000; Schouten et al., 2000; Huguet et al., 2006b; Escala et al., 2007; 

Schouten et al., 2007b). In order to avoid the possibility of confusion, particularly in 
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more complex samples, it is important to state whether the m/z value quoted for the 

[M+H]
+
 of a tetraether lipid represents the value measured on the instrument used in 

its detection or the nominal value for the species that the ion represents. 

 

2.2.3.3. Use of MTH(ΔH) as a tuning standard 

 

The dominance of 2 in the MTH(ΔH) 45
o
C and 70

o
C extracts allows the samples to 

be used directly for instrument tuning, avoiding the need for preparation of a pure 

tetraether standard. Thus, use of either extract allowed the vaporisation temperature, 

nitrogen gas flows and corona discharge parameters to be optimised for tetraether 

analysis on both mass spectrometers (see Section 7.5.1). More importantly, by tuning 

the chosen spectrometer to give optimal signal for the ion measured at approximate 

m/z 1302 (nominal m/z 1301), this approach allows the ion optics of the instrument 

to be optimised for tetraether lipid core detection prior to LC-MS/MS analyses.  

 

2.2.4. LC-MS/MS (LCQ) 

 

Following the success of the direct infusion MS studies, the 70
o
C MTH(ΔH) extract 

was analysed by LC-MS/MS on the LCQ using a narrow mass spectral scan range 

(m/z 1280-1320). Lipids were separated using method A, derived from Hopmans et. 

al. (2000), which uses a normal phase amino column chemistry and binary mobile 

phase comprising hexane and isopropanol (IPA). The initial isocratic portion of the 

gradient program (1% IPA composition; 5 min) was retained, but limitations in the 

degree of control in solvent proportioning afforded by the liquid chromatograph 

employed, which could only proportion solvents to integer values, forced the final 

composition to be set to 2% IPA (see Section 7.6.1 for details). The total analysis 

time was extended from the 50 min method used by Hopmans et al. (2000) to 61.25 

min in order to ensure that an equivalent gradient program up to 1.8% IPA was 

maintained. 
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2.2.4.1. LC-MS 

 

2.2.4.1.1. Base peak chromatograms 

 

The MS base peak chromatogram of the extract of MTH(H) contains four peaks, 

with retention times (tR) of 7, 16, 23 and 35 min and having base peak ions at, in 

turn, m/z 1316.0, 1303.9, 1302.0 and 1299.9 (average values over 12 analyses). 

Reconstructed mass chromatograms for the four distinct base peak ions (Fig. 2.2a) 

revealed an additional species with [M+H]
+
 at m/z 1316.0 (tR = 22 min) that had been 

concealed by partial co-elution with that having [M+H]
+
 at m/z 1302.0 in the base 

peak chromatogram. The latter corresponds to the protonated molecule of GDGT 2a, 

which has been observed previously by LC-MS with a similar retention time 

(Hopmans et al., 2000). Likewise, an early eluting peak with [M+H]
+
 at m/z 1303.9, 

corresponding to the protonated molecule of GTGT 3, has been observed previously 

under similar conditions (Hopmans et al., 2000). LC-MS detection of 2b has not 

been reported, nor has the occurrence of this lipid been confirmed in the ΔH strain of 

Methanothermobacter thermautotrophicus, although it has been identified in two 

other strains of M. thermautotrophicus (strains Hveragerdi and Marburg
†
; Gräther 

and Arigoni, 1995). M. marburgensis shares a close phylogenetic relationship to 

MTH(ΔH), with the two type strains of each species being approximately 98% 

similar on the basis of their 16S rRNA sequences (Wasserfallen et al., 2000). Given 

that 2b is expressed by close genetic relatives to MTH(ΔH) and that the peak in the 

m/z 1301.5-1302.5 mass chromatogram for the extract from this organism shows the 

greatest asymmetry of all of the peaks identified (asymmetry factor = 2.9, calculated 

as the ratio of the peak median to peak tail and peak median to peak front distances), 

it is highly likely that 2b is synthesised by the organism and that it co-elutes with 2a 

under the chromatographic conditions employed. The component with an [M+H]
+
 at 

m/z 1299.9 exhibits a very different retention time to that of an isobaric GDGT 

containing one cyclopentane ring in its core structure (i.e. GDGT 14, observed to 

elute approximately 1 min later than 2a in many LC-MS studies including Hopmans 

et al., 2000 and those described in Chapters 3 and 5). GMGT 27 has previously been 

                                                 
†
 Both more recently reclassified as strains of the species Methanothermobacter marburgensis 

(Wasserfallen et al., 2000; Ding et al., 2010) 
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identified as a minor component in the TLC analysis of the tetraether lipids in this 

archaeon (Morii et al., 1998) and was observed to elute late in LC-MS analyses of 

the tetraether lipids of a thermoacidophile (Schouten et al., 2008b) and of lipids 

extracted from marine and lacustrine sediments (Schouten et al., 2008a). 

Accordingly, the latest eluting component in the base peak chromatogram is assigned 

as GMGT 27. The two lipids observed to have protonated molecules at m/z 1316.0 

(51, tR = 7 min and 26, tR = 22 min) have not, it seems, been previously identified via 

LC-MS analysis. 

 

 

Fig. 2.2. a) Reconstructed mass chromatograms for the four distinct base peak ions 

identified in the LC-MS base peak chromatogram of the MTH 70
o
C extract. Insets 

show magnifications of small peaks. The peak labelled * corresponds to the 

[M+H+2]
+
 higher isotopomers of GDGTs 2a and 2b; b) Representative mass spectra 

for lipid 2, 3, 26 and 27. Lipid 51 gave a mass spectrum identical to that of 26. 
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2.2.4.1.2. MS spectra 

 

Representative mass spectra for tetraether lipids 2, 3, 26 and 27 (Fig. 2.2b) show that 

these species all exhibit base peak ions corresponding to the [M+H]
+
, as noted during 

direct infusion MS of the MTH(H) 45
o
C extract (Section 2.2.3). The m/z values 

quoted on the spectra in Fig 2.2b are averages recorded over 12 LC-MS/MS 

analyses, during which the [M+H]
+
 of the species were measured at m/z values 

ranging from 0.8-1.2 units greater than the nominal m/z value in each case. The 

isotopic profiles in the MS spectra of each lipid were reproducible throughout the 

analyses, although they were determined to be slightly different, on average, to the 

theoretical isotope pattern predicted for each species. For example, the [M+H+1]
+
 

and [M+H+2]
+
 isotopic peaks of 2, which are predicted to occur in 95% and 46% 

abundance relative to the [M+H]
+
 peak, respectively occur in 833% and 351% (n 

= 12) relative abundance in the mass spectra of 2. A similar discrepancy between the 

theoretical (46%) and measured (33%) abundance of the [M+H+2]
+
 isotopic peak, 

relative to the [M+H]
+
 peak, was also noted for crenarchaeol (24) during LC-MS 

analyses of lipids extracted from marine sediments (Weijers et al., 2004). Despite the 

discrepancy, the robustness of the isotope peak ratios in the replicate analyses 

allowed determination of the relative abundances of the five tetraether lipids in the 

extract by integration of peak areas in the relevant reconstructed mass 

chromatogram. Given the structural similarity of the ionisable glycerol termini in 

each lipid core, identical ionisation efficiencies were assumed for each component. 

The lipid extract is dominated by caldarchaeol isomers 2a and 2b, which contribute 

96% of the total tetraether component. Lipid 26 contributes approximately 3% of the 

total extract and lipids 3, 27 and 51 contribute only minor amounts to the total lipid 

mass (<1% combined). The mass spectrum obtained over the elution time of lipid 27 

highlights the presence of a co-eluting species that has a protonated molecule at m/z 

1314.0. The isotopic profile of this species matches that observed for lipids 2-3, 26-

27 and 51, consistent with a tetraether structure. As this compound was subordinate 

to co-eluting lipid 27, an MS/MS spectrum was not generated under the operational 

scan range chosen. Consequently, discussion of the likely structure of the species is 

deferred to Chapter 3.  
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Fig. 2.3. The three classes of tetraether core identified in MTH(ΔH), with the 

nominal m/z value of the protonated molecule in each case; 2a = caldarchaeol, 2b = 

isocaldarchaeol, 3 = acyclic caldarchaeol, 27 = H-shaped caldarchaeol (structure 

from Morii et al., 1998; Schouten et al., 2008a; 2008b). Dashed boxes enclose 

regions that vary from structure 2a. 

 

2.2.4.1.3. Retention time drift 

 

Although normal phase LC-MS/MS provides a high resolution method for separating 

tetraether lipids, the retention times are generally not reproducible. Drifts in retention 

time of up to several minutes were observed, without consistency in direction, in all 

12 repeat analyses, most noticeably between analyses recorded on different days. 

The large difference in the polarities of the two components of the mobile phase has 

caused similar problems in previous attempts to purify dinosterol (Smittenberg and 

Sachs, 2007), suggesting that this problem may be inherent to liquid 

chromatography-based lipid analyses that use hexane/isopropanol mixes as mobile 

phase. Several unsuccessful attempts were made to reduce the size of the retention 

time drifts, including fixing the column temperature (30
o
C) throughout the analyses, 

changing from amino to cyano column chemistry, incorporating identical column 

conditioning (exactly 15 min) and backflushing (exactly 10 min) periods during 

successive analyses, flushing the column with dichloromethane (DCM) between 

analyses and substituting DCM for part or all of the IPA in the mobile phase.  
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Since absolute retention times were not robust during the LC-MS/MS analyses, 

cholesterol, chosen largely on account of its ready availability and solubility in 

hexane/IPA, was introduced to the MTH(H) 70
o
C extract as an internal standard in 

the hope that it would act as a reproducible retention time marker. Unfortunately, 

however, the retention times of tetraether components 2-3, 26-27 and 51 relative to 

that of cholesterol varied between successive LC-MS/MS analyses, indicating that 

this approach was also inadequate. 

 

Of the tetraether lipid cores, GDGT 2a is undoubtedly the most widely occurring, 

being expressed by the majority of archaeal species known to biosynthesise 

tetraether lipids (De Rosa and Gambacorta, 1988a; Schouten et al., 2007c; Table 1.2) 

and found in almost all aquatic sediments (e.g. Hopmans et al., 2000; Schouten et 

al., 2000; Pearson et al., 2004; Powers et al., 2004), soils (Gattinger et al., 2003; 

Leininger et al., 2006; Weijers et al., 2006b) and peats (Weijers et al., 2004; 2006a) 

profiled for GDGT lipids to date. The frequency with which 2a appears in a variety 

of matrices indicates that it should serve as a suitable retention time marker for 

tetraether lipids. Consequently, novel tetraether components reported in the 

subsequent chapters are assigned on the basis of their elution order and approximate 

retention time relative to 2a. 

 

2.2.4.2. Tandem MS Analysis 

 

2.2.4.2.1. Generalities 

 

Online MS/MS spectra were generated following CID of the most abundant ion 

observed in each mass spectral scan. Due to the presence of some common structural 

features in lipids 2-3 and 27 (Fig. 2.3), the product ions generated in the ion trap 

from CID of the protonated molecules show distinct similarities, albeit reflecting the 

2 Da differences in the precursor protonated molecules. Most notable is the presence 

of three distinct regions in the MS/MS spectra of lipids 2-3 and 27 (Figure 2.4). 

Region 1 (m/z > 1150) results from loss of small neutral molecules (assigned as 

formal losses of water and C3H4O), Region 2 (m/z 900-1025) from formal loss of one 

phytanyl group with accompanying loss of small neutral molecules and Region 3 
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(m/z 550-850) from formal losses of either one biphytanyl group or two phytanyl 

groups together with small neutral molecules. The number of these regions in which 

product ions are observed in the MS/MS spectrum of the tetraether lipid analysed is 

indicative of the specific core structural type. The average m/z values measured for 

each product ion over 12 analyses are also shown in Fig. 2.4. Owing to the large 

mass defect in the product ions, these values can be up to 1.4 m/z units greater than 

the nominal m/z values for the ions. In the interests of clarity, only ions which could 

reliably be assigned to formal molecular losses of water, C3H4O, 1-phytene or 1,31-

biphytadiene are reported for the LCQ spectra. Although all product ions reported 

were observed consistently in the repeat analyses, the relative abundances of the ions 

within a given MS/MS spectrum varied significantly between analyses. Accordingly, 

interpretation of the favourability of a particular neutral loss over another during CID 

from the relative abundances of the two product ions should not be attempted unless 

the ratio of the signals of the ions is either very large or highly reproducible in repeat 

analyses. The MS/MS spectra shown in Fig. 2.4 are representative examples of 

typical product ion distributions. The CID spectra of lipids 2-3 and 27 are discussed 

individually and summarised (Table 2.1). 

 

2.2.4.2.2. MS/MS of GDGT 2 

 

On account of the co-elution of the isobaric GDGTs 2a and 2b, the [M+H]
+
 of each 

is indiscriminantly trapped and subjected to CID, unavoidably producing overlap of 

the product ions from both species in the resultant MS/MS spectrum (Fig. 2.4a). In 

this initial discussion of the dissociation of protonated caldarchaeol, it is assumed 

that the [M+H]
+
 of 2a and 2b undergo identical dissociation; in the interests of 

clarity, the two lipids are accordingly discussed together as GDGT 2. The MS/MS 

spectrum of 2 shows two distinct groups of product ions: Regions 1 and 3. The 

former includes a number of product ions resulting from small neutral losses from 

one of the terminal glycerol moieties in 2. As has been reported previously for 

fragment ions of the [M+H]
+
 of GDGT 2 (Hopmans et al., 2000), the product ions at 

m/z 1283 (-18; H2O) and m/z 1227 (-74; C3H6O2) result from loss from/of this 

terminal functionality. 
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Fig. 2.4. MS/MS spectra (LCQ) for lipids 2-3 and 27 in MTH(ΔH). Insets show 

expansions of Region 3 of the spectra where appropriate. a) GDGT 2; b) GTGT 3; c) 

GMGT 27. Product ions are labelled with the average m/z value measured (n = 12). 
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A number of other product ions were observed, arising from additional formal losses 

of one or two further molecules of water from the [M+H]
+
 of 2. Interestingly, 

formation of a product ion at m/z 1245 is attributed to loss of C3H4O from one end of 

the protonated caldarchaeol molecule. The existence of this product ion suggests that 

the ion at m/z 1227 in the MS/MS spectrum of 2 may be formed in two stages, with 

separate losses of water and C3H4O, as opposed to being formed in one stage via the 

loss of a C3H6O2 unit (see Section 2.2.6 for more detailed discussion). 

 

Region 3 of the MS/MS spectrum shows product ions arising from loss of one of the 

two biphytanyl hydrocarbon chains in 2. The product ion at m/z 743 is formed via 

loss of 1,31-biphytadiene from the [M+H]
+
 of 2, with double hydrogen transfer back 

to the charge-retaining species. Further product ions in this region also form as a 

result of loss of biphytadiene, but show concomitant losses of 1-4 molecules of water 

and/or loss of C3H4O. 

 

2.2.4.2.3. MS/MS of GTGT 3 

 

The MS/MS spectrum of GTGT 3 (Fig. 2.4b) shows similarities to that of 2. In this 

case, however, product ions are observed in Regions 1, 2 and 3. Several ions in 

Regions 1 and 2 correspond to fragment ions observed in single-stage mass 

spectrometry of 3 (Hopmans et al., 2000). 

  

Region 1 of the MS/MS
 
spectrum is dominated by a product ion at m/z 1285, 

corresponding to a species in which a molecule of water has been lost from the 

[M+H]
+
 of 3. Region 2 of the spectrum reveals product ions in which one of the two 

constituent phytanyl chains of 3 has been lost during CID. The peak at m/z 1023 

represents a product ion formed by loss of 1-phytene (C20H40) with proton transfer to 

the charge-retaining species. Other product ions in this region have also lost phytene, 

but have suffered additional losses of C3H4O and/or 1-2 molecules of water. Region 

3 of the MS/MS
 
spectrum shows a series of product ions in which the second 

phytanyl chain has also been lost from the [M+H]
+
 of 3, again via elimination of 

C20H40 with proton transfer back to the charge-retaining species. Loss of this second 

alkyl chain generates product ions that are structurally identical to those produced 
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when a biphytanyl chain is lost during CID of the [M+H]
+
 of 2 and, as such, this 

spectral region exhibits essentially the same ions as are observed in the equivalent 

region of the MS/MS spectrum of 2. Notably, however, a second related series of 

product ions at higher m/z (+2 units) is also apparent in this region. These ions are 

consistent with loss of a molecule of biphytadiene (cf. the mechanism of loss of 

biphytadiene from the [M+H]
+
 of 2), with or without additional loss of C3H4O or 

water, though such losses would be expected to show a concomitant loss of a 

phytanyl group. The precise mechanisms for formation of the product ions within 

this series are unclear, but could be explained by a common rearrangement in which 

a phytanyl group has been transposed to elsewhere on the architecture prior to loss of 

biphytadiene (see Section 2.2.11.7). 

 

2.2.4.2.4. MS/MS of GMGT 27 

 

The MS/MS spectrum of GMGT 27 (Fig. 2.4c) reveals product ions that are formed 

via the same small molecule losses that generated the product ions seen in Region 1 

of the MS/MS spectra of tetraethers 2 and 3. The overall degree of dissociation for 

27 is far less pronounced than for the other tetraethers, with product ions being 

present only in spectral Region 1 on account of the covalent link between the two 

hydrocarbon chains in this molecule. Provided that this C-C bond remains intact 

during dissociation, any product ion generated will maintain a C80 hydrocarbon core, 

resulting only in loss of small neutral molecules. This tethering of the biphytanyl 

chains, however, allows more extensive loss of functionality from both glycerol 

groups and consequently, product ions relating to losses of C3H4O and/or 1-4 

molecules of water are observed in Region 1 of the MS/MS spectrum of 27. 
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Table 2.1. Product ions generated in each of the three distinct regions of the MS/MS 

spectra following CID of the [M+H]
+
 ions of tetraether lipids 2-3 and 27 on the LCQ 

spectrometer. 

 

a Mass loss from [M+H]+. Values quoted are the nominal masses of the neutral molecules lost. 

b Number of each of four types of neutral loss occurring; [water, propenal?, phytene, 1,31-biphytadiene]. 

c Values quoted are the nominal m/z values for the product ion observed. The base peak ion in MS/MS is shown in bold face. 

  
Mass Loss 

(Da)a 

Number of neutral fragments lost m/z of corresponding product ion generated from [M+H]+ of c 

  [H2O, C3H4O, C20H40, C40H78]
b 

2 3 27 

       

[M+H]+  -0 [0,0,0,0] 1301 1303 1299 

       

       

R
E

G
IO

N
 1

 

 -18 [1,0,0,0] 1283 1285 1281 

 -36 [2,0,0,0] 1265 1267 1263 

 -54 [3,0,0,0] 1247  1245 

 -56 [0,1,0,0] 1245  1243 

 -74 [1,1,0,0] 1227  1225 

 -92 [2,1,0,0] 1209  1207 

 -110 [3,1,0,0]   1189 

 -128 [4,1,0,0]   1171 

 
      

 
      

R
E

G
IO

N
 2

 

 -280 [0,0,1,0]  1023  

 -298 [1,0,1,0]  1005  

 -316 [2,0,1,0]  987  

 -354 [1,1,1,0]  949  

 -372 [2,1,1,0]  931  

 
      

 
      

R
E

G
IO

N
 3

 

 -558 [0,0,0,1] 743   

 -560 [0,0,2,0]  743  

 -576 [1,0,0,1] 725 727  

 -578 [1,0,2,0]  725  

 -594 [2,0,0,1] 707 709  

 -596 [2,0,2,0]  707  

 -612 [3,0,0,1] 689   

 -614 [3,0,2,0]  689  

 -632 [1,1,0,1] or [4,0,2,0] 669 671  

 -634 [1,1,2,0]  669  

 -650 [2,1,0,1] 651 653  

 -652 [2,1,2,0]  651  

 -668 [3,1,0,1] 633 635  

 -670 [3,1,2,0]  633  

 -686 [4,1,0,1] 615   

 -688 [4,1,2,0]  615  
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2.2.4.2.5 MS/MS of tetraether lipids 26 and 51 

 

From the full-MS base peak chromatogram of unknown lipids 26 and 51 it is evident 

that they both have protonated molecules with nominal m/z 1315. The 14 Da increase 

relative to GDGT 2 suggests that these lipids might be higher homologues of 2 (i.e. 

C87H174O6 tetraether lipids), although the nature of this homologation, the position of 

the additional carbon and the core lipid structural type, can not be ascertained from 

single-stage mass spectral analysis. 

 

 

Fig. 2.5. MS/MS spectra (LCQ) of tetraether cores having protonated molecules at 

nominal m/z 1315, showing the characteristic product ions and dissociations 

responsible for the generation of these ions (protonation not shown). Dashed boxes 

highlight the position of the additional carbon atom (cf. 2a) in each case; a) 51. The 

absence in this spectrum of the product ion at m/z 743 is highlighted; b) 26. The 

absence in this spectrum of the product ion at m/z 1283 is highlighted. 
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The MS/MS spectra generated from CID of the [M+H]
+
 of 26 and 51 (Fig. 2.5) only 

exhibit product ions in Regions 1 and 3, suggesting that both structures are dialkyl 

tetraether lipids. The MS/MS spectral Region 3, relating to product ions in which an 

alkyl chain has been lost, provides significant information about the location of the 

additional carbon atom in 26 and 51. The protonated molecules of both lipids 

generate a product ion at m/z 757, corresponding to loss of biphytadiene (C40H78) 

during CID. Notably, only 26 exhibits a product ion at m/z 743 arising from loss of 

C41H80, indicating that 26 is a structure based on caldarchaeol in which one of the 

alkyl chains has an additional carbon. Previous studies exploring the biosynthetic 

pathways of the tetraethers in M. marburgensis revealed production of an unexpected 

C87H174O6 lipid homologue of 2, which was named homocaldarchaeol (Galliker et 

al., 1998). Isotopic enrichment 
13

C-NMR studies determined that the additional 

carbon in this lipid was a methyl group situated on the C-13 position of one of the 

two biphytanyl chains of 2 (structure shown in Fig. 2.5). As such, given the close 

phylogenetic relationship between M. marburgensis and MTH(H) (see Section 

2.2.4.1.1), it is likely that lipid 26 determined in these studies corresponds to 

homocaldarchaeol. This lipid is discussed in greater detail in Chapter 3. 

 

The absence of a product ion at m/z 743 in the MS/MS spectrum of 51 is consistent 

with a structure in which only C40H78 alkyl groups are present, indicating that the 

additional carbon atom in this lipid must be incorporated into one of the two capping 

glycerol groups. The MS/MS spectral Region 1, in which only terminal functionality 

is lost from the [M+H]
+
 of 26 and 51, supports both of these assertions. Product ions 

at m/z 1297 and 1279, relating to loss of one or two molecules of water are observed 

in the MS/MS spectrum of 26, wholly consistent with losses from the glycerol 

functionality observed during CID of the [M+H]
+
 of 2. The [M+H]

+
 of 51, on the 

other hand, dissociates to give a product ion at m/z 1297 relating to loss of one 

molecule of water, but does not undergo a subsequent loss of a second molecule of 

water. It does, however, generate a product ion at m/z 1283, consistent with a loss of 

methanol. As such, it is highly likely that 51 represents a caldarchaeol molecule 

methyl etherified at the primary hydroxyl of one of its glycerol head groups. All 

other product ions observed in the MS/MS spectrum of 51 are consistent with this 

assignment, as is the earlier elution of the component by comparison to 2. Lipid 51 is 
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likely to have been generated as an artifact during the acidic methanolysis of the 

MTH(H) culture material. Strong acidic methanolysis of purified sn-2 

hydroxyarchaeol has been shown to genererate an artificial methyl ether (Sprott et 

al., 1990; Ekiel and Sprott, 1992), although the etherification occurred exclusively at 

the chain hydroxyl and not on the sn-1 glycerol hydroxyl group for this lipid. 

Similarly, an acidic methanolytic extract of the archaeon Methanothrix concilii, 

which produces sn-3 hydroxyarchaeol as a major core lipid, also contained chain-

etherified sn-3 methoxyarchaeol, determined to be an artifact of the extraction 

procedure by its absence in extracts obtained using milder methanolytic conditions 

(Ferrante et al., 1988). In addition, previous studies of the products of methanolysis 

of bacteriochlorophylls have shown the methyl etherification of a secondary 

hydroxyl, suggesting a precedent for nucleophilic substitution of free hydroxyl 

groups during acidic methanolysis (Wilson, 2004). To test this assertion, MTH(H) 

cell material was extracted via ethanolytic as opposed to methanolytic cleavage. 51 

was no longer observed in the MS base peak chromatogram of the ethanolytic lipid 

extract although the expected ethyl ether was, unfortunately, not observed. As such, 

it is clear that 51 is generated from 2 during the extraction of MTH(H) and does not 

occur naturally in this archaeon. 

 

2.2.5. MS/MS (HCT) 

 

2.2.5.1. Generalities 

 

The MS/MS spectra recorded for lipids 2-3 and 27 on the HCT instrument (Fig. 2.6) 

during LC-MS/MS are qualitatively similar to those recorded on the LCQ 

instrument. In particular, the number of distinct regions in which product ions are 

observed in each MS/MS spectrum correlates to the number of easily dissociable 

alkyl chains in the tetraether structures, as was noted for the LCQ spectra. Likewise, 

almost all of the product ions formed from a given lipid during analysis on the LCQ 

instrument are also observed following CID of the same lipid using the HCT 

instrument. In addition, the base peak ion observed in the LCQ spectrum of each 

lipid is also base peak ion in the corresponding HCT spectrum.  
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Fig. 2.6. MS/MS spectra (HCT) for: a) GDGT 2 ([M+H]
+
 m/z = 1302.5); b) GTGT 3 

([M+H]
+
 m/z = 1304.0); c) GMGT 27 ([M+H]

+
 m/z = 1300.4). Insets show 

expansions of the spectra. Product ions are labelled with their nominal m/z value. 
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Due to the higher operational energy of the HCT ion trap and its higher ion capacity, 

several new product ions were identified for each lipid (Tables 2.2-2.4) that were not 

easily observed or were not reproducible in MS/MS spectra recorded in successive 

analyses using the LCQ ion trap. For lipids 2 and 3, this is, in part, attributable to the 

greater prominence of Region 3 ions in the HCT spectra compared with the 

analogous LCQ spectra. Whereas some Region 3 product ions generated using the 

LCQ were detected in too low frequency to be reliably interpreted, these same ions 

were much more prominent in the HCT spectra and were reproducible between 

analyses. Additional characteristic ions are observed in Region 1 of the HCT 

spectrum of GMGT 27 which are not present in the LCQ spectrum. The HCT 

MS/MS spectra of lipids 2-3 and 27 are addressed individually. 

 

2.2.5.2. MS/MS of GDGT 2 

 

The MS/MS spectrum of 2 acquired on the HCT instrument shows product ions in 

two distinct spectral regions, as expected (Fig. 2.6a; Table 2.2). Product ions in 

Region 1 of the spectrum were identical to those observed in the analogous MS/MS 

spectrum recorded on the LCQ. Product ions in Region 3 at m/z 705, 687, 647, 631, 

613, 597, 595, 575 and 557 can be observed at very low relative abundance in the 

LCQ MS/MS spectrum of GDGT 2 (Fig. 2.4a). The small ion currents detected for 

these ions mean that they are often too weak to be reliably detected and/or assigned. 

In the HCT MS/MS spectrum, on the other hand, these ions are much more 

prominent and, consequently, they can be used reliably for characterisation of GDGT 

2 when analysed using the HCT instrument. Ions at m/z 573 and 555 are also 

observed in the HCT spectrum, but were never observed in LCQ spectra. The ion at 

m/z 595 is tentatively assigned as a protonated molecule of 1-hydroxybiphytan-32-ol. 

All ions in the HCT spectrum that were not assigned during the LCQ analyses are 

not attributable to formation via any combination of losses of molecules of water, 

C3H4O and 1,31-biphytadiene. As such, they must form via alternative dissociation 

processes, with potential processes responsible discussed in detail in Section 2.2.11. 
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Table 2.2. Product ions generated in each of the three distinct regions of the MS/MS 

spectra following CID of the [M+H]
+
 of GDGT lipid 2 on the HCT spectrometer. 

 
   Number of neutral fragments lost m/z of corresponding product ion 

generated from [M+H]+ of 2 c 

  Mass Loss (Da)a [H2O, C3H4O, C20H40, C40H78]
b 

     

[M+H]+  -0 [0,0,0,0] 1301 

     

     

R
E

G
IO

N
 1

 

 -18 [1,0,0,0] 1283 

 -36 [2,0,0,0] 1265 

 -54 [3,0,0,0] 1247 

 -56 [0,1,0,0] 1245 

 -74 [1,1,0,0] 1227 

 -92 [2,1,0,0] 1209 

      

      

REGION 2 
    

      

      

R
E

G
IO

N
 3

 

 -558 [0,0,0,1] 743 

 -576 [1,0,0,1] 725 

 -594 [2,0,0,1] 707 

 -596 ? 705 

 -612 [3,0,0,1] 689 

 -614 ? 687 

 -630 ? 671 

 -632 [1,1,0,1] 669 

 -650 [2,1,0,1] 651 

 -654 ? 647 

 -668 [3,1,0,1] 633 

 -670 ? 631 

 -686 [4,1,0,1] 615 

 -688 ? 613 

 -704 ? 597 

 -706 [2,2,0,1] 595 

 -726 ? 575 

 -728 ? 573 

 -744 ? 557 

 -746 ? 555 

      

 

a Mass loss from [M+H]+. Values quoted are the nominal masses of the neutral molecules lost. 

b Number of each of four types of neutral loss occurring; [water, propenal?, phytene, 1,31-biphytadiene]. 

c Values quoted are the nominal m/z values for the product ion observed. The base peak ion in MS/MS is shown in bold face. 
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All product ions reported in the HCT and LCQ MS/MS spectra were accompanied 

by a less prominent neighbouring ion, shifted by +1 m/z units. This second series of 

ions could potentially represent odd-electron species, formed from tetraether lipids 

via homoloytic bond cleavages (see Section 2.2.11.3). It is, however, more likely that 

they represent product ions formed from dissociation of the [M+H+1]
+
 isotope peak 

of each lipid. The 3 m/z unit isolation width used for precursor selection during CID 

will result in indiscriminate trapping of both [M+H]
+
 and [M+H+1]

+
 and 

consequently, product ions may be formed from both. Similarly, a series of product 

ions shifted +2 m/z units from the assigned ions are likely to be formed by CID of 

the [M+H+2]
+
 isotopic peak.  

 

2.2.5.3. MS/MS of GTGT 3 

 

The HCT MS/MS spectrum of 3 (Fig. 2.6b; Table 2.3), as expected, shows product 

ions in the three major designated regions of the spectrum and includes all product 

ions observed in the LCQ MS/MS spectrum, apart from the ions at m/z 1267 and 

653, which were observed consistently in LCQ spectra but not in HCT spectra. 

Region 3 ions at m/z 631, 629, 613, 597, 595, 575, 573, 557 and 555, all of which 

were weak or not reproducible in LCQ spectra, were observed in the HCT spectra. 

Of these ions, however, only that at m/z 595 can be assigned to formal losses of 1,31-

biphytadiene, water and C3H4O (Table 2.3). Three other product ions (m/z 447, 429 

and 373) were also observed following CID of the [M+H]
+
 of 3 on the HCT 

instrument. These ions lie outside of the boundaries for Region 3, as classified in 

Section 2.2.4.2. The ion at m/z 373 is likely to be a protonated glycerol 

monophytanyl ether formed from simultaneous losses of molecules of water, C3H4O, 

1-phytene and 1,31-biphytadiene from the [M+H]
+
 of 3 during CID. This ion is also 

observed following loss of phytene from the [M+H]
+
 of GDD 1 during CID (see 

Chapter 3 or Gattinger et al., 2003; Turich et al., 2007). The ions at m/z 447 and 429 

are difficult to ascribe to any combination of losses of molecules of water, C3H4O or 

isoprenoid chains alone. Consequently, the two ions may have formed via cleavages 

involving C-C bond scission along one of the three composite alkyl chains. 

Alternatively, given the m/z difference of the ions at m/z 447 and 429 to the ion at 

m/z 373 (+74 and +56 m/z units, respectively), the unassigned ions may have formed 
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via a rearrangement during CID which transposed a C3H6O2 or C3H4O from one 

glycerol in the [M+H]
+
 of 3 onto either the other glycerol group or one of the C20 

phytanyl chains (see Section 2.2.11.7 for detailed discussion). 

 

2.2.5.4. MS/MS of GMGT 27 

 

The MS/MS spectrum of 27 recorded on the HCT instrument shows product ions in 

spectral Region 1, including all product ions derived from losses of small molecules 

as discussed in Section 2.2.4.2.4, but did not show ions in spectral Regions 2 or 3, as 

expected. Several additional ions were observed in the HCT MS/MS spectrum of 27 

(Fig. 2.6c; Table 2.4) that were either absent or too weak to be assigned in its LCQ 

spectrum. Some of these ions have m/z values just below the defined boundaries for 

Region 1 stated in Section 2.2.4.2. For example, an ion observed at m/z 1115, formed 

from loss of 184 Da is most likely a fully deoxygenated C80 carbocation containing 

three terminal double bonds. Ions at m/z 1187, 1169 and 1133 may have been formed 

by loss of C3H4O units from both ends of the molecule with simultaneous losses of 

one or three molecules of water for the last two, respectively. An ion at m/z 1227 

most probably forms via loss of four molecules of water from the [M+H]
+
 of 27. 

Other product ions formed during the higher energy CID of the [M+H]
+
 of 27 (m/z 

1221, 1205, 1203, 1185, 1153, 1131 and 1129) are less easily assigned to formal 

losses of water or C3H4O and must form via alternative dissociation processes, which 

may include those outlined in Section 2.2.11.4 or alternatively, may represent 

dissociations through which part of the C80 hydrocarbon core is lost from the 

structure.  
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Table 2.3. Product ions generated in each of the three distinct regions of the MS/MS 

spectra and in an additional low m/z region following CID of the [M+H]
+
 of GTGT 

lipid 3 on the HCT spectrometer. 

 
   Number of neutral fragments lost 

m/z of corresponding product ion 

generated from [M+H]+ of 3 c 

  Mass Loss (Da)a [H2O, C3H4O, C20H40, C40H78]
b 

     

[M+H]+  -0 [0,0,0,0] 1303 

     

     

REGION 1  -18 [1,0,0,0] 1285 

      

      

R
E

G
IO

N
 2

 

 -280 [0,0,1,0] 1023 

 -298 [1,0,1,0] 1005 

 -316 [2,0,1,0] 987 

 -354 [1,1,1,0] 949 

 -372 [2,1,1,0] 931 

      

      

R
E

G
IO

N
 3

 

 -560 [0,0,2,0] 743 

 -576 [1,0,0,1]? 727 

 -578 [1,0,2,0] 725 

 -594 [2,0,0,1]? 709 

 -596 [2,0,2,0] 707 

 -614 [3,0,2,0] 689 

 -632 [4,0,2,0] 671 

 -634 [1,1,2,0] 669 

 -650 [2,1,0,1]? 653 

 -652 [2,1,2,0] 651 

 -670 [3,1,2,0] 633 

 -672 ? 631 

 -674 ? 629 

 -688 [4,1,2,0] 615 

 -690 ? 613 

 -706 ? 597 

 -708 [2,2,2,0] 595 

 -728 ? 575 

 -730 ? 573 

 -546 ? 557 

 -548 ? 555 
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LOW m/z IONS 

 -856 ? 447 

 -874 ? 429 

 -930 [2,1,1,1] 373 

      

 

Table 2.3. (cont.) 
 

a Mass loss from [M+H]+. Values quoted are the nominal masses of the neutral molecules lost. 

b Number of each of four types of neutral loss occurring; [water, propenal?, phytene, 1,31-biphytadiene]. 

c Values quoted are the nominal m/z values for the product ion observed. The base peak ion in MS/MS is shown in bold face. 
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Table 2.4. Product ions generated in the three distinct MS/MS spectral regions 

following CID of the [M+H]
+
 of GMGT lipid 27 on the HCT spectrometer. 

 
   Number of neutral fragments lost 

m/z of corresponding product ion 

generated from [M+H]+ of 27 c 

  Mass Loss (Da)a [H2O, C3H4O, C20H40, C40H78]
b 

     

[M+H]+  -0 [0,0,0,0] 1299 

     

     

R
E

G
IO

N
 1

 

 -18 [1,0,0,0] 1281 

 -36 [2,0,0,0] 1263 

 -54 [3,0,0,0] 1245 

 -56 [0,1,0,0] 1243 

 -72 [4,0,0,0] 1227 

 -74 [1,1,0,0] 1225 

 -78 ? 1221 

 -92 [2,1,0,0] 1207 

 -94 ? 1205 

 -96 ? 1203 

 -110 [3,1,0,0] 1189 

 -112 [0,2,0,0] 1187 

 -114 ? 1185 

 -128 [4,1,0,0] 1171 

 -130 [1,2,0,0] 1169 

 -146 ? 1153 

   -166 [3,2,0,0] 1133 

   -168 ? 1131 

   -170 ? 1129 

   -184 [4,2,0,0] 1115 

 
    

 
    

REGION 2 
    

 
    

 
    

REGION 3 
    

 
    

 

a Mass loss from [M+H]+. Values quoted are the nominal masses of the neutral molecules lost. 

b Number of each of four types of neutral loss occurring; [water, propenal?, phytene, 1,31-biphytadiene]. 

c Values quoted are the nominal m/z values for the product ion observed. The base peak ion in MS/MS is shown in bold face. 
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2.2.6. MS
n
 analysis (LCQ) 

 

Although MS/MS analysis of tetraether lipids leads to formation of a number of 

product ions from each lipid, multi-stage mass spectrometry (MS
n
), whereby 

individual product ions formed in MS/MS can be isolated and subjected to CID 

multiple times, could facilitate enhanced characterisation of the lipids. To this effect, 

the [M+H]
+
 of GDGT 2 was dissociated in MS/MS during direct infusion of an 

MTH(ΔH) 70
o
C extract and individual product ions were subjected to a second 

round of CID to generate MS
3
 spectra. On the whole, ion currents observed in MS

3
 

were typically more than 30 times lower than those observed during MS/MS and 

often showed low signal stability. Analysis to MS
4
 and beyond was not possible, 

even for sample concentrations where the ion current for the [M+H]
+
 of 2 in MS was 

large. Nevertheless, by selecting individual product ions at m/z 1283, 1245, 1227 or 

1209 in MS/MS and subjecting these ions to CID, several product ions could be 

observed in the resulting MS
3
 spectra (Fig. 2.7). The product ions reported for the 

MS
3
 spectra are restricted to those which had m/z values matching those of product 

ions observed during MS/MS, indicating that, in spite of the erratic signals, these 

ions were genuine product ions formed by similar dissociation pathways to those 

operating during MS/MS. Other ions were observed, but were erratic and not easily 

explained and, as such, these ions may not be authentic product ions of 2. 

Consequently, they are not reported. 

 

The presence of some of the MS
3
 product ions suggest that the formal losses of water 

and biphytadiene reported from the [M+H]
+
 of 2 in Section 2.2.4.2 may occur via a 

cascade of discrete molecular losses, as opposed to occurring via loss of a single, 

larger molecule. By way of example, the MS/MS product ion at m/z 1283, formed 

from loss of water from the [M+H]
+
 of 2, dissociates in MS

3 
to give a product ion at 

m/z 725, formed via loss of 1,31-biphtyadiene (Fig. 2.7a). This might suggest that 

the product ion at m/z 725 observed in MS/MS (see Fig. 2.4a and Table 2.1) is 

formed via initial loss of water followed by a loss of biphytadiene, or vice versa. An 

alternative explanation, whereby the 576 Da loss which generates the ion at m/z 725 

from 2 is of an individual molecule, perhaps of biphyt-1-en-32-ol, cannot, however, 

be ruled out. In all probability, both processes may be in operation during CID. 
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Fig. 2.7. Ions observed in the MS
2
 spectrum of lipid 2 (CE = 41%; solid lines) and in 

the MS
3
 spectra obtained following CID (variable CE; dashed lines) of: a) MS

2
 ions 

at m/z 1283 (CE = 38%) and m/z 1227 (CE = 35%); b) MS
2
 ions at m/z 1245 (CE = 

38%) and m/z 1209 (CE = 30%). All values shown are the nominal m/z values of 

ions observed. CE is the % of maximum collision energy. 

 

The presence of an MS
3
 product ion at m/z 1227, obtained from the precursor at m/z 

1283 (Fig. 2.7a) suggests that the [M+H]
+
 of 2 can dissociate via a two step process 

involving loss of water followed by subsequent loss of C3H4O. Conversely, the 

formation of an MS
3
 product ion at m/z 1227 from the precursor at m/z 1245 (Fig. 

2.7b) indicates that the molecules can also be lost in the reverse order. These 

observations provide strong support for the argument that the ion at m/z 1227 in the 

MS/MS spectrum of 2 may form via a two step process as opposed to loss of C3H6O2 

(Section 2.2.4.2.2). 

 

The absence of an ion at m/z 743 following MS
3
 of the precursor ion at m/z 1283 

supports the interpretation of m/z 743 as having retained all of the oxygen atoms 

present in 2 (Section 2.2.4.2.2 and Table 2.1). Similarly, ions at m/z 725, 707 and 
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689 could not be observed following MS
3
 of the ion at m/z 1227 (Fig. 2.7a), 

consistent with the assignment of the three ions as products of dehydration of 2, in 

which the C3 backbone of both glycerol groups is still intact (Section 2.2.4.2.2 and 

Table 2.1). 

 

It is important to remember that, although MS
3
 analysis proves useful in these select 

cases, it was found in general that the MS
3
 spectra were of significantly lower signal 

strength than the MS/MS spectra and often gave erratic ion currents. Furthermore, 

most of the MS
3
 spectra did not contain product ions that were not also observed in 

MS/MS and consequently, routine MS
3
 analysis is likely to be redundant for 

characterisation of tetraether cores. 

 

2.2.7. In-source CID (LCQ) 

 

2.2.7.1. Advantages of sCID in tetraether core lipid analysis 

 

One of the major drawbacks of CID on ion trap instrumentation is the problem of the 

low mass cut-off (LMCO), where ions with m/z below a certain value, typically 1/3 

to 1/4 of the m/z of the precursor ion, are not detected on account of their instability 

within the ion trap at the operational qz value typically used during the process (see 

Section 1.7.3.6). As such, there invariably remains a question as to whether any of 

the precursor ion current is sequestered into “invisible” ions with m/z values below 

the LMCO following CID. In-source CID (sCID) can be used to circumvent the 

LMCO problem, providing dissociation of ionised analytes outside of the ion trap 

itself (see Section 1.7.3.7). Consequently, application of sCID allowed a cursory 

investigation into whether 2 may generate product ions below the ion trap LMCO 

during CID. 

 

2.2.7.2. Direct infusion sCID MS of an MTH(ΔH) extract 

 

The LCQ MS spectrum of a direct infusion of the MTH(ΔH) 45
o
C extract, generated 

with sCID activated at 50% maximum collision energy (Fig. 2.8b), contains an ion at 

m/z 1302.0 corresponding to the [M+H]
+
 of 2. Other ions were observed at nominal 
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m/z values identical to those of product ions observed in the LCQ MS/MS spectrum 

of 2 (reproduced in Fig. 2.8a for comparison), indicating that in-source CID leads to 

similar dissociation of the precursor as is observed during CID within the ion trap 

itself. Ions at m/z 613, 597, 575 and 557 were also observed in the sCID MS 

spectrum, as reported in the HCT MS/MS spectrum, but not in the LCQ spectrum, of 

lipid 2. 

 

  

Fig. 2.8. a) MS/MS spectrum (LCQ) of GDGT 2, reproduced for comparison; b) the 

m/z 50-1310 region of the sCID mass spectrum (LCQ) of the MTH(ΔH) 45
o
C 

extract. 

 

As there is no precursor selection during sCID, there is no associated LMCO for the 

process and, consequently, ions in the sCID mass spectrum were detected across the 
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full operational MS scan range of the instrument (between m/z 50-2000). 

Intriguingly, a number of ions with m/z values below the LMCO (m/z 360) for 

conventional trap-based CID of the [M+H]
+
 of 2 were observed in the sCID mass 

spectrum using the LCQ. Furthermore, these ions were not observed in the MS 

spectrum of the MTH(ΔH) 45
o
C extract obtained when sCID was not activated (Fig. 

2.1a), indicating that they are product ions formed during sCID. Since 2 is the 

dominant lipid in the MTH(ΔH) 45
o
C extract, it is most probable that these ions are 

low m/z product ions formed from cleavage of bonds within the biphytane chains 

present in 2. Unfortunately, the lack of precursor selection during sCID prevents 

definitive association of these ions to a particular source. It is conceivable that they 

may have originated from lipids other than 2 which occur in the MTH(ΔH) extract, 

or alternatively, from the delivery or makeup solvents used during the direct 

infusion. As such, despite providing encouraging evidence that there are product ions 

missed by conventional trap-based CID, the low m/z ions cannot be used in any 

diagnostic fashion. 

 

2.2.7.3. Direct infusion sCID MS/MS of 2 

 

A peculiar effect of applying sCID during direct infusion of the MTH(ΔH) extract, 

dissolved in DCM and injected into a flow of MeOH, is that it appears to enhance 

the total MS/MS ion current obtained during subsequent conventional trap-based 

CID of the [M+H]
+
 of 2 compared with that obtained in the absence of sCID. This 

effect was optimal when the sCID was set to 48% of the maximum collision energy, 

after which the total MS/MS ion current obtained following CID was increased 

approximately 20 fold relative to the MS/MS current obtained with sCID off (i.e. at 

0% maximum collision energy). This enhancement appears to be linked to an 

increase in the ion currents for characteristic product ions, evidenced by a similar 20 

fold relative difference in ion currents for the base peak ion at nominal m/z 1283 in 

the MS/MS spectrum obtained with sCID either on or off. It is difficult to see why 

activating sCID would modify MS/MS spectra obtained from CID. Even if sCID 

raises the internal energy of the [M+H]
+
 of 2 so that it resides in an excited, non-

dissociative state which is subsequently more susceptible to CID, this energy would 

be expected to be dissipated during its low-energy collisions with He gas molecules 
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during the ion cooling process prior to CID (see Sections 1.7.3.4 and 1.7.3.5). 

Furthermore, CID of the [M+H]
+
 of 2 performed in the absence of sCID destroys all 

but a small proportion of the precursor. CID with sCID activated, on the other hand, 

leads to a higher proportion of remnant precursor ion, indicating that the degree of 

CID of the [M+H]
+
 of 2 is actually more extensive with sCID off. One possible 

explanation for enhancement in MS/MS ion current would be that some core GDGT 

2 signal is present in a non-mass spectrometrically amenable form, locked within a 

molecule with an m/z value above the maximum value of the operational scan range 

employed (i.e. above m/z 2000). sCID could conceivably lead to dissociation of this 

species, liberating additional protonated molecules of 2 which, in turn, might 

increase the mass spectral signal for the precursor ion in CID and, consequently, lead 

to a larger MS/MS ion current. This possibility could be tested by comparison of the 

ion current for the [M+H]
+
 of 2 in the MS spectra obtained with or without sCID 

activated. With sCID turned off, the ion current at m/z 1302.0, relating to the [M+H]
+
 

of 2, was approximately five times greater than in the spectrum obtained when sCID 

(48%) was activated. Not only does this refute the presence of non-mass 

spectrometrically amenable ions containing 2, it also indicates that the conversion of 

m/z 1302.0 ion current to MS/MS ion current is approximately 100 times more 

efficient when sCID is turned on.  

 

2.2.7.4. Solvent dependence 

 

All of the observations regarding the relationship between application of sCID and 

MS and MS/MS ion currents were reproduced following a repeat infusion of the 

MTH(ΔH) extract in DCM. Infusions made using 99:1 hexane:isopropanol as both 

delivery and makeup solvent also showed enhancement of total MS/MS ion current 

with sCID on as opposed to sCID off. In this case, the optimal sCID collision energy 

setting was found to be at 42% of the maximum collision energy, generating an order 

of magnitude increase in total MS/MS ion current compared with that obtained with 

sCID off. Irrespective of how the effect occurs, sCID appears to be a useful tool for 

increasing MS/MS ion current. This may prove to be an important modification to 

the MS/MS methodology when attempting to record the spectra of tetraether lipids in 

directly infused, dilute samples. The fact that the enhancement appears to be solvent 
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dependent may mean that the collision energy settings need to be optimised prior to 

analysis of such samples. 

 

2.2.8. Panoramic MS/MS (HCT) 

 

2.2.8.1. Advantages of PAN MS/MS for tetraether core lipid analysis 

 

Low m/z ions observed in the sCID mass spectrum of the MTH(ΔH) 45
o
C extract 

recorded on the LCQ instrument, suggest that the [M+H]
+
 of GDGT 2 may 

dissociate to generate product ions at m/z values below the LMCO of the ion trap 

instrument. These ions are absent from MS/MS spectra of 2 generated using 

conventional CID within the ion trap, suggesting that product ions of potential 

characteristic value are possibly being overlooked on account of the operational 

constraints of the trapping and dissociation process. As PAN can circumvent LMCO 

(see Section 1.7.3.6), this technique was implemented to attempt to visualise the low 

m/z ions suspected to form from the [M+H]
+
 of 2 during CID. 

 

2.2.8.2. PAN MS/MS of GDGT 2 

 

In order to maximise the likelihood of seeing low m/z ions in the PAN MS/MS 

spectra, the smallest fragment setting was fixed at the lowest allowed value (m/z 60) 

and the tickle level was set to the maximum value (1000%). Direct infusion of the 

MTH(ΔH) 45
o
C extract was performed with PAN MS/MS of the [M+H]

+
 of 2 

operated with these two settings applied, allowing the other PAN parameters to be 

optimised within these constraints (see Section 7.5.5). The resulting PAN MS/MS 

spectrum obtained for 2 contains the majority of the product ions observed in the 

HCT MS/MS spectrum obtained using conventional CID, although product ions 

above m/z 1250 observed in the latter spectrum are absent in the PAN MS/MS 

spectrum (Fig. 2.9a). An ion at m/z 519 is observed in the PAN MS/MS spectrum 

which was absent in the conventional HCT MS/MS spectrum.  
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Fig. 2.9. a) The PAN MS/MS spectrum (HCT) of GDGT 2; b) Expansion of the m/z 

100-400 region of the spectrum. Product ions are labelled with their nominal m/z 

value. Ions labelled with filled circles were also observed in the Qh-FT-ICR MS/MS 

spectrum of 2. 

 

A number of product ions were observed in the PAN MS/MS spectrum at m/z values 

below the LMCO of the HCT MS/MS spectrum (m/z 351). Many of the ions at low 

m/z (m/z 100-400; Fig. 2.9b) match those observed in the sCID MS spectrum of the 

MTH(ΔH) 45
o
C extract, recorded on the LCQ spectrometer (Table 2.5). The ions 

can be segregated into four homologous series, with m/z = 109+14m, 111+14m, 

113+14m and 115+14m (m = 0-14). Other ions possibly representing higher 

members (m > 14) of these homologoues series, such as that at m/z 375, which may 

represent m/z 109+(14x19), are occasionally observed but are, in general, too weak 
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to be wholly reliable in the PAN MS/MS spectra. The low m/z values of ions within 

these homologous series indicate that they must necessarily be formed by cleavages 

along the biphytanyl chains of 2. Ions comprising the m/z 111+14m and 113+14m 

series are discussed in detail in Section 2.2.9.6. Ions within the other two series 

cannot currently be assigned. Irrespective of the structures of all four ion series, they 

are consistently observed in PAN MS/MS spectra and, consequently, should serve as 

characteristic product ions for 2. An ion at m/z 149, which does not lie in any of the 

homologous series, is also reproducibly observed in PAN MS/MS spectra. 

 

2.2.8.3. PAN LC-MS/MS 

 

To extend the application of PAN MS/MS in order to facilitate its use in 

characterisation of complex mixtures of tetraether lipids, PAN CID was used in 

place of conventional CID during LC-MS/MS analyses of an MTH(ΔH) 70
o
C extract 

using the HCT instrument, with MS and PAN MS/MS spectra continually recorded 

online. PAN MS/MS spectra of 2 recorded in this manner were similar to the spectra 

recorded following direct infusion of the MTH(ΔH) 45
o
C extract, with two notable 

distinctions. Firstly, the product ions at m/z 1245, 1227 and 1209 in the PAN MS/MS 

spectrum of 2 obtained during the direct infusion were absent in the spectra obtained 

during PAN LC-MS/MS analyses. More importantly, although the product ions with 

m/z < 400 were the same in both spectra, the abundances of these ions relative to 

one-another differed. To ensure that the fluctuation in ion abundances related to the 

PAN LC-MS/MS procedure and not use of MTH(ΔH) samples which had been 

grown at different temperatures, the PAN LC-MS/MS procedure was repeated three 

more times using the MTH(ΔH) 70
o
C extract. In each case, the relative ion 

abundances were different, indicating that the reproducibility of PAN MS/MS 

spectra, generated from the same lipid found within the same sample, is poor.  

 

PAN MS/MS spectra of GTGT 3 and GMGT 27 were also obtained during the LC-

MS/MS analyses. These lipids dissociate in PAN MS/MS to give a series of ions 

below m/z 400, with many of these ions at m/z values matching those of ions 

observed below m/z 400 in the spectrum of 2. More information regarding PAN 

MS/MS of GMGT lipids is provided in Chapter 4. 
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Table 2.5. Product ions in the PAN MS/MS spectrum (HCT) of 2 with m/z < 400, 

with correlations to those found in the sCID MS spectrum (LCQ) of an MTH(ΔH) 

45
o
C extract and in the Qh-FT-ICR MS/MS spectrum of 2 also shown. 

 

Mass 

loss 

(Da)a 

m/z of 

corresponding 

product ion 

generated b 

Series m 

Also observed in 
Putative 

assignment sCID MS 

(LCQ) 

MS/MS         

(Qh-FT-ICR) 

       
-992 309 113 + 14m 14   C22H45

+ 

-994 307 111 + 14m 14   C22H43
+ 

-1006 295 113 + 14m 13   C21H43
+ 

-1008 293 111 + 14m 13   C21H41
+ 

-1020 281 113 + 14m 12   C20H41
+ 

-1022 279 111 + 14m 12   C20H39
+ 

-1034 267 113 + 14m 11   C19H39
+ 

-1036 265 111 + 14m 11   C19H37
+ 

-1048 253 113 + 14m 10   C18H37
+ 

-1050 251 111 + 14m 10   C18H35
+ 

-1062 239 113 + 14m 9   C17H35
+ 

-1064 237 111 + 14m 9   C17H33
+ 

-1076 225 113 + 14m 8   C16H33
+ 

-1078 223 111 + 14m 8   C16H31
+ 

-1080 221 109 + 14m 8   ? 

-1090 211 113 + 14m 7   C15H31
+ 

-1092 209 111 + 14m 7   C15H29
+ 

-1094 207 109 + 14m 7   ? 

-1104 197 113 + 14m 6   C14H29
+ 

-1106 195 111 + 14m 6   C14H27
+ 

-1108 193 109 + 14m 6   ? 

-1118 183 113 + 14m 5   C13H27
+ 

-1120 181 111 + 14m 5   C13H25
+ 

-1122 179 109 + 14m 5   ? 

-1132 169 113 + 14m 4   C12H25
+ 

-1134 167 111 + 14m 4   C12H23
+ 

-1136 165 109 + 14m 4   ? 

-1146 155 113 + 14m 3   C11H23
+ 

-1148 153 111 + 14m 3   C11H21
+ 

-1150 151 109 + 14m 3   ? 

-1152 149 ? -   ? 

-1160 141 113 + 14m 2   C10H21
+ 

-1162 139 111 + 14m 2   C10H19
+ 

-1164 137 109 + 14m 2   ? 

-1172 129 115 + 14m 1   ? 

-1174 127 113 + 14m 1   C9H19
+ 

-1176 125 111 + 14m 1   C9H17
+ 
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-1178 123 109 + 14m 1   ? 

-1186 115 115 + 14m 0   ? 

-1188 113 111 + 14m 0   C8H17
+ 

-1190 111 111 + 14m 0   C8H15
+ 

-1192 109 109 + 14m 0   ? 

 

Table 2.5. (cont.) 

 

a Mass loss from [M+H]+. Values quoted are the nominal masses of the neutral molecules lost. 

b Values quoted are the nominal m/z values for the product ion observed. 
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2.2.9. High mass accuracy mass spectrometry 

 

2.2.9.1. Qh-FT-ICR instrumentation and advantages of high mass accuracy MS 

 

Although the assignments of product ions in the ion trap MS/MS spectra of 2-3 and 

27 in Sections 2.2.4.2 and 2.2.5 represent the most likely structures based on simple 

elimination of water, C3H4O and/or isoprenoid chains from each lipid, the difficulty 

of obtaining MS
n
 spectra, coupled to the relatively low mass accuracy on the 

instruments used means that the assignments are, at best, tentative. Furthermore, 

some product ions observed in MS/MS and PAN MS/MS spectra could not be 

assigned solely on the basis of the m/z values determined on account of the large 

number of possible ions which could potentially have an identical nominal mass-to-

charge ratio. Fourier transform-ion cyclotron resonance (FT-ICR) MS is both a high 

resolution and high mass accuracy technique able to measure ions to sub-ppm mass 

accuracies (Marshall and Hendrickson, 2002). As such, the instrument provides a 

route to determination of the elemental compositions of ions detected. To this end, a 

hybrid quadrupole-hexapole FT-ICR (Qh-FT-ICR) instrument comprising an online 

quadrupole analyser, a hexapole collision cell (containing argon gas) and an ion 

funnel, incorporated onto the front end of the instrument, was used. As the 

quadrupole/collision cell combination can be operated in transmission-only mode 

(i.e. with the quadrupole operated in RF-only mode and collision energy in the 

hexapole ~ 0 eV) or in CID mode (i.e. with a precursor ion selected in the 

quadrupole and dissociated in the hexapole), both high mass accuracy MS and 

MS/MS analyses are possible on the instrument. As such, CID of the [M+H]
+ 

of 2 

using the Qh-FT-ICR would allow product ions to be better characterised by 

assignment to specific compositions or, failing that, by constriction to a limited 

range of compositions. 

 

2.2.9.2. Direct infusion high mass accuracy MS 

 

An MTH 45
o
C extract was introduced into the Qh-FT-ICR instrument via direct 

infusion positive-mode ESI. The FT-ICR mass spectrum obtained in transmission-

only mode was dominated by the [M+Na]
+
 (m/z 1324.3059) and [M+NH4]

+
 (m/z 
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1319.3510) of 2, although an ion relating to the [M+H]
+
 (m/z 1302.3228) of 2 was 

also observed. The sodiated molecule of 2 was similarly observed to dominate in a 

previous positive ESI MS analysis of tetraether core lipids from Thermococcus 

kodakaraensis (Matsuno et al., 2009). As was noted during ion trap MS (Section 

2.2.4.1.2), the abundances of the [M+H+1]
+
 (92%) and [M+H+2]

+
 (42%) higher 

isotopic species relative to the [M+H]
+
 of 2 were similarly depleted by comparison 

to the theoretical values (95% and 46%, respectively) in the Qh-FT-ICR mass 

spectrum, although here to a lesser extent. 

 

2.2.9.3. High mass accuracy MS/MS of 2 

 

CID of the ion at m/z 1302.3228 gave rise to a series of product ions in the Qh-FT-

ICR MS/MS spectrum (Fig. 2.10a), many of which were observed in the ion trap 

MS/MS spectra (both LCQ and HCT) obtained following CID of a precursor ion 

with the same nominal m/z. Application of the SmartFormula software program, 

which generates best-fit elemental compositions to ions on the basis of their accurate 

m/z values, with an additional constraint forbidding nitrogen atoms in any product 

ion, allowed 48 even-electron ions (including some remnant precursor at m/z 

1302.3228) to be characterised (Table 2.6). No odd-electron ions were identified. All 

of the even-electron ions had m/z values within 0.3 ppm of the theoretical value of 

the molecular formula assigned to them.  Many had nominal m/z values identical to 

ions observed in the MS/MS spectra of 2 recorded on the ion trap instruments 

(Tables 2.1 and 2.2), whereas others were not observed in the ion trap spectra.  

 

2.2.9.4. Elemental compositions of LCQ- and HCT-assigned ions 

 

The elemental compositions, determined on the Qh-FT-ICR, of all ions for which 

specific neutral losses were assigned in Sections 2.2.4.2.2 and 2.2.5.2 are consistent 

with those losses. Some ions assigned in the ion trap MS/MS spectra of 2, 

specifically those at nominal m/z 1265, 1247, 1245 and 1209, were not observed in 

the Qh-FT-ICR MS/MS spectrum of this lipid. As such, their assignments could not 

be verified.  
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Fig. 2.10. a) MS/MS spectrum of 2, recorded on a Qh-FT-ICR mass spectrometer; b) 

magnification of the m/z 705-711 spectral region; c) further magnification of peaks 

with nominal m/z 709. 

 

2.2.9.5. Elemental compositions of ions not assigned in ion trap MS/MS spectra 

 

A number of other ions were observed in the Qh-FT-ICR MS/MS spectrum of 2, 

some of which were observed in the HCT MS/MS spectrum but could not be 

assigned to a specific neutral loss (see Table 2.2), whilst others were not reported in 

the ion trap MS/MS spectra at all. These include ions which are shifted by 

approximately -2 m/z units from an ion trap-assigned ion, with ionic formulae 
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confirming that they contain two fewer hydrogen atoms. Other ions are shifted by 

approximately +2 m/z units from the ion trap-assigned ions, and contain two 

additional hydrogen atoms. Additionally, ions were observed at approximately +1 

and, on occasion, +2 m/z units both from ions assigned on the ion trap instruments 

and those that could not be assigned in Sections 2.2.4.2 and 2.2.5. The accurate m/z 

values of these ions suggest that they represent the singly and doubly 
13

C-containing 

species, respectively. By way of example, the ion at m/z 707.6912 (
12

C46H91O4
+
), 

formally assigned as a product ion arising from loss of two molecules of water and 

one molecule of 1,31-biphytadiene from the [M+H]
+
 of 2 (Tables 2.1 and 2.2), is 

accompanied by ions at m/z 705.6755 (
12

C46H89O4
+
), containing two fewer hydrogen 

atoms, and at m/z 709.7069 (
12

C46H93O4
+
) containing two additional hydrogen atoms 

(Fig. 2.10b). Ions at m/z 708.6945 (
12

C45
13

CH91O4
+
), 706.6789 (

12
C45

13
CH89O4

+
) and 

710.7100 (
12

C45
13

CH93O4
+
) were also observed and represent singly 

13
C substituted 

counterparts of each of the monoisotopic ions. An ion at 709.6980 (
12

C44
13

C2H91O4
+
) 

represents the doubly 
13

C substituted higher isotopic counterpart of the ion at m/z 

707.6912. The ion at m/z 709.6980 is clearly resolved from one at m/z 709.7069 by 

the Qh-FT-ICR, which was not the case with the LCQ and HCT ion trap instruments 

where a single peak at nominal m/z 709 was observed, assigned as the 
13

C-containing 

counterpart of 
12

C46H91O4
+
 only. The 

13
C-containing species in the Qh-FT-ICR 

spectrum are most likely formed from the mono- and di-
13

C isotopomers of 2, the 

[M+H]
+
 of which will be indiscriminantly trapped and simultaneously subjected to 

CID along with 2 as a consequence of the wide window (20 m/z units) used during 

the precursor selection on the Qh-FT-ICR. Encouragingly, the accurate mass 

evidence supports the conclusions drawn in Section 2.2.5.2 regarding +1 and +2 m/z 

ions series observed in the ion trap MS/MS spectra of 2. Ions at m/z 647.6336 

(
12

C43H83O3
+
), 629.6230 (

12
C43H81O2

+
) and 611.6124 (

12
C43H79O

+
) in the Qh-FT-ICR 

MS/MS spectrum of 2 are shifted by -4 m/z units from ion trap-assigned ions and 

contain four fewer hydrogen atoms in each case. Since all of the assigned ions for 

which -4 m/z unit counterparts are observed have formally lost 1,31-biphytadiene 

and C3H6O2 (with one, two or three additional losses of water, respectively), the 

dissociation of glycerol is implicated in the -4 proton difference. 
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Table 2.6. Comparisons of the measured m/z values of product ions in the Qh-FT-

ICR MS/MS spectrum of 2 and the theoretical values of the molecular formulae 

assigned for the ions using the SmartFormula program. 

 

Measured 

m/z 

Assigned ionic 

formula 

Theoretical 

m/z 

m/z error 

(ppm)a 
Assigned neutral 

loss  

Consistent with 

ion trap 

assignments? 

      
1302.3228 C86H173O6

+ 1302.3227 0.1 - - 

1284.3122 C86H171O5
+ 1284.3121 0.1 H2O  

1228.2858 C83H167O4
+ 1228.2859 0.1 C3H6O2  

743.7122 C46H95O6
+ 743.7123 0.1 C40H78  

727.7174 C46H95O5
+ 727.7174 0.0 C40H78O n.r 

725.7017 C46H93O5
+ 725.7018 0.1 C40H80O  

709.7069 C46H93O4
+ 709.7068 0.0 C40H80O2 n.r 

707.6912 C46H91O4
+ 707.6912 0.0 C40H82O2  

705.6755 C46H89O4
+ 705.6755 0.1 C40H84O2 n.a 

689.6806 C46H89O3
+ 689.6806 0.0 C40H84O3  

687.6651 C46H87O3
+ 687.6650 0.1 C40H86O3 n.a 

671.6700 C46H87O2
+ 671.6701 0.1 C40H86O4 n.r 

669.6755 C43H89O4
+ 669.6755 0.1 C43H84O2  

653.6594 C46H85O
+ 653.6595 0.1 C40H88O5 n.r 

651.6649 C43H87O3
+ 651.6650 0.1 C43H86O3  

647.6336 C43H83O3
+ 647.6337 0.1 C43H90O3 n.a 

635.6700 C43H87O2
+ 635.6701 0.1 C43H86O2 n.r 

633.6544 C43H85O2
+ 633.6544 0.0 C43H88O4  

631.6387 C43H83O2
+ 631.6388 0.1 C43H90O4 n.a 

629.6230 C43H81O2
+ 629.6231 0.2 C43H92O4 n.r 

615.6438 C43H83O
+ 615.6438 0.1 C43H90O5  

613.6281 C43H81O
+ 613.6282 0.1 C43H92O5 n.a 

611.6124 C43H79O
+ 611.6125 0.2 C43H94O5 n.r 

597.6332 C43H81
+ 597.6333 0.2 C43H92O6 n.a 

595.6387 C40H83O2
+ 595.6388 0.2 C46H90O4  

595.6176 C43H79
+ 595.6176 0.0 C43H94O6 n.r 

575.6125 C40H79O
+ 575.6125 0.1 C46H94O5 n.a 

573.5968 C40H77O
+ 573.5969 0.1 C46H96O5 n.a 

559.5812 C39H75O
+ 559.5812 0.0 C47H98O5 n.r 

557.6020 C40H77
+ 557.6020 0.0 C46H96O6 n.a 

555.5863 C40H75
+ 555.5863 0.1 C46H98O6 n.a 

519.5501 C36H71O
+ 519.5499 0.2 C50H102O5 n.r 

487.5237 C35H67
+ 487.5237 0.0 C51H106O6 n.r 

475.4874 C33H63O
+ 475.4873 0.2 C53H110O5 n.r 

459.4926 C33H63
+ 459.4924 0.3 C53H110O6 n.r 

431.4612 C31H59
+ 431.4611 0.1 C55H114O6 n.r 

417.4455 C30H57
+ 417.4455 0.1 C56H116O6 n.r 
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391.2843 C24H39O4
+ 391.2843 0.0 C62H134O2 n.r 

367.3935 C25H51O
+ 367.3934 0.2 C61H122O5 n.r 

347.3672 C25H47
+ 347.3672 0.2 C61H126O6 < LMCO 

311.3308 C21H43O
+ 311.3308 0.2 C65H130O5 < LMCO 

281.3203 C20H41
+ 281.3203 0.1 C66H132O6 < LMCO 

267.3047 C19H39
+ 267.3046 0.1 C67H134O6 < LMCO 

253.2890 C18H37
+ 253.2890 0.0 C68H136O6 < LMCO 

239.2733 C17H35
+ 239.2733 0.2 C69H138O6 < LMCO 

225.2577 C16H33
+ 225.2577 0.1 C70H140O6 < LMCO 

223.2420 C16H31
+ 223.2420 0.0 C70H142O6 < LMCO 

211.2420 C15H31
+ 211.2420 0.0 C71H142O6 < LMCO 

 

Table 2.6. (cont.) 

 

a ppm = parts per million. 

n.r = not reported in the ion trap MS/MS spectra. 

n.a = reported, but not assigned in the HCT MS/MS spectra. 

< LMCO = have m/z below the low mass cut-off in CID of 2, performed using the ion trap instruments. 
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A particularly interesting pair of product ions is observed at m/z 597.6332 and 

595.6176 in the Qh-FT-ICR MS/MS spectrum, determined as 
12

C43H81
+
 and 

12
C43H79

+
 ions, respectively. Both ions are fully deoxygenated, yet they contain more 

carbon atoms than are present in a biphytanyl chain. Since each biphytanyl chain in 2 

is tethered to the three carbon atoms in each glycerol unit via an ether oxygen and 

oxygen is no longer present in the C43-bearing product ions, it is apparent that the 

two product ions are formed via a rearrangement in which the propionic unit from a 

glycerol moiety is transposed onto one of the C40 biphytanyl chains (see Section 

2.2.11.7). The ion observed at nominal m/z 595 in the HCT ion trap MS/MS 

spectrum of 2 was suggested to form via loss of two molecules of water, two 

molecules of C3H4O and a molecule of 1,31-biphytadiene. An ion at m/z 595.6387 

(
12

C40H83O2
+
) in the Qh-FT-ICR spectrum (Table 2.6) confirms that 2 can undergo 

these losses. Given the resolution of the additional species at m/z 595.6176 

(
12

C43H79
+
) in the Qh-FT-ICR spectrum (Table 2.6), the peak at nominal m/z 595 in 

the HCT spectrum most likely represents both of these product ions. 

 

2.2.9.6. Elemental compositions of ions observed in the PAN MS/MS spectrum 

 

Included among the series of ions generated on the Qh-FT-ICR were several ions 

with m/z values which fall below the LMCOs of the ion trap instruments used. Some 

of these ions were also observed in the PAN MS/MS spectrum of 2, where they were 

assigned to two homologous series with m/z 111+14m and 113+14m (see Section 

2.2.8.2). Ions at m/z 211.2420, 225.2577, 239.2733, 253.2890, 267.3047 and 

281.3203 in the Qh-FT-ICR MS/MS spectrum have elemental compositions in the 

series CnH2n+1
+
 (n = 15-20), representing carbocations containing no double bond 

equivalents (i.e. double bonds or rings). These ions have nominal m/z values 

matching those of ions within the m/z 113+14m series observed in the PAN MS/MS 

spectrum of 2, allowing the full PAN series, by proxy, to be tentatively assigned as 

CnH2n+1
+
 (n = 8-22). An ion at m/z 223.2420, was assigned an elemental composition 

within the series CnH2n-1
+
 (n = 16), indicative of a carbocation containing one double 

bond equivalent. An ion at nominal m/z 223 in the m/z 111+14m series was similarly 

observed in the PAN MS/MS spectrum of 2, and can now be assigned as C16H31
+
. 

Again, by association, this implies that the m/z 111+14m homologous series can be 
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tentatively assigned as CnH2n-1
+
 (n = 8-22). As discussed in Section 2.2.8.2, both 

series of ions must be formed by direct cleavage of the biphytanyl chains in 2, with 

generation of carbocations of various lengths. The mechanistic implications of this 

are discussed in Section 2.2.11.8.  

 

Ions within the m/z 109+14m and 115+14m homologous series in the PAN MS/MS 

spectrum of 2 were not identified in the analogous Qh-FT-ICR spectrum. As such, 

the structural nature of these ions remains unclear. 

 

2.2.10. Derivatisation 

 

2.2.10.1. Necessity 

 

Although the product ions generated from tetraether lipid 2 during CID are assigned 

to particular neutral losses, there remains ambiguity about how these losses occur. 

For example, three molecules of water can be lost from the [M+H]
+
 of 2 during CID, 

with a fourth also lost in combination with expulsion of other neutral molecules. 

Whether these losses result from dissociation of the primary hydroxyl groups in the 

structure or via cleavage of one or both of the distinct ether functionalities (i.e. sn-2 

and sn-3 C-O bonds) is not discernable on the basis of the MS/MS spectra of the 

native structures. Two chemical modifications, silylation and acetylation, were 

employed in order to modify the terminal hydroxyls and thus explore the losses of 

water during CID, allowing conclusions regarding the mechanism of water loss from 

2 to be drawn. Silicon is less electronegative than hydrogen and consequently, TMS 

groups added to 2 should act as mild electron donors by comparison with the proton 

in the native structure. By contrast, acetate groups are electron withdrawing and, 

consequently, may weaken the ether linkages within the tetraether core. As such, a 

combination of both derivatisation protocols was used to probe the mechanisms in 

operation during CID of tetraether core lipids. 
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2.2.10.2. Silylation 

 

In order to attempt to protect 2 as its di-TMS ether derivative, an MTH(ΔH) 45
o
C 

extract was silylated using bis(trimethylsilyl) trifluoroacetamide (BSTFA), 

trimethylsilyl chloride (TMS chloride) and pyridine. The mass spectrum of a direct 

infusion of the silylation reaction products contained a number of peaks, including 

those at m/z 1302.5, 1374.5 and 1446.6, relating, in turn, to the protonated molecules 

of 2 and its mono- and di-TMS ether derivatives (Fig. 2.11a). Importantly, the 

monoisotopic peaks of the mono- (52) and disilylated (53) derivatives are not the 

most abundant isotopic species present in the spectrum, with the +1 isotopomers at 

m/z 1375.5 and 1447.5 present in greatest abundance in both cases (Fig. 2.11a, inset). 

This is largely consistent with the theoretical isotopic peak pattern predicted for the 

protonated molecules of both monosilylated (C89H181O6Si
+
; monoisotopic peak 

predicted at 96% of the +1 higher isotopic peak) and disilylated (C92H189O6Si2
+
; 

monoisotopic peak predicted at 89% of the +1 higher isotopic peak) derivatives of 2, 

although the relative abundances measured (99% and 86%, respectively) were 

slightly askew. Nevertheless, by using the summed abundances of the first four 

isotopic peaks for 2 and for its two silylated derivatives, and the assumption that 2, 

52 and 53 all have the same ionisation efficiency in MS, the ratio of 2:52:53 in the 

silylation reaction mixture was estimated to be 3:50:47. That the silylation reaction 

had not proceeded to completion was fortuitous, as it allowed derivatives of 2 in 

which one or both of the terminal hydroxyls had been modified to be investigated in 

CID. 

 

The MS/MS spectrum of 52 (Fig. 2.11b) contains two regions of product ions, as 

expected for a GDGT core, and exhibits product ions at m/z values either matching 

those of product ions found in the MS/MS spectrum of 2, or shifted from these ions 

by +72 m/z units (Table 2.7), reflecting TMS-bound analogues. The MS/MS 

spectrum of 53 (Fig. 2.11c) also contains two regions of product ions, with the ions 

observed largely exhibiting product ions either matching those in the MS/MS 

spectrum of 2, or shifted by +72 (TMS-bound analogues) or +144 (bis-TMS bound 

analogues) m/z units from these ions (Table 2.7). Notably, however, ions at nominal 

m/z 1297, 1229, 781, 671, 653 and 649 in the spectrum of 53 are not consistent with 
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either of the above categories. On account of the +1 isotope peaks (i.e. [M+H+1]
+
) of 

52 and 53 representing the base peak ions in MS, these ions were selected for 

MS/MS. The majority of the product ions formed from these precursors appear as 

predominantly monoisotopic species in the MS/MS spectrum. The only exceptions 

are the ion at nominal m/z 1355 (measured at m/z 1356.4) in the MS/MS spectrum of 

52 and the ion at nominal m/z 1389 (measured at m/z 1390.5) in the MS/MS 

spectrum of 53, which are less prominent than the corresponding +1 isotope species 

at m/z 1357.5 and 1391.5, respectively. Typically, [M+H+1]
+
 species dissociate to 

monoisotopic product ions when the heavy isotope, in this case a 
29

Si or 
13

C atom, is 

contained within the neutral molecule lost. Otherwise, where the neutral molecule 

lost is monoisotopic, +1 higher isotopomeric product ions are formed. The 

probability that a monoisotopic product ion is formed from the [M+H+1]
+
 species is 

directly correlated to the number of Si and/or C atoms in the neutral molecule 

dissociated during formation of that ion; the greater the number of atoms in the 

molecule lost, the greater the chance that the heavy isotope is among them. This 

accounts for the observation that it is only the product ions formed from the least 

massive neutral losses from 52 and 53 that show more prominent +1 isotopic species 

than monoisotopic species in the MS/MS spectra. An additional complication arises 

from the fact that, on account of the 3 m/z unit isolation width used during the 

precursor selection stage of CID, the [M+H]
+
 species of 52 and 53 are 

indiscriminately trapped along with the targeted [M+H+1]
+
 species, and 

subsequently dissociated at the same time. As the [M+H]
+
 species contain no heavy 

isotope, their dissociation may also account for the prominence of monoisotopic 

species in the MS/MS spectra. 
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Fig. 2.11. a) Mass spectrum (HCT) of the silylation products of an MTH(ΔH) 45
o
C 

extract. Inset shows expansion of regions of the spectrum; MS/MS spectra (HCT) of: 

b) 52 ([M+H+1]
+
 m/z = 1375.5); c) 53 ([M+H+1]

+
 m/z = 1447.5). 
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Table 2.7. Structures of and MS and MS/MS (HCT) spectral data for silylated (52-

55) and acetylated (56-57) derivatives of tetraether lipids 2 and 26. 

 

 

Lipid   Precursor  b Product ions observed in MS/MS c, d 

 

52 

 

1375  

(1374.5) 

 

1355,1317,1301,1299,1283,1265,1247,1227,1209; 

815,797,779,741,725,723,709,707,689,687,671,669,667,651,647,633,631,615,613,597, 

595,575,557,555 

53 
1447.5 

(1446.6) 

1389,1373,1371,1355,1337,1319,1299,1297,1283,1281,1265,1247,1229,1227,1209; 

887,869,813,797,795,781,779,761,741,723,707,689,671,653,651,649,633,631,615,613, 

597,595,575,557 

54 
1389.5 

(1388.5) 

1369,1355,1351,1339,1331,1313,1297,1279,1261,1241,1223; 

829,815,811,797,755,741,739,737,725,723,721,707,703,701,689,687,685,683,681,671, 

669,665,653,651,649,647,645,643,633,631,629,627,615,613,611,609,597,595,591,589, 

575,573,571,557,555 

55 
1461.5 

(1460.6) 

1441,1403,1387,1385,1373,1369,1351,1313,1297,1279,1261,1223,1205,1203; 

901,887,883,869,827,813,811,809,797,795,793,781,779,755,741,737,723,721,703,689, 

687,685,681,671,667,665,653,651,649,647,645,633,631,629,627,615,613,611,609,597, 

573,571,557 

 

56 

 

1386.6 

 

1367,1343,1329,1325,1307,1289,1269,1267,1265,1251,1249,1247,1229,1227,1209; 

809,791,767,749,735,733,731,715,713,693,691,675,673,671,653,633,631,615,613,597, 

595,575,573,557,555 

57 1400.5 
1381,1363,1357,1343,1339,1321,1303,1283,1281,1279,1265,1263,1261,1243; 

823,809,781,763,749,747,745,735,707,705,693,691,689,687,629,615,611,597 

 

a An isomer of this lipid in which R1 and R2 are interchanged is also expected amongst the silylation products and would be 

dissociated with 54 during CID. 

b For 52-55, the [M+H+1]+ species was selected as the precursor ([M+H]+ shown in brackets); For 56-57, the [M+H]+ was 
selected as the precursor. Measured m/z values quoted in each case. 

c m/z values quoted are the nominal values for the monoisotopic product ions. 

d Product ions listed in bold face represent the base peak in MS/MS. 

 

 

A product ion observed at m/z 1355 in the MS/MS spectrum of 52 confirms that an 

individual molecule of water can be lost from the [M+H]
+
 of this lipid during CID. 

By contrast, no product ion was observed at m/z 1427 in the MS/MS spectrum of 53, 

indicating that the [M+H]
+
 of this lipid does not lose a discrete molecule of water 

during CID. Likewise, ions at m/z 815, 797 and 779 in the MS/MS spectrum of 52 
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indicate loss of biphytadiene with zero, one and two additional losses of water. On 

the other hand, peaks at m/z 887 and 869, corresponding to ions formed via loss of 

biphytadiene without or with an additional molecule of water, were observed in the 

MS/MS spectrum of 53, but no ion was observed at m/z 851, as would be expected if 

the loss of biphytadiene was accompanied by loss of two additional molecules of 

water. The preference for loss of water from 52, which contains a terminal hydroxyl, 

compared to 53, which is devoid of such functionality, indicates that terminal 

hydroxyl groups in tetraether lipids are eliminated during CID. Importantly, the 

absence of a product ion formed from loss of water from the [M+H]
+
 of 53 does not 

indicate that the ether oxygen atoms cannot be lost as water; at least some of these 

oxygen atoms must be labile if losses of three molecules of water from the [M+H]
+
 

of 2 and four molecules of water from the [M+H]
+
 of 27 during CID are to be 

explained. The lack of a product ion formed from loss of water from the [M+H]
+
 of 

53 may, therefore, be a consequence of the different electronic demands of terminal 

hydroxyl groups and TMS ether groups, particularly if the presence of the latter 

alters the susceptibility for ether cleavage. 

 

Other product ions formed from the [M+H]
+
 of 52 and 53 include those formed via 

losses of 56 and 74 Da from each. During CID of the [M+H]
+
 of 2, these nominal 

losses were attributed to loss of C3H4O and C3H6O2, respectively (Tables 2.1 and 

2.2). The remnant non-derivatised glycerol group in 52 means that these neutral 

losses are possible from this lipid, but it is much more difficult to envisage similar 

losses occurring from 53, in which both glycerol groups are modified. Alternatively, 

the 74 Da loss from the [M+H]
+
 of 53 could relate to loss of trimethylsilane, 

eliminated from 53 (and also from 52) via transfer of a proton to the silicon in a 

TMS group (possible pathway indicated in Scheme 2.1a). The 56 Da loss from the 

[M+H]
+
 of 53 cannot currently be assigned.  

 

Losses of 72 and 90 Da, which were not observed during CID of the [M+H]
+
 of 2, 

were observed during CID of the [M+H]
+
 of 52 and 53. These losses can be 

attributed to elimination of the TMS groups in 52 and 53 via transfer of one of two 

distinct β-hydrogens. The 72 Da loss is likely to represent a loss of silene, 

proceeding via transfer of a proton from one of the methyl groups in a TMS moiety 
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to the neighbouring oxygen of an sn-1 glycerol carbinol (Scheme 2.1b). The 90 Da 

loss, on the other hand, probably represents a loss of trimethylsilanol via transfer of 

the proton on an sn-2 glycerol carbon to the neighbouring oxygen atom bound to the 

sn-1 glycerol carbon (Scheme 2.1c).  

 

Ions at m/z 1388.5 and 1460.6 in the mass spectrum of the direct infusion of the 

silylation reaction products relate to the protonated molecules of mono- (54) and 

disilylated (55) derivatives of homocaldarchaeol (26). The MS/MS spectra of the two 

components (Table 2.7) are consistent with the assigned structure of 26 and with the 

mechanisms proposed above for CID of the [M+H]
+
 of 52 and 53. Although the 

[M+H]
+
 of 55 does lose a molecule of water during CID, the product ion formed via 

this loss (m/z 1441) is less prominent in the MS/MS spectrum than the corresponding 

ion at m/z 1369 in the MS/MS spectrum of 54, again implicating terminal hydroxyl 

groups as sources of water loss during CID of tetraether lipids. The ion at m/z 725.8 

in the MS spectrum of the reaction products is likely to represent the TMS ether of 

archaeol, whilst the nature of ions at m/z 1525.5, 254.9 and 359.9 is unclear. 

 

 

Scheme 2.1. Possible pathways for dissociation of the silyl ether group in 52 and 53 

(ionising proton not shown): a) elimination of trimethylsilane; b) elimination of 

trimethylsilanol; c) elimination of dimethylsilene. 

 

Me3SiH Me2Si=

Me3SiOH

sn-1

sn-2

sn-3

a b

c

O
O R

O R

H
Me3Si

RO

O

O R
OH

H

H
O R

O R

SiMe2

O R
H

O R

Me3SiO

RO

OH

O R

RO

O R

Me3SiH Me2Si=

Me3SiOH

sn-1

sn-2

sn-3

a b

c

O
O R

O R

H
Me3Si

O
O R

O R

H
Me3Si

RO

O

O R

RO

O

O R
OH

H

H
O R

O R

SiMe2

OH

H

H
O R

O R

SiMe2

O R
H

O R

Me3SiO

O R
H

O R

Me3SiO

RO

OH

O R

RO

OH

O R

RO

O R

RO

O R



Chapter 2: LC-MS/MS for structural elucidation of tetraether lipid cores 

 
 

 112 

2.2.10.3. Acetylation 

 

In order to attempt to form the diacetate of 2, the 45
o
C MTH(H) lipid extract was 

acetylated using acetic anhydride and pyridine. The MS spectrum obtained following 

direct infusion of the resulting acetylates was dominated by a major component, 56, 

which exhibited an [M+H]
+
 at m/z 1386.6 (Fig. 2.12a), consistent with that expected 

for diacetylated 2. No remnant ion with nominal m/z 1301 was observed in the 

spectrum, suggesting that the reaction had proceeded to completion. The MS/MS 

spectrum of 56 (Fig. 2.12b and Table 2.7) shows a prominent product ion at m/z 

1367, generated by loss of one molecule of water. Since 56 no longer possesses 

either of the free terminal hydroxyls found in 2, and given that loss of water from 

ester moieties is not typically observed during CID (Sigsby et al., 1979a), this 

implicates the ether oxygen atoms as sources for loss of water during CID.  

 

Other neutral losses observed from the [M+H]
+
 of 56 include 42 (m/z 1343), 60 (m/z 

1325) and 116 Da (m/z 1269), corresponding, in turn, to molecules of ketene, acetic 

acid and acetylated glycerol (C5H8O3) (Scheme 2.2). In addition, an ion observed at 

m/z 1265 can be rationalised as having formed via loss of two molecules of acetic 

acid. As these four losses account for complete elimination of the acetyl groups in 

56, they should prove to be characteristic for glycerol-acetylated tetraether lipids. 

Interestingly, no product ions formed from dissociation of 98 Da (C5H6O2) were 

observed, suggesting that at least one of the ether oxygens must necessarily be lost 

from the [M+H]
+
 of 56 when a glycerol group dissociates during CID. Loss of 56 Da 

is also observed from the [M+H]
+
 of 56. Given that both protons on the terminal 

hydroxyls of 2 have been replaced via conversion to 56, it is difficult to reconcile the 

56 Da loss from the [M+H]
+
 of 56 with the proposed mechanism for loss of C3H4O 

during CID of the [M+H]
+
 of 2, as discussed in Section 2.2.11.6. As such, the loss 

from the [M+H]
+
 of 56 can not currently be assigned. 
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Fig. 2.12. a) MS spectrum (HCT) of the acetylation products of an MTH(ΔH) 45
o
C 

extract; b) MS/MS spectrum (HCT) of 56 ([M+H]
+
 m/z = 1386.6). 

 

 

 

Scheme 2.2. Possible pathways for dissociation of the acetate group in 56 based on 

Sigsby et al., 1979a (ionising proton not shown): a) elimination of ketene; b) 

elimination of acetic acid. 
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Dissociation of the [M+H]
+
 of 56 in CID also gives rise to an abundant series of 

product ions in which an isoprenoid chain has, in some form, been lost from the 

structure. From the relative ion abundances in the MS/MS spectrum of 56, it is clear 

that some of the product ions in which this structural motif has been lost are formed 

more favourably than those formed from individual losses of the small molecules 

(i.e. water, ketene, acetate) discussed above. This contrasts with the predominance of 

ions arising from loss of a single molecule of water during CID of the [M+H]
+
 of 2 

and reflects a greater susceptibility for loss of a biphytanyl chain (with additional 

loss of functionality) from the [M+H]
+
 of 56 than from the [M+H]

+
 of 2. By contrast 

with the MS/MS spectrum of 2, no product ion consistent with loss of 1,31-

biphytadiene (558 Da) could be observed in the spectrum of 56. Instead, the smallest 

isoprenoid-bearing neutral loss has a mass of 576 Da, relating formally to 

biphytadiene plus a molecule of water. It is possible that the electronic demands of 

the terminal acetate groups affect the sn-2 and sn-3 ether linkages to differing 

extents, influencing which C-O bond in each ether cleaves. If these groups cleave 

selectively in opposite directions, 1-ene-biphytan-32-ol as opposed to 1,31-

biphytadiene would be the smallest isoprenoid-bearing loss, consistent with the 

MS/MS spectral data obtained for 56. An alternative explanation involves ether 

cleavage by a nucleophilic displacement involving a neighbouring acetate group. 

This mechanism is discussed further in Section 2.2.11.7. 

 

The ion at m/z 1400.5 in the MS spectrum of the acetylation products relates to the 

[M+H]
+
 of the diacetate derivative (57) of homocaldarchaeol (26). Key product ions 

at m/z 1381 (formed by loss of water) and at m/z 823 and 801 (formed via losses of a 

molecule of water and either a C40 or C41 diene) in the MS/MS spectrum of 57 

support the conclusions drawn from MS/MS of 56 (Table 2.7). The ion at m/z 695.7 

in the MS spectrum most likely represents the [M+H]
+
 of acetylated archaeol. 
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2.2.11. CID mechanistic considerations 

 

2.2.11.1. Necessity for understanding CID mechanisms 

 

In the preceding sections of this chapter, the product ions formed from tetraether 

lipids 2-3 and 27 have been described and the differences between ion distributions 

obtained on different mass spectrometers have been discussed. Mechanistic detail, on 

the other hand, has been kept to a minimum, reserved until all data can be examined 

as a unified set. With this data set now to hand, the mechanisms by which CID of 

tetraether lipids may occur can finally be addressed. Understanding the underlying 

mechanisms active during CID is essential if MS/MS and LC-MS/MS are to be used 

to determine the structures of novel tetraethers, some of which are discussed in 

Chapters 3-5. In this section, potential mechanisms for dissociation of tetraether 

lipids 2-3 and 27 are discussed in light of the MS/MS spectra obtained for each. 

 

2.2.11.2. Protonation of tetraethers in APCI 

 

Tetraether lipid cores typically contain six oxygen atoms, providing six potential 

sites for protonation during ionisation. It is perhaps surprising, therefore, that only 

singly charged [M+H]
+
 ions form during APCI of tetraethers. Protonation of the 

ether oxygens is likely to be preferred to protonation of the alcohol oxygens on 

account of their greater basicity (Lin et al., 1993), although it remains probable that 

the total [M+H]
+
 signal generated during ionisation of a tetraether lipid comprises a 

statistical mixture of all six possible mono-protonated species. A similar distribution 

of [M+H]
+
 species, with protons bound to different ether oxygens, was observed 

following chemical ionisation of isomeric forms of mixed diethers (Morlender-Vais 

and Mandelbaum, 1997a). If the proton is assumed to be localised on one oxygen 

atom only, the [M+H]
+
 forms of a tetraether lipid can fall into three categories; sn-1 

hydroxyl-protonated, sn-2 ether-protonated or sn-3 ether-protonated (Fig. 2.13a). 

Each form could, in principle, be dissociated during CID, contributing to the product 

ion distributions observed in the MS/MS spectra of the tetraether lipid. A similar 

combination of product ions originating from methyl ether-protonated and ethyl-

ether protonated ions was observed following CID of protonated diether molecules 
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containing both functionalities (Morlender-Vais and Mandelbaum, 1997a). To 

complicate matters, however, thermodynamic and ab initio calculations of proton 

affinities for gas phase polyethers have led to the suggestion that intramolecular 

hydrogen bonding is likely to be an important non-covalent interaction in the 

stabilisation of their protonated molecules (Meot-Ner, 1983; Sharma et al., 1984; Lin 

et al., 1993; Wasada et al., 1996). Typically, this would involve bridging of the 

ionising proton between two ether oxygen atoms, with additional stability provided 

by a third and fourth ether oxygen provided that the ionic conformation allows these 

groups to be in close proximity to the hydrogen-bonded proton (Sharma et al., 1984). 

Tautomeric processes could also lead to interconversion between different 

protonated forms. As such, the nature of the [M+H]
+
 of a tetraether lipid is likely to 

be intermediate to the six possible monoprotonated forms, with the proton charge 

being stablised by more than one oxygen atom (e.g. Fig 2.13b). Which oxygens can 

be bridged by a proton will be heavily dependent on the conformational flexibility of 

the protonated tetraether lipid in question. For example, the acyclic nature of 

protonated GTGT lipids should allow for ionic conformations in which hydrogen 

bonds between oxygen atoms in either the same or different glycerol groups can 

form. Protonated GMGT lipids, on other hand, are likely to be conformationally 

restricted by the covalent bond between the isoprenoid chains and may not be able to 

form hydrogen bonds between two oxygens found at opposite ends of the ion. 

Protonated GDGT lipids most probably have conformational flexibilities that lie 

somewhere between those of their GTGT and GMGT counterparts. 
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Fig. 2.13. Potential forms of the [M+H]
+
 of 2: a) species formed from protonation at 

a single site; b) a putative hydrogen bond-stablised form. 

 

2.1.11.3. Mechanisms for preliminary ether cleavage 

 

Many of the ions that form from tetraether lipids 2-3 during CID involve loss of one 

or more of the composite alkyl chains within the structures. These losses must 

involve at least one cleavage of an ether bond. Furthermore, this initial ether 

cleavage is almost certainly a charge-directed process (Morlender-Vais and 

Mandelbaum, 1997a), implicating ether-protonated forms of the [M+H]
+
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stabilised via hydrogen-bonding) in the process. Several mechanisms have been 

proposed for charge-directed cleavage of C-O ether bonds following ionisation or 

during CID (Sisgby et al., 1979b; Morlender-Vais and Mandelbaum, 1997b; Shvily 

et al., 1997; Ben Ari et al., 2003; 2006). The first process involves an inductive 
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CID could be explained by dissociation of 1-phytanol by inductive cleavage of an 

sn-2 or sn-3 C-O bond (Scheme 2.4). 

 

 

 

 

Scheme 2.3. CID of a generic protonated ether via inductive cleavage. 

 

 

 

Scheme 2.4. Putative routes for the formation of product ions at nominal m/z 1005 

from the [M+H]
+
 of 3 via inductive cleavage during CID. 

 

The second process implicated in cleavage of protonated ether bonds involves a four-

centred hydrogen transfer from a β-CH or -CH2 group to the ether oxygen, with 

elimination of an alkene and formation of a protonated alcohol (Sigsby et al., 1979b; 

Scheme 2.5). As a consequence of the thermodynamic stability of substituted over 

unsubstituted alkenes, this process was more favourable for transfer of a secondary 

proton over a primary proton when both were available in the same molecule. All 

eight ether C-O bonds in protonated tetraethers have a β-proton, indicating that they 

could all conceivably be cleaved by this process. Thus, loss of 1-phytene from the 

[M+H]
+
 of 3 during CID could occur via an elimination of this nature (Scheme 2.6). 

 

 

 

 

Scheme 2.5. CID of a generic protonated ether via elimination to an alkene and 

protonated alcohol. 

 

R1 R2

O

H

+
R1OH    +    R2

+

R1 R2

O

H

+
R1OH    +    R2

+

O

OH
O O

OH
O
H

+ O

OH
O O

OH
+

O

OH
O O

OH
O

H

+

OH
O O

OH
O+

O

OH
O O

OH
OO

OH
O O

OH
O
H

+ O

OH
O O

OH

O

OH
O O

OH
+

O

OH
O O

OH
OO

OH
O O

OH
O

H

+

OH
O O

OH
O

OH
O O

OH
O+

R1 R2

O

H

+
(R1OH2)

+ +

H

R2R1 R2

O

H

+
(R1OH2)

+ +

H

R2



Chapter 2: LC-MS/MS for structural elucidation of tetraether lipid cores 

 
 

 119 

 

Scheme 2.6. Putative routes for the formation of product ions at nominal m/z 1023 

from the [M+H]
+ 

of 3 via eliminatory cleavage during CID. 

 

Several reports (Shvily et al., 1997; Ben Ari et al., 2006) have proposed an 

additional mechanism for dissociation of alcohols from protonated diethers during 

CID, whereby the alcohol is ejected from the proton-bearing ether by anchimeric 

assistance from another, nucleophilic ether group found elsewhere in the structure 

(generalised in Scheme 2.7).  

 

 

 

 

 

Scheme 2.7. CID of a generic protonated ether via anchimerically-assisted 

displacement of an alcohol. X = nucleophilic atom or group. 
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nucleophilic partner, anchimeric assistance could provide an alternative explanation 

for loss of 1-phytanol from the [M+H]
+
 of 3 during CID. 

 

 

Scheme 2.8. Putative routes for the formation of product ions at nominal m/z 1005 

from the [M+H]
+
 of 3 via anchimeric assistance during CID, generating three-

membered oxonium ions. 
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Scheme 2.9. CID of a generic protonated ether via an α-proton transfer, generating 

an alkane and protonated carbonyl. 
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involving homolytic cleavage of a C-O bond, leading to an alcoholic molecular ion 

and a hydrocarbon radical (Sigsby et al., 1979b; Scheme 2.10). This process, 

however, proved to be largely unfavourable in CID of simple protonated ethers 

(Sigsby et al., 1979b) and, since no odd-electron ions were identified by the 

SmartFormula program in the Qh-FT-ICR MS/MS spectrum of 2 (Table 2.6), this 

process, at least as a single-stage cleavage, can be ruled out for protonated tetraether 

lipids.  

 

 

 

 

Scheme 2.10. CID of a generic protonated ether via homolytic cleavage. 
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Scheme 2.11. CID of a generic protonated ether via a 1,2-hydride shift. 
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2.2.11.4. Mechanisms for a second ether cleavage 

 

In protonated GDGT lipids, a single ether cleavage step is not sufficient to explain 

the loss of a biphytanyl chain from the structure during CID: a second ether cleavage 

is necessary if these chains are to be lost. By way of example, the loss of 1,31-

biphytadiene from the [M+H]
+
 of 2 must involve elimination of the ether at one end 

of the biphytanyl chain followed by a second elimination at the other end of the 

chain. If intramolecular hydrogen bonding is ignored, only one of these ether groups 

can be protonated at a given time, indicating that both charge-directed and charge-

remote cleavage processes may be available to tetraether lipids during CID. 

Alternatively, if, following the initial charge-directed cleavage, the ionising proton 

was transferred from the protonated hydroxyl group formed during the cleavage to 

the ether oxygen located at the opposite end of the biphytanyl chain, the second 

cleavage could also occur via a charge-directed process (Scheme 2.12). This would 

be a likely scenario if the two oxygen atoms were held in close proximity by an 

initial hydrogen bond prior to the first ether cleavage. This would not, however, be a 

necessary condition for proton transfer to occur. Given that the initial cleavage 

destroys the macrocylic nature of the GDGT core, the intermediate ion formed after 

this cleavage would be expected to be much more confomationally mobile than the 

original protonated tetraether. As such, a conformational rearrangement could allow 

transfer of the ionising proton from the hydroxyl group to the ether oxygen prior to 

the second cleavage step. 

 

 

Scheme 2.12. Putative route for the formation of a product ion at nominal m/z 743 

from the [M+H]
+
 of 2 via consecutive eliminations during CID. 
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Elimination of a second ether linkage, following preliminary cleavage of an ether 

linkage by either inductive, anchimerically assisted or elimination processes, can 

explain almost all ions reported in Region 3 of the LCQ spectrum of 2 (exceptions 

being ions at m/z 689 and 615) and the additional ion at m/z 595 in the HCT 

spectrum of 2. Furthermore, sequential ether cleavage steps of these types explain 

many of the ions at the same m/z observed in Region 3 of both LCQ and HCT 

spectra of GTGT 3. Ether cleavages which result in formation of an alkane and a 

protonated carbonyl could, in principle, lead to product ions shifted from ions 

assigned in Region 3 of the MS/MS spectra of 2 and 3 by 2 or -4 m/z units, 

depending on whether one or both cleavages occurred via this process. Ions shifted 

by these magnitudes were observed in the HCT and Qh-FT-ICR MS/MS spectra of 2 

and in the HCT and LCQ spectra of 3. Ions shifted by the same magnitude from ions 

in Region 1 of the HCT MS/MS spectrum of 27 were also observed. It is possible 

that these ions are formed by the alkyl/carbonyl cleavage process, either occurring 

during one (2 m/z units) or both (-4 m/z units) ether cleavages. For example, the ion 

at nominal m/z 575 in the MS/MS spectrum of 2 could be protonated 1-ene-

biphytadian-32-al formed by one elimination and one alkane/carbonyl ether cleavage 

at the two ends of the same biphytanyl chain (Scheme 2.13). 

 

 

 

Scheme 2.13. Putative route for the formation of a product ion at nominal m/z 575 

from the [M+H]
+
 of 2 via one elimination and one alkane/carbonyl cleavage during 

CID. 
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2.2.11.5. Mechanisms for loss of water 

 

A previous study in which short chain aliphatic alcohols were protonated using 

atmospheric pressure ionisation and subjected to CID indicated that hydroxyl groups 

in alcohols can be lost as H2O by inductive cleavage of the C-O bond generating a 

carbocation, or lost as the hydronium ion (H3O
+
) by elimination to generate a neutral 

alkene (Karpas et al., 1994). Protonated hydroxyl groups may also lose water via 

anchimeric assistance from nucleophilic (e.g. ether or other hydroxyl) moieties found 

elsewhere within the same molecule (Shvily et al., 1997). By association, it is easy 

to envisage how an individual molecule of water might be lost from sn-1 hydroxyl-

protonated forms of tetraether lipid 2. The sn-1 hydroxyl-protonated ion could lose 

water via induction or anchimeric assistance in a single cleavage step (Scheme 2.14). 

Alternatively, sn-2 and sn-3 ether-protonated ions could lose water via a two-step 

process involving initial charge-directed scission of the ether bond followed by 

inductive or anchimerically assisted cleavage of the hydroxyl group formed (Scheme 

2.14). In either case, elimination of a hydronium ion (H3O
+
) could also occur, but 

would lead to a neutral alkene, undetectable in MS/MS. 

 

 

Scheme 2.14. Putative routes for the formation of product ions at nominal m/z 1283 

from the [M+H]
+
 of 2 via loss of water during CID. 
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GDGT 2 was observed to lose up to three molecules of water without loss of any of 

its carbon-based architecture. GMGT 27, on the other hand, loses four individual 

molecules of water without accompanying neutral losses containing carbon atoms. 

GTGT 3 can only lose two individual molecules of water at most before other 

functionality is lost. The losses from 3 suggest that both terminal hydroxyls are lost 

during CID of tetraether lipids. The additional molecule of water lost from GDGT 2 

is most likely provided following generation of a third free hydroxyl group following 

ether cleavage. Similarly, the third and fourth molecules of water lost from GMGT 

27 are likely to be provided following generation of free hydroxyls following two 

successive cleavages of ether linkages of the same type within the structure (i.e. 

when both sn-2 ether groups or both sn-3 ether groups, but not a mixture of the two, 

are cleaved). Interestingly, the first hydroxyl group lost from each structure during 

CID, if dissociated by an inductive or anchimerically assisted cleavage, would take 

the transferable proton with it. It would then be difficult to see how the additional 

hydroxyl groups could be lost by charge-directed processes. This either implies that 

neutral hydroxyl groups can be lost via charge-remote elimination processes or, more 

likely indicates that hydrogen bonding is present in the protonated molecules of all 

three tetraether core types. The latter would allow for elimination of the first 

molecule of water, with the liberated hydronium ion remaining tethered to the 

structure by a hydrogen bond to another oxygen atom (Scheme 2.15). A proton 

transfer from the hydronium ion to the oxygen would dissociate water and preserve 

the ionising proton within an intermediate ion. A subsequent elimination step with 

associated proton transfer could liberate a second molecule of water from 2-3 and 27, 

with 27 eliminating a third molecule of water in the same manner. The final 

molecule of water lost from either 2 or 27 could be liberated via inductive or 

anchimerically assisted cleavage, taking the ionising proton with it and leaving a 

carbocation or oxonium ion (e.g. Scheme 2.15). 
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Scheme 2.15. Putative route for formation of a product ion at nominal m/z 1265 

from the [M+H]
+
 of 2 via consecutive losses of water during CID. 

 

The product ions at m/z 689 and 615 in the MS/MS spectra of 2 necessarily require 

loss of an individual molecule of water in addition to any possible neutral loss 

bearing a biphytanyl chain that can be liberated by one or two ether cleavage steps. 

As such, other product ions formed from the [M+H]
+
 of 2 attributed to loss of a 

single molecule might instead be formed by loss of 1,31-biphytadiene and 

subsequent losses of individual molecules of water. 

 

2.2.11.6. Mechanism for loss of C3H4O and probable identity 

 

Loss of C3H4O from the [M+H]
+
 of 2 and 27 during CID is unusual, and cannot be 

explained by ether cleavages via any consecutive pair of processes discussed in 

Section 2.2.11.3. The most likely explanation for formation of the ion at m/z 1245 

from the [M+H]
+
 of 2 is via an initial elimination of an sn-2 ether linkage followed 

by a retro-Michael addition in which a proton on the neighbouring sn-1 hydroxyl 

group is transferred to the sn-3 ether oxygen and a molecule of propenal is 

eliminated (Scheme 2.16). Propenal, also known as acrolein, is a known dehydration 

product of glycerol (Izard and Libermann, 1978; Stevens and Maier, 2008) and of 

glycerides (Stevens and Maier, 2008), lending further support to the assignment for 

tetraether lipids. On account of the covalent tether between the biphytanyl chains in 

the structure, two molecules of propenal can be lost from the [M+H]
+
 of 27 during 

CID without loss of other neutral molecules occurring. 
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Scheme 2.16. Putative route for formation of a product ion at nominal m/z 1245 

from the [M+H]
+
 of 2 via retro-Michael addition during CID. 

 

2.2.11.7. Mechanisms involving rearrangement 

 

A series of ions in Region 3 of the MS/MS spectrum of 3 appear to have been 

formed via loss of a biphytanyl chain. The nature of the structure of 3 would suggest 

that this loss, if it were to occur via inductive cleavage or elimination of an ether, 

would be accompanied by loss of a phytanyl chain and a glycerol group. A 

rearrangement must, therefore, occur at some stage prior to the dissociation of the 

biphytanyl chain which tethers the glycerol group and phytanyl chain to a carbon 

retained in the product ion. This could be envisaged to occur via nucleophilic attack 

of the sn-1 hydroxyl group on one of the glycerol moieities at the sn-2 carbon of the 

other glycerol group in the structure, resulting in cleavage of the sn-2 C-O bond to 

the biphytanyl chain. Alternatively, the attack from an sn-1 hydroxyl could occur at 

the other end of the biphytanyl chain, cleaving the sn-3 ether linkage to this chain (as 

shown in Scheme 2.17). Rearrangements of this nature would provide the necessary 

tethering of one glycerol group to the other, and facilitate loss of 1-ene-biphytan-32-

ol via a subsequent elimination step, forming the ion at m/z 727 (Scheme 2.17). The 

presence of ions at m/z 429 and 447 in the MS/MS spectrum of 3 can be explained 

by loss of 1-ene-biphytan-32-ol in this fashion, followed by loss of 1-phytene or 1-

phytenol, respectively. Encouragingly, this mechanism would also account for the 

absence of loss of an individual molecule of 1,31-biphytadiene from the [M+H]
+
 of 3 

(i.e. no product ion at m/z 745 is observed), with at least one oxygen necessarily 

being lost during the rearrangement and subsequent cleavage. 
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Scheme 2.17. Putative route for formation of a product ion at nominal m/z 727 from 

the [M+H]
+
 of 3 via a rearrangement and subsequent elimination during CID. 

 

Anchimeric assistance of an acetate group in the ether cleavage processes in 

operation during CID of the [M+H]
+
 of 56 (Section 2.2.10.3) may explain why 1-

ene-biphytan-32-ol is lost, but 1,31-biphytadiene is not lost from this ion. Similar 

displacement of an alcohol group from a protonated ether by anchimeric assistance 

of a neighbouring acyl group has been reported previously for ions formed in 

gaseous phase ion-molecule reactions (Moraes and Eberlin, 2001). 

 

Ions at nominal m/z 597 and 595 in the Qh-FT-ICR MS/MS spectra of the [M+H]
+
 of 

2 appear to contain 43 carbons and no oxygens, implying a rearrangement which has 

tethered a propionic unit from a glycerol group onto a biphytanyl chain at some point 

during CID (see Section 2.2.9.5). Elimination of an ether linkage can result in 

formation of an enol group within a terminal glycerol unit, which could potentially 

act as a carbon nucleophile (Scheme 2.18). If the enol carbon attacks at the terminal 

carbon in the biphytanyl chain to cleave an additional ether linkage, the requisite 

tethering of propionic and biphytanyl chains could occur. 
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Scheme 2.18. Putative route for the rearrangement of the [M+H]
+
 of 2 during CID in 

which the propionic unit in a glycerol moiety is tethered to a biphytanyl chain. 

 

2.2.11.8. Mechanisms involving cleavage of alkyl chains 

 

Ions of low m/z (< m/z 400) in the Qh-FT-ICR and PAN MS/MS spectra of 2 are 

formed by cleavage of the biphytanyl chains. Two homologous series of ions, 

CnH2n+1 and CnH2n-1, are implicated in Section 2.2.9.6 and, given that these ions 

occur in an almost continuous series of carbon numbers between n = 8 and n = 22, 

their formation from 2 suggests that the biphytanyl chains in this structure are 

susceptible to cleavage at numerous positions. It is unclear, however, whether the 

dissociation of the alkyl chains occurs whilst they are still bound to the rest of the 

tetraether architecture, or whether an entire cationic chain is first liberated from the 

structure and undergoes subsequent dissociation. 

 

2.3. Conclusions 

 

The MS and LC-MS/MS studies reported in this chapter have demonstrated that 

tetraether lipids can be detected, both during direct infusion and following 

chromatographic separation, as their protonated molecules in APCI. Although ESI of 

caldarchaeol (2) was also discussed, this technique leads to distribution of the ion 

current for the analyte into protonated, ammoniated and sodiated molecules, the 

latter of which dominate the spectra but do not undergo facile CID. As such, APCI is 

the recommended technique for generating [M+H]
+
 of tetraether lipids for use in MS 

and MS/MS analyses. Separation of tetraether core lipid classes by LC-MS/MS 

appears to be achieved with acceptable resolution, but a significant problem of 

retention time drift can occur, in particular between analyses made on different days. 
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Use of GDGT 2 as a retention time marker should allow the elution order and 

approximate relative retention times of other tetraether lipid cores to be determined 

in relation to this lipid. 

 

The CID of [M+H]
+
 of the lipid cores has been achieved on three different types of 

mass spectrometer: a Qh-FT-ICR instrument and two ion trap instruments. In 

principle, other instruments capable of CID should also allow product ion formation 

from tetraether lipid cores. Although ion trap mass spectrometry has been used 

previously to detect tetraether lipids online during LC-MS (Escala et al., 2007; 

2009), this represents the first report of the CID of tetraether cores using this type of 

mass spectrometer. Ion trap MS/MS spectra of tetraether lipid cores are information 

rich and contain a myriad of product ions. These include characteristic ions which 

can be assigned to formal losses of water, C3H4O (most likely propenal), 1-phytene 

and 1,31-biphytadiene. These ions were often accompanied by peaks shifted by +1 

or +2 m/z units, representing isotopomers formed from [M+H+1]
+
 and [M+H+2]

+ 

precursors which were unavoidably trapped at the same time as the [M+H]
+
 ion. 

Additional ions, which were particularly prominent in the HCT MS/MS spectra, 

were observed but cannot currently be assigned to particular molecular losses. An 

awareness of these ions is important when considering the likely structure of 

tetraether lipid cores on the basis of product ion distributions but, at present, specific 

conclusions regarding structure should be restricted to those drawn from product 

ions generated by loss of the four molecules discussed, or closely related structural 

variants containing clear-cut variations such as additional carbon atoms, hydroxyl 

groups, double bonds or rings. The product ions formed from loss of 1,31-

biphtadiene from the [M+H]
+
 of 2 or 1-phytene from the [M+H]

+
 of 3 are of 

particular significance as they allow, for the first time, the precise mass of the alkyl 

chains in intact tetraether lipid cores to be deduced. In ion trap MS/MS, loss of the 

diene from the [M+H]
+
 of 2 also represents the “cleanest” product ion peak in which 

the alkyl chain has been lost from the structure, with only the +1 and +2 m/z unit 

isotopomer peaks within 14 m/z units of the monoisotopic species. This feature 

makes ions of this type the most suitable for determining the mass of the chain or 

chains lost during CID. Interpretation of other product ions in which the alkyl chain 

has been lost, for example those in which 1-3 molecules of water have also been 



Chapter 2: LC-MS/MS for structural elucidation of tetraether lipid cores 

 
 

 131 

expelled, is complicated by the presence of monoisotopic product ions shifted by +2 

or -2 m/z units. As such, these ions can be used to support assignments made on the 

basis of the individual diene loss but, where possible, should not be interpreted 

independently. 

 

A useful feature of the MS/MS spectra of tetraether lipid cores is that the number of 

distinct regions in which product ions can be observed relates directly to the number 

of labile alkyl chains within the structure. GMGT, GDGT and GTGT lipids, with 

one, two and three labile alkyl chains, respectively, dissociate to give product ions in 

one, two or three regions of the MS/MS spectrum. This allows the rapid 

classification of tetraether core types online during LC-MS/MS in under 90 min, far 

faster than alternative techniques which could be used to determine core type. LC-

MS/MS using a narrow mass spectral scan range allowed six lipid cores to be 

initially identified in an MTH(ΔH) extract. Lipids 2a, 3 and 27 have previously been 

identified in this archaeon, with lipids 2b and 26 also implicated on the basis of their 

presence in close genetic relatives to MTH(ΔH). As lipid 2b co-elutes with 2a and is 

isobaric, it is difficult to determine the presence of both in routine analyses. This is 

also likely to be the case for other tetraether lipid cores that may be present as syn 

and anti isomeric pairs, although in the case of lipids 3, 26 and 27, this explanation 

would not account for the lower peak asymmetries observed for these lipids than for 

2a/2b during LC-MS. Nevertheless, for simplicity, tetraether lipids are reported 

solely as the anti isomers in subsequent chapters. This is most likely to be an over 

simplification of the lipid compositions of some of the samples investigated, with 

syn isomers probably being overlooked. The sixth lipid core in MTH(ΔH), 51, was 

shown to be an artifact of the extraction procedure. As this lipid represents less than 

0.1% of the total tetraether core lipid in the extract, artifact generation is not of major 

concern and should not lead to significant distortion of the natural lipid proportions 

present in archaeal organisms prior to extraction. 

 

The Qh-FT-ICR spectrometer generates the greatest number of product ions of any 

of the instruments during conventional CID and provides accurate mass-to-charge 

ratios for ions in both MS and MS/MS. MS
3
 studies using the LCQ ion trap 

instrument, on the other hand, allowed confirmation that glycerol can be lost from 
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tetraether cores via sequential losses of C3H4O and water. While both techniques 

proved to be useful in assignment of product ions observed in the ion trap mass 

spectra, they are both of limited use for routine LC-MS/MS. At the present time, the 

Qh-FT-ICR instrument used in the accurate mass studies has no interface for an 

APCI source and, consequently, can not be used for LC-MS/MS analysis of 

tetraether lipids cores. This instrument is, therefore, only likely to be of value for 

obtaining elemental compositions of simple lipid mixtures by direct infusion. MS
3
 

analysis is erratic and provides little additional information to that provided by 

MS/MS. Since total MS
3
 ion currents are significantly less than those observed in 

MS/MS, the use of multistage mass spectrometry to MS
3
 or beyond is redundant in 

structural analysis of tetraether cores. 

 

PAN MS/MS of tetraether lipids allowed detection of product ions not observed 

from the same lipids using conventional ion trap MS/MS on account of the m/z 

values of these ions being below the conventional CID LMCO. More specifically, 

four series of ions with m/z < 400 could be identified in the PAN MS/MS spectrum 

of 2. It was initially hoped that these low m/z ions, formed by cleavages along the 

biphytanyl chains, could be used to elucidate the structure of the chains in novel 

tetraether lipid cores in a manner analogous to that used to interpret EI mass spectra. 

EI spectral interpretation relies on use of the relative abundances of ions within the 

spectrum to determine which fragment ions are formed via more favourable 

cleavages that lead to greater charge stabilisation within the fragment ions 

(McLafferty and Tureĉek, 1993). The parent structure can subsequently be 

reconstructed by piecing together each fragment ion into a consistent whole. 

Attempts to use the m/z < 400 product ions in an analogous fashion to aid in the 

structural elucidation of novel tetraether species is almost certain to be hampered by 

the lack of reproducibility between spectra in replicate PAN LC-MS/MS analyses. 

An additional downside to the use of PAN MS/MS is that product ions observed in 

Region 1 of the conventional MS/MS spectra are not detected. Since these ions are 

important for interpretation of the likely structure of the polar termini in the 

tetraether lipid cores, LC-MS/MS, as opposed to PAN LC-MS/MS, is a more 

suitable and reliable technique for routine analysis of samples containing such lipids. 

Importantly, however, since PAN provides unique, low m/z ions, it should serve as a 
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complementary technique in some cases. sCID was also used to overcome the 

problem of LMCO in the ion trap instruments and generated the same low m/z ions 

from an MTH(ΔH) extract as those observed in the PAN MS/MS spectrum of 2. The 

lack of precursor selection during sCID, prevents use of these ions for any 

characteristic purpose. An additional property of sCID is that, for reasons unknown, 

it appears to enhance MS/MS ion current in subsequent trap-based CID experiments. 

This enhancement could be of particular importance to improve the quality of weak 

MS/MS spectra, particularly for samples of low concentration where the associated 

precursor ion current is small. 

 

Speculative mechanisms for CID of tetraether lipids have been provided and 

discussed in the context of the MS/MS data obtained for 2-3 and 27. The dissociation 

processes presented can explain the formation of most of the product ions which 

originate from these lipids. Some ions in the MS/MS spectra of 2, recorded on the 

different instruments, cannot be assigned on the basis of any of the listed processes, 

indicating that CID of the lipid may proceed by additional, more elaborate 

mechanisms. Silylation and acetylation of 2, followed by CID, allowed some 

mechanistic conclusions to be drawn but more subtle or more varied structural 

manipulations are needed if the mechanisms of tetraether dissociation in CID are to 

be understood fully. Incidentally, silylation and acetylation are typical processes 

used to derivatise lipid extracts prior to analysis of diether core lipids using gas 

chromatography (Blau and Halket, 1993). The fact that silylated and acetylated 

tetraethers ionise and dissociate well during APCI and CID, respectively, may allow 

preparation of total lipid extracts by a single derivatisation, which makes the extract 

amenable to both GC and ion trap MS/MS analysis. 
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3.1. Introduction 

 

3.1.1. Thermophilic and hyperthermophilic archaea 

 

Since the landmark discovery of living communities of micro-organisms in the hot 

springs of Yellowstone National Park (Brock and Brock, 1966), there has been active 

interest in the ecology of geothermal aquatic environments. A number of 

thermophilic archaea, with optimal growth temperature typically above 45
o
C, and 

hyperthermophilic archaea, with optimal growth temperature above 80
o
C, have 

subsequently been isolated from environments of this nature and are available in 

culture. In order to survive the extreme conditions they inhabit, (hyper)thermophilic 

archaea biosynthesise a number of unusual biomolecules that facilitate cellular 

functioning at elevated temperatures. Many of these molecules have been found to 

be of biotechnological value, particularly thermostable enzymes, such as DNA 

polymerases used in the polymerase chain reaction (reviewed in Egorova and 

Antranikian, 2005). The membrane lipids of (hyper)thermophiles also have the 

potential to fulfil important biotechnological functions on account of their 

temperature and pH stability, showing promising signs as self-adjuvanting delivery 

systems for vaccines (Krishnan and Sprott, 2008), as sterile coatings for catheter 

tubing (Frant et al., 2006) and as thermostable lubricants (Chang, 1992). 

Thermophilic and hyperthermophilic archaea often express tetraether lipids 

containing cyclopentyl rings within their core structures (De Rosa and Gambacorta, 

1988a; Schouten et al., 2007c), with ring incorporation thought to be a 

physiologically-induced response to elevated temperature and possibly to increasing 

pH (see Sections 1.4.1 and 1.5). Whilst cyclopentyl ring-containing tetraether core 

lipids are indicative of an archaeal origin, mesophilic archaea can also express core 

lipids containing up to four cyclopentyl rings (Schouten et al., 2008c). Consequently, 

the core lipids, when identified in environmental samples, can usually only serve as 

non-specific biomarkers for the archaeal domain unless the current or past conditions 

in the environmental setting are well understood. The search for lipid biomarkers 

which are more specific to a particular species or genus of the Archaea is, 

consequently, of the utmost importance if more detailed geochemical interpretations 

are to be made. 
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3.1.2. Aims 

 

The primary aim of the work presented in this chapter was to extend the application 

of the LC-MS/MS methodology outlined in Chapter 2 for use in detailed profiling of 

the membrane lipids of thermophilic archaea. Specific objectives were to: determine 

if lipid profiles were consistent with those obtained previously for the organisms 

using alternative analytical methods, thereby allowing the LC-MS/MS methodology 

to be verified against a greater array of structures and to identify and confirm novel 

tetraether lipid cores using the potential of LC-MS/MS for detection at very low 

levels. 
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3.2. Results and Discussion 

 

3.2.1. Organisms 

 

Four species of thermophilic archaea were selected for lipid core profiling as 

examples of the two major kingdoms, Crenarchaeota and Euryarchaeota. These 

species were of particular appeal on account of the ready availability of cellular 

biomass at UK-based institutions, Sulfolobus species having been grown by 

Charlotte Nunn (University of Bath) and the Methanothermobacter species by James 

Chong (University of York). The conditions used in each case were selected to be 

close to those known to provide optimal growth in order to produce sufficient 

cellular material for each organism (Table 3.1). As discussed in Section 1.5, the core 

lipid profiles of archaea can be strongly dependent on the conditions utilised during 

growth, with temperature and pH, in particular, known to induce physiological 

changes in the core lipids expressed by some organisms. As such, the ambient 

growth temperature and pH utilised during growth is explicitly stated for each 

organism. Lipid cores were isolated from each organism by acidic methanolysis of a 

cell pellet, followed by purification of a polar fraction by flash column 

chromatography (Section 7.2). 

 

Table 3.1. Organisms used in the studies, with the physiological temperature and pH 

values used for growth of each. 

 

Organism Strain  

Growth Conditions  

References 

Temperature / oC pH  

Methanothermobacter 

thermautotrophicus 
ΔH  45 or 70 6  

Zeikus et al., 1972; 

Guy et al., 2004 

Sulfolobus acidocaldarius MR31  75 3-3.5  Reilly et al., 2001 

Sulfolobus solfataricus P2  ~75 3.5  
De Rosa et al.,1975; 

Zillig et al., 1980 

Sulfolobus shibatae B12  ~75 3.5  Grogan et al., 1990 
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3.2.2. LC-MS/MS 

 

3.2.2.1. Extended and specific MS scan ranges 

 

LC-MS/MS of the lipid extracts of the thermophilic archaea were performed using 

an analytical method similar to that described in Chapter 2. In order to facilitate a 

complete profile, as opposed to cursory investigation of a limited number of 

tetraether cores, the scan range was extended from m/z 1280-1320 (as used in 

Chapter 2) to m/z 900-1500 to allow detection of a wider range of components. Due 

to the nature of precursor selection made by the software on the ion trap instruments 

(typically set to pick the base peak ion in MS), where lipids are observed to co-elute 

fully, only the major lipid is typically selected for CID. Where acquisition of the 

MS/MS spectra of minor lipids was required, the lipid extract was re-analysed using 

a narrow mass spectral scan range, truncated to avoid the m/z value of the major 

species, allowing the minor species to be detected as the base peak ion and, 

consequently, selected for CID. In one case where a single narrow scan range was 

inadequate, precursor selection of the minor components was best achieved using a 

variable scan range, manually altered throughout the repeat analysis. 

 

Some of the extracts were also analysed using a further extension of the mass 

spectral scan range (m/z 50-2000) in order to screen for the presence of diether lipid 

cores and/or components with m/z > 1500. 

 

3.2.2.2. Eluent polarity and monitoring of column backflush 

 

LC-MS analyses described for tetraether lipid cores extracted from archaea and from 

aquatic sediments, with separation performed on an amino column chemistry, have 

typically used an elution program which reaches a maximum elutropic strength at a 

mobile phase composition of <2% IPA (results in Chapter 2 and Hopmans et al., 

2000; Schouten et al., 2000; Pearson et al., 2004; Schouten et al., 2007b). Although 

use of a less retentive cyano column chemistry in tandem with smaller, more 

powerfully-resolving column particle size has facilitated earlier elution of tetraether 

core lipids (Schouten et al., 2007b), a low maximum solvent polarity (1.8% IPA) 
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was still retained. In addition to a move to cyano column chemistry, two studies have 

also increased the final percentage IPA in the mobile phase to 10%, but this 

modification was only implemented in order to clean the column prior to subsequent 

analyses (Leininger et al., 2006; Reigstad et al., 2008). Other studies have used a 

more polar mobile phase modifier, n-propanol, in place of IPA, though the inclusion 

of this solvent has usually been to reduce retention times and increase sample 

throughput (Escala et al., 2007; 2009).  

 

In order to investigate the expression of more polar components in archaeal 

organisms, LC-MS/MS method B (in which an additional polar flush to 15% IPA at 

90 min was incorporated onto the end of LC-MS/MS method A) was used for 

analysis of the tetraether lipid core material extracted from each of the thermophilic 

organisms described in this chapter. Furthermore, in order to probe whether any 

potential tetraether components were retained on the analytical column following the 

analyses, MS spectra (m/z 50-2000) were recorded during the column backflushing 

procedure used to elute highly polar components from the column post-analysis. 

 

3.2.2.3. Structural assignment 

 

MS and MS/MS spectra for the tetraether cores in the lipid extracts from the 

thermophiles were typically recorded using both HCT and LCQ instruments. On 

account of the greater prominence of some of the ions of characteristic value in the 

HCT MS/MS spectra than in the LCQ spectra, spectra shown are typically those 

generated on the HCT instrument. Nevertheless, ion chromatograms for the extracts, 

were qualitatively similar on both instruments. The higher ion capacity of the HCT 

allows more ions to be trapped per MS scan and may explain why additional minor 

components were observed in some of the analyses performed on this instrument that 

were not identified in the analyses performed on the LCQ ion trap. The tetraether 

lipid cores described all exhibit characteristic product ions in the MS/MS spectra 

arising from sequential losses from the protonated molecule of water (-18 daltons; 

Da), C3H4O (-56 Da) and/or alkyl chains (various losses) as dienes, with other 

neutral losses specific to particular lipids also being observed. The tetraether lipid 

core type was determined from the number of distinct MS/MS spectral regions in 
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which product ions could be observed, as described in Chapter 2. Specific structural 

assignments for both known and novel lipids were determined on the basis of their 

retention times relative to lipid 2, the m/z value of the [M+H]
+
 in the MS spectrum 

and from characteristic product ions observed in the MS/MS spectra.  

 

3.2.2.4. Nomenclature 

 

Variants of GDGT and GMGT lipids in which an isoprenoid chain has been 

methylated are referred to as GDGTM and GMGTM lipid cores, respectively. Lipids 

designated GDGT’ or GDGT’’ represent earlier or later eluting isobars of known 

GDGT lipids, respectively. Lipids designated GDGT* denote isobars that co-elute 

with known GDGT lipids under the chromatographic conditions employed. 

 

Alkyl groups are denoted [NP] throughout, where N is the number of carbon atoms 

within the hydrocarbon chain and P the number of cyclopentyl rings encapsulated 

within the chain. Losses of the chains as dienes in MS/MS are denoted [NP]
L
, where 

L represents the formal number of molecules of water lost simultaneously during 

formation of the product ion under discussion. Complete tetraether lipid cores are 

denoted GDGT[N(1)P(1), N(2)P(2)], where N(1) and N(2) are the number of carbons 

and P(1) and P(2) the number of cyclopentyl rings in the first and second alkyl 

chains within the structure, respectively. The orientation of these chains within the 

tetraether structures can not be determined by LC-MS/MS analysis. As such, full 

lipid core structures shown are either based on literature precedent or are arbitrary 

choices, provided in the interests of discussion only. 

 

3.2.3. Methanothermobacter thermautotrophicus 

 

3.2.3.1. Background 

 

Methanobacterium thermoautotrophicus, a member of the Euryarchaeota, was first 

isolated from fermenting sludge taken from a sewage treatment plant (Zeikus and 

Wolfe, 1972) and has more recently been reclassified as Methanothermobacter 

thermautotrophicus strain ΔH (MTH(ΔH); Wasserfallen et al., 2000), with the full 
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genome sequence of the organism also now available (Smith et al., 1997). The 

organism is a strictly anaerobic, autotrophic methanogen which grows on hydrogen 

and carbon dioxide over the approximate temperature range 40-75
o
C (optimally 

between 65-70
o
C) and optimally at near neutral pHs of 7.2-7.8 (Zeikus and Wolfe, 

1972). A cursory investigation of the core lipids of MTH(ΔH) was provided in 

Chapter 2. In this chapter, a more detailed lipid profile is elaborated upon, including 

the revelation of a host of minor components of potential taxonomic value which 

were either not detected using the methodology outlined in Chapter 2 or, otherwise, 

were not discussed. 

 

3.2.3.2. Ion chromatograms 

 

LC-MS analysis of an extract of methanolysed MTH(ΔH) cells grown at 70
o
C was 

described in brief in Section 2.2.4. The base peak chromatogram generated for this 

extract using the extended method outlined in Section 3.2.2.1 (i.e. 90 min, m/z 900-

1500) gave similar results, with a peak for GDGT lipid 2 observed to dominate and 

GTGT 3 and GMGT 27 also identified (Fig. 3.1a). A number of other minor 

components were observed in the base peak chromatogram, including a late eluting 

species 58 (m/z 1245.8), which only eluted once the percentage of IPA in the mobile 

phase was significantly greater than 2%. As was noted in Section 2.2.4.1, GDGT 2 

was accompanied by a partially co-eluting lipid, 26 (m/z 1315.8), the presence of this 

lipid being more clearly highlighted in a reconstructed ion chromatogram for the 

range m/z 1310-1500 (Fig. 3.1b). As the signal for 2 is absent from this ion 

chromatogram, many of the minor components also observed in the base peak 

chromatogram are more easily visualised, including lipids 59 (m/z 1343.8), 60 (m/z 

1381.7) and 61 (m/z 1329.7). Interestingly, identification of component 62, which 

has an m/z 1313.8 and fully co-elutes with GMGT 27, explains the origin of an ion at 

approximate m/z 1314 in the mass spectrum of 27 described in Section 2.2.4.1.2. An 

additional peak (X; m/z 1325.2), relating to an early eluting species, was also 

observed in the ion chromatogram. This component was determined to be an 

impurity found in the hexane solvent used during the extraction and purification 

procedures (see Section 7.1.1). In order to screen MTH(ΔH) for the presence of 

diether lipid cores, the extract was also analysed using a mass spectral scan range of 
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m/z 50-2000. The base peak chromatogram (not shown) was complicated by the 

presence of peaks relating to components which are not ether lipids. Notably, 

however, a reconstructed ion chromatogram for the range m/z 653-654, allowed an 

early eluting component with [M+H]
+
 at m/z 653.5, consistent with that of lipid 1, to 

be identified (Fig. 3.1c). 

 

 

 

Fig. 3.1. HCT LC-MS ion chromatograms for lipid extracts from MTH(ΔH) 70
o
C (a-

c) and 45
o
C (d) samples: a) base peak chromatogram (BPC) during full scan analysis 

(m/z 900-1500); b) reconstructed ion chromatogram (RIC) for m/z 1310-1500 during 

full scan analysis (m/z 900-1500); c) RIC (m/z 653-654) during extended scan 

analysis (m/z 50-2000); d) RIC (m/z 1320-1500) during full scan analysis (m/z 900-

1500). 
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The base peak chromatogram of a lipid extract of MTH(ΔH) grown at 45
o
C (not 

shown) was qualitatively similar to that for the 70
o
C extract, with 2 being the 

dominant lipid and many of the same minor components observed, albeit in different 

proportions relative to 2. Lipid 60 was not detected in the 45
o
C sample, although 

additional components were observed that were absent from the chromatogram for 

the 70
o
C sample. The additional components, including early eluting lipids 63 (m/z 

1441.8) and 64 (m/z 1415.8), and late eluting lipid 65 (m/z 1337.7), are most easily 

visualised in an ion chromatogram generated for the mass spectral range m/z 1320-

1500 (Fig. 3.1d). Lipid 66 (m/z 1329.8), which partially co-elutes with lipids 2 and 

26, and lipid 67 (m/z 1384.8), which fully co-elutes with these components, were 

also observed. 

 

The MS spectra recorded during the column backflushing procedure implemented 

following LC-MS/MS analysis of both the 45
o
C and 70

o
C MTH(ΔH) extracts exhibit 

no peaks that could potentially relate to tetraether lipid cores. 

 

3.2.3.3. Structural assignments 

 

The HCT MS/MS spectra for lipids 2-3 and 27 were described in Section 2.2.5 and 

are consistent with the known structures of these lipids (De Rosa and Gambacorta, 

1988a; Morii et al., 1998). On the basis of the MS/MS spectra obtained for 58-60 

(Table 3.2), these appear to be structurally modified variants of GDGT 2. The 

[M+H]
+
 of lipid 59 loses water (m/z 1325), C3H6O2 (m/z 1307), ketene (m/z 1301), 

acetic acid (m/z 1283) and 1-en-biphytan-32-ol (m/z 767) during CID, generating 

product ions in two regions of the MS/MS spectrum. The neutral losses observed 

from 59 are comparable to those observed following CID of acetylated tetraether 

lipid 56 (see Section 2.2.10.3). In addition, the +42 m/z unit increase in the [M+H]
+
 

of 59 compared to that of 2, coupled with the earlier elution of the heavier lipid, 

suggest that 59 is the monoacetylated derivative of 2. This was confirmed following 

direct infusion MS/MS (LCQ) of a synthetic monoacetylated derivative of 2 

(measured m/z 1344.0), formed following an incomplete acetylation reaction using 

pyridine:acetic anhydride. The product ions observed for the synthetic acetylate 

matched those observed from 59. Lipid 60 also appears to be derived from a GDGT 
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lipid core on the basis of product ions appearing in two regions of the MS/MS 

spectrum. They include ions formed from loss of water (m/z 1363), C3H6O2 (m/z 

1307) and 1,31-biphytadiene (m/z 823). Product ions at m/z 1283 and m/z 725 in the 

MS/MS spectrum of 60 are also observed in the MS/MS spectrum of 2, where they 

are formed via loss of a hydroxyl group, independent of or simultaneous to loss of an 

alkyl chain, respectively. These ions suggest that the structure of lipid 60 closely 

resembles that of 2, differing only in the nature of the terminal hydroxyl group, 

which bears an 81 Da group in place of an alcoholic hydrogen found in the latter 

structure. A possible candidate structure for 60 is as the phosphatidic acid derivative 

of 2, a known phosphatidyl lipid component of MTH(ΔH) (Nishihara and Koga, 

1990) which has a [M+H]
+
 m/z ratio consistent with that observed in the base peak 

chromatogram. Notably, however, previous LC-MS analysis of the lipids of 

Methanocaldococcus jannaschii, indicated that the phosphatidic acid derivative of 1 

elutes later than 1 under an alternative normal-phase chromatographic separation, 

suggesting that addition of a phosphate group increases lipid polarity (Sturt et al., 

2004). This appears to be inconsistent with the elution of 60 earlier than 2 in the LC-

MS/MS analyses of MTH(ΔH). As such, the nature of the structure of 60 remains 

unclear. Discussion of the likely nature of lipid 58 is reserved for Section 5.2.3.2. 
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Table 3.2. MS and MS/MS spectral data (HCT) for minor lipid components 

identified in lipid extracts from MTH(ΔH) grown at 45
o
C and 70

o
C. 

 

Lipid [M+H]+  Product ions observed in MS/MS a 

58 1245.8  1227,1209; 669,651,633,615,613,557 

59 1343.8  
1325,1307,1301,1283,1269,1265,1251,1247,1227,1209; 

767,749,731,725,707,693,691,689,675,671,669,651,647,633,615,613,597,575,557 

60 1381.7  

1363,1345,1325,1323,1307,1305,1283,1281,1265,1263,1247,1245,1227,1209,1207,1205; 

823,805,791,789,787,771,769,749,747,731,729,725,713,707,705,689,687,675,671,669,657,

653,651,635,633,631,629,627,615,613,597,595,575,557 

61 1329.7  

1311,1293,1275,1255,1237,1219; 

753,743,735,725,717,707,699,697,689,679,671,661,659,643, 
641,625,623,615,613,605,603,601,587,585,583,569,567; 381 

63 1441.8  
1423,1385,1367,1349,1227,1209; 
883,865,847,809,791,735,671,669,651,633,615,613,597,575,557 

64 1415.8  
1397,1383,1379,1365,1341,1327,1301,1283,1265,1247,1227; 

839,821,807,789,765,763,747,733,725,707,689,677,671,659,615,597,575,557 

65 1337.7  1319,1301,1277,1263,1245; 743,725,707,687,669,651,631,615 

66/66* 1329.8  

1311,1293,1275,1273,1255,1237; 

771,757,753,739,735,723,721,703,701,697,683,665,661,651, 
647,645,643,641,629,627,615,611,597,589,587,585 

67 1384.8  
1365,1341,1325,1315,1301,1283,1265,1247,1227,1209; 

743,725,709,707,689,687,675,671,669,653,651,647,633,631 

 

a Product ions listed in bold face represent the base peak ion in MS/MS. 

 

 

Re-analysis of the MTH(ΔH) 70
o
C extract using the MS scan range m/z 1310-1340 

allowed the signals for lipids 2 and 27 to be removed in MS, facilitating selection of 

lipids 26 and 62 for CID. The HCT MS/MS spectrum of lipid 26 (Fig. 3.2a) is 

consistent with that recorded on the LCQ instrument (Section 2.2.4.2.5). Product 

ions arising from losses of water (m/z 1297), C3H4O (m/z 1259) and concerted loss of 

both (m/z 1241) were observed, confirming a tetraether structure for the lipid. In 

addition, product ions were observed in two distinct regions of the MS/MS spectrum, 

confirming the lipid to have a dialkyl-type core structure. Product ions at m/z 757 (-

558 Da) and m/z 743 (-572 Da), corresponding to losses of an acyclic C40H78 diene 

(i.e. [400]
0
) or an acyclic C41H80 diene (i.e. [410]

0
), were also observed in the MS/MS 

spectrum of 26. The 14 m/z unit greater [M+H]
+
 and marginally earlier retention time 
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observed for 26 relative to 2 during LC-MS are both consistent with a chain-

methylated structural variant of caldarchaeol. Consequently, 26 is confirmed as 

GDGTM homocaldarchaeol, as noted previously in M. marburgensis (Galliker et al., 

1998). Lipid 62 fully co-elutes with GMGT 27 during LC-MS and has an [M+H]
+
 of 

14 m/z units greater. The MS/MS spectrum of 62 (Fig. 3.2b) contains product ions in 

only one spectral region confirming that it has only a single alkyl chain within its 

structure. The product ions include losses of 1-3 molecules of water and/or C3H4O, 

with each ion shifted +14 m/z units relative to an ion in the MS/MS spectrum of 27. 

On the basis of these observations it is apparent that 27 and 62 represent an 

homologous pair. Although MS/MS analysis is not able to fully confirm the nature 

of the additional carbon atom in 62, it seems likely that the homologation between 

27 and 62 would mirror that observed between dialkyl tetraether lipids 2 and 26, 

with the extra carbon in 62 present in the form of a methyl group attached to the C-

13 position on one of two biphytanyl chains. Interestingly, a series of C81 tetraacids, 

isolated from crude oil naphthenate deposits and believed to be of archaeal origin, 

show similar C-13 position homologation in relation to C80 tetraacids bearing 5-8 Cp 

rings, with the rings located in the same positions in the higher homologues (Lutnaes 

et al., 2007). As such, 62 is tentatively assigned as H-shaped homocaldarchaeol, a 

GMGTM lipid containing a C-13 methyl group as a modification to the basic 

isoprenoid structure of 27. On the basis of its MS/MS spectrum (Table 3.2), lipid 61 

most likely has a GDGT structure and contains at least one biphytadianyl chain, 

evidenced by a product ion formed via loss of 1-en-biphytan-32-ol (m/z 753). Other 

product ions formed from this lipid are more difficult to assign and, consequently, 

the structure cannot be elucidated further at the current time. 
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Fig. 3.2. MS/MS spectra (HCT) of: a) GDGTM 26 ([M+H]
+
 m/z = 1315.8). Inset 

shows expansion of a region of the spectrum; b) GMGTM 62 ([M+H]
+
 m/z = 

1313.8). As the position of the covalent link between the isoprenoid chains and 

placement of the additional methyl group are not known, the structure shown for 62 

is based upon isoprenoid lipids containing C41, C80 and C81 hydrocarbons reported 

previously (Morii et al., 1998; Galliker et al., 1998; Lutnaes et al., 2007), but 

remains tentative nevertheless. 
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In order to generate MS/MS data for some of the components found in the 

MTH(ΔH) 45
o
C extract, the sample was re-analysed using a mass spectral scan 

range m/z 1320-1500, which removed signals for lipids 2 and 26 in MS and allowed 

for CID of co-eluting components 66 and 67 along with several other components. 

On the basis of MS/MS evidence, lipid 66 is a GDGT lipid containing two 

unmodified glycerol groups (Table 3.2). Product ions observed at m/z 771 and m/z 

757 in the MS/MS spectrum could potentially be formed by loss of [400]
0
 and [410]

0
, 

respectively. This combination of alkyl chains within an individual tetraether 

structure is not consistent with the m/z of the [M+H]
+
 of 66, which is 28 m/z units 

greater than that of 2, suggestive of a structure that contains two additional carbon 

atoms. A low intensity ion at m/z 743, possibly relating to loss of [420]
0
 from the 

precursor, was observed in the spectrum but was too weak to provide conclusive 

assignment. As such, it is possible that 66 (denoted GDGT[410,410]) co-elutes with 

an isomeric form, 66* (GDGT[400,420]), with loss of [420] from the latter during 

CID being a disfavoured process. Further work, possibly using a more concentrated 

sample of the lipid extract, is required in order to test this assertion. Whilst it is 

possible to assign lipids 63, 64, 65 and 67 as dialkyl tetraether lipids, the nature of 

the full structures of these lipids cannot be assigned at the present time. 

Nevertheless, on the basis of the products ions observed during CID of 63 (Table 

3.2), it is most likely to be a structural variant of 2 in which one of the terminal 

glycerols has been modified. Similarly, lipid 64 loses methanol (m/z 1383) during 

CID (Table 3.2), suggesting that it may be a tetraether core which has been methyl 

etherified at one or both ends, structural modifications which would also account for 

its early elution. Lipid 67 may be a variant of 2 in which one of the hydrogen atoms 

within a terminal glycerol group is replaced by an 83 Da moiety which is 

simultaneously lost when an alkyl chain dissociates from the structure. 

 

In the analysis performed using the scan range m/z 50-2000, the m/z value of the 

[M+H]
+
 of the early eluting lipid, assigned as 1 during LC-MS, is consistent with the 

molecular formula of archaeol (C43H88O3). Furthermore, the observed retention time 

of the component relative to that of 2 is also consistent with that observed for 1 in 

previous LC-MS analyses of samples which contained both of these lipids (Mancuso 

et al., 1986; Turich et al., 2007; Reigstad et al., 2008; Weijers et al., 2009). The 
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identity of this component was confirmed as GDD 1 following CID. The resulting 

MS/MS spectrum (Fig. 3.3) is dominated by a product ion at m/z 373 arising from 

loss of phytene (C20H40) from the precursor with proton transfer back to the charge-

retaining species. This matches the observed loss of 280 Da in previous MS/MS 

spectra generated from 1 (Turich et al., 2007; Gattinger et al., 2003; de Souza et al., 

2009) and to losses in the MS (Hopmans et al., 2000) and MS/MS (Section 2.2.5.3) 

spectra of GTGT 3, which also contains ether-bound phytanyl hydrocarbon chains. 

 

 

Fig. 3.3. MS/MS spectrum (HCT) of GDD 1 ([M+H]
+
 m/z = 653.5), with neutral loss 

of 1-phytene (280 Da) illustrated. 

 

3.2.3.4. PAN LC-MS/MS 

 

By using a restricted m/z scan range (m/z 1310-1340), which removed the signal for 

co-eluting GDGT 2, PAN LC-MS/MS of the MTH(ΔH) 45
o
C extract allowed a PAN 

MS/MS spectrum of GDGTM 26 to be obtained. The m/z 100-400 region of the 

spectrum (Fig. 3.4) is remarkably similar to the equivalent region of the PAN 

MS/MS spectrum of lipid 2 (Fig. 2.9b), with all of the product ions formed from the 

[M+H]
+
 of 2 also being observed from that of 26. Although some of the ions are 

more prominent in the PAN MS/MS spectrum recorded for 26 than they are in the 

spectrum for 2, the relative proportions of product ions in 2 were observed to vary 

between analytical replicates (see Section 2.2.8.3), suggesting that the differences 

between the spectra of 26 and 2 would also be subject to variation in repeat analyses. 

Consequently, the product ions at m/z < 400 are of little characteristic value in 

differentiating 26 from 2. 

%

373

200 300 400 500 600

m/z

373

O

O

OH

1

%

373

200 300 400 500 600

m/z

373

O

O

OH
O

O

OH

1



Chapter 3: Tetraether lipid core profiles of thermophilic archaea 

 
 

 151 

 

Fig. 3.4. m/z 100-400 region of the PAN MS/MS spectrum (HCT) of GDGTM 26. 

 

3.2.3.5. GC and GC-MS of isoprenoid hydrocarbons 

 

Reductive ether cleavage of the core lipids of archaea, followed by GC and GC-MS 

analysis of liberated isoprenoid hydrocarbons has proven to be a useful method for 

confirming the structure of diether and tetraether lipids of archaeal origin (De Rosa 

and Gambacorta, 1988a; Hoefs et al., 1997; DeLong et al., 1998; Schouten et al., 

1998; Burhan et al., 2002; Blumenberg et al., 2007). To attempt to support the 

assignment of GDGTM 26, lipid extracts from MTH(ΔH) cellular material, grown at 

both 45
o
C and 70

o
C, were treated with HI to generate alkyl iodides and diiodides, 

which were subsequently reduced to the hydrocarbons using either LiAlH4 or zinc 

powder in acetic acid. The GC chromatograms for the hydrocarbon fraction from 

each extract (Fig. 3.5) show three major peaks, eluting at 11.7, 52.3 and 53.2 min. 

An additional major peak at 9.6 min, and several minor peaks eluting between 10-50 

min, were also observed in the chromatogram of the hydrocarbons generated from 

the MTH(ΔH) 45
o
C extract (Fig. 3.5a). Similarly, an additional minor component 

which partially elutes with that at 11.7 min was noted in the chromatogram for the 

MTH(ΔH) 70
o
C extract (Fig. 3.5b). 
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Fig. 3.5. GC-FID traces for hydrocarbons liberated following ether cleavage (HI-

LiAlH4) of lipid extracts from MTH(ΔH) cells, grown at: a) 45
o
C; b) 70

o
C. The peak 

labelled with an open circle is butylated hydroxytoluene. Peaks labelled with a cross 

represent electrical spikes/noise. 

 

In order to identify the major components, the hydrocarbon fraction prepared from 

the MTH(ΔH) 45
o
C extract was also analysed by GC-MS using 70 eV EI. The 

component eluting at 9.6 min was identified as butylated hydroxytoluene, a known 

anti-oxidising stabiliser used in plastics and rubbers (Fries and Puttmann, 2002) and 

in organic solvents (Middleditch, 1989). Its presence in the extracts is attributed to 

contaminantion during preparation of the hydrocarbons. The component with 

retention time at 11.7 min (I) generated an EI spectrum which exhibited an M
+•
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252/253 (Fig. 3.6a). The molecular and fragment ions observed are consistent with 

those observed previously for phytane (De Rosa and Gambacorta, 1988a), the C20 

isoprenoid chain found in GDD 1 and GTGT 3. The M
+•

 of the component with 

retention time at 53.2 min (II) appears to be absent, making assignment of the 

hydrocarbon difficult. Prominent fragment ions were observed at m/z 126/127, 

196/197, 266/267, 280/281, 322/323, 392/393 and 462/463 (Fig. 3.6b). Previous 

reports of the EI spectrum of biphytane showed identical prominent fragment ions 

(De Rosa et al., 1977b; 1988a; DeLong et al., 1998; Blumenberg et al., 2007; 

Ventura et al., 2008), although an M
+•

 at m/z 562 was observed in some cases (De 

Rosa et al., 1977b; 1988a; Blumenberg et al., 2007; Ventura et al., 2008). On the 

basis of the mass spectral evidence and the dominance in the lipid core extract of 

GDGT 2, which contains two biphytanyl chains, component II is assigned as 

biphytane. The EI spectrum of the component with retention time at 52.3 min (III) 

was also apparently devoid of an M
+•

 ion, but showed prominent fragment ions at 

m/z 238/239, 336/337 and 364/365 (Fig. 3.6c) as were noted in the EI spectrum of 

13-methylbiphytane, as reported previously (Blumenberg et al., 2007 and references 

therein). Additional prominent fragment ions, observed at m/z 126/127, 196/197, 

280/281, 322/323 and 406/407 are also consistent with the structure of 13-

methylbiphytane, in support of the assignment of III as this hydrocarbon. The earlier 

elution of III relative to II on the 100% dimethyl-polysiloxane column is unusual 

given the additional carbon atom in the 13-methylbiphytane, especially considering 

11-methylbiphytane eluted later than II during GC analysis (5% phenyl-arylene 

column chemistry) of the hydrocarbons generated following ether cleavage of lipids 

extracted from a hydrothermal field sulfide located in the Mid-Atlantic Ridge 

(Blumenberg et al., 2007). Notably, however, a methylated isoprenoid containing 

two cyclopentyl rings was observed to elute earlier than non-methylated isoprenoid 

chains containing the same number of rings during GC analyses (5% diphenyl 

column chemistry) of HI-LiAlH4 treated lipid extracts from the Be’eri sulfur deposit 

(Burhan et al., 2002). The additional methyl in this case was identified to be located 

somewhere between the C-11 and C-22 positions of the isoprenoid chain.  
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Fig. 3.6. Prominent ions in the EI mass spectra of hydrocarbons liberated following 

ether cleavage (HI-LiAlH4) of lipid extracts from MTH(ΔH) cells grown at 45
o
C and 

their associated fragmentation: a) I, phytane; b) II, biphytane; c) III, 13-

methylbiphytane. 

 

3.2.3.6. Distribution and significance 

 

In addition to known isoprenoid lipids 1-3 and 27, several other components were 

identified in MTH(ΔH) including two lipids, 26 and 62, which were not evident in a 

conventional base peak chromatogram. Significantly, both of these species were 

concealed by co-elution with a known tetraether lipid exhibiting an [M+H]
+ 

at 14 m/z 

units less. Lipid 26 partially co-elutes with 2 and lipid 62 fully co-elutes with 27, 

suggesting that the concealed lipids may be homologues of caldarchaeol and H-

shaped caldarchaeol, respectively. Lipid 26 was confirmed, by LC-MS/MS, as 

homocaldarchaeol, a C-13 position chain-methylated variant of 2, fully characterised 

previously in M. marburgensis (Galliker et al., 1998). The position of the extra 

carbon in 26 is supported by the EI spectrum obtained following GC-MS of 

hydrocarbons formed by ether cleavage of total lipid extracts. Although the most 

logical position for methylation in 62 would mirror that observed in 26 (i.e. at the C-

13 chain position), it should be noted that the placement of the methyl group in the 
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tetraether cannot be determined using the current MS/MS method. As such, the 

precise structure of 62 needs to be verified. 

 

The abundance of 26 relative to 2 in MTH(H) grown at 70
o
C, as calculated from 

peak areas in the HCT LC-MS ion chromatograms is 2.3% (Table 3.3). This value is 

marginally smaller than that calculated from the LCQ LC-MS data for this sample 

(see Section 2.2.4.1.2), indicating that there may be a small degree of variability 

between relative abundances determined using the two instruments. Interestingly, the 

ratio of 62 to 27 calculated using the HCT data is 17.9% (Table 3.3). The substantial 

differences in the relative proportions of these lipids, coupled to the absence of 

methylated derivatives of other lipids of MTH(H), suggest that the methylation is 

not coincidental nor does it occur via uncontrolled chemical conversion. It is likely 

that the methylation step is effected enzymatically by one or more methyl transferase 

enzymes, which show apparent selectivity for methylation of GMGT lipids over 

GDGT lipids, with methionine implicated previously as the most likely methyl 

source (Galliker et al., 1998). Enzymatic C-methylation is an important process in 

the biosynthesis of phytosterol lipids in plants and algae (Nes et al., 2000; 2003), 

although in these molecules, the methylation occurs at unsaturated carbon centres. 

Despite debate as to whether GDGT 2 forms via coupling of saturated (Nemoto et 

al., 2003) or unsaturated (Eguchi et al., 2000; 2003) GDD lipid cores (see Section 

1.2.1), none of the studies into tetraether lipid biosynthesis undertaken to date have 

suggested that the C-13 positions in the isoprenoid chains of 2, or in proposed 

diether precursors, are unsaturated at any stage during the biosynthesis (Koga and 

Morii, 2007). Furthermore, it has been noted that labelled biosynthetic precursors in 

which a C-14 to C-15 double bond is absent, are still incorporated into 2 and 26 

when added into M. marburgensis fermentation broth (Galliker et al., 1998). This 

indicates the coupling of saturated diether lipids during the formation of tetraether 

lipid cores and would suggest that the key methylation step in the formation of 26 

occurs at a fully saturated, non-allylic carbon. The absence of a higher homologue of 

GDD 1 in M. marburgensis indicated that the additional methyl in 26 is incorporated 

either during or after the coupling of the diether lipids in this archaeon (Galliker et 

al., 1998). Similarly, a higher homologue of GDD 1 could not be observed in the 

LC-MS analyses of MTH(ΔH) extracts grown at either temperature in the present 

study, fully supporting a late-stage methylation. In addition, no higher homologue of 



Chapter 3: Tetraether lipid core profiles of thermophilic archaea 

 
 

 156 

GTGT 3 could be detected in the base peak chromatogram for extracts of cellular 

material grown at either temperature. The absence of the higher homologues of GDD 

and GTGT core lipids in MTH(ΔH) is unlikely to be an effect relating to the low 

natural abundances of 1 and 3 as these lipids occur in similar abundance to lipid 27, 

a higher homologue of which (i.e. 62) was observed. GTGT 3 is most likely 

produced when the coupling of diether lipids does not proceed to completion (see 

Section 1.2.1 and de la Torre et al., 2008), with only the first pair of phytanyl chains 

linked. Consequently, if the methylation were to occur during the cross-coupling 

process, a chain-methylated GTGT lipid homologue would also be expected. Since a 

lipid of this nature is not detected in MTH(H), it would appear that the methylation 

step occurs after macrocycle formation.  

 

Table 3.3. Proportions of some of the lipid cores found in MTH(ΔH), calculated 

from HCT LC-MS peak areas and, unless otherwise stated, quoted as a percentage 

relative to GDGT 2.   

 

Lipid 

 Growth temperature 

 45oC  70oC a 

     

GTGT 3  0.47  0.32 ± 0.01 b 

GDGTM 26  9.58  2.33 ± 0.01 

GMGT 27  0.04  0.65 ± 0.04 

GMGTM 62  0.02  0.12 ± 0.01 

     

% Ratio 62:27  55.9  17.9 ± 0.3 

     

 

a Calculated as the average of analytical duplicates.  

b Errors represent ±1 from the mean value. 
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Galliker et al. (1998) reported that formation of lipid 26 was stimulated by the 

addition of a detergent (Tween-20), used to enable uptake of large biosynthetic 

precursors during in vivo experiments. Since no such detergent was present during 

growth of the culture employed in the present study, this cannot be the sole 

explanation for the formation of methylated tetraether lipids by archaea. It remains 

likely, however, that cellular stress plays a role in the degree of tetraether 

methylation expressed in archaeal lipid membranes, particularly as the proportion of 

26 relative to 2 expressed by MTH(ΔH) when grown at 45
o
C (9.6%) appears to be 

greater than when the organism is grown at 70
o
C (Table 3.3). This apparent increase 

is supported by integration of peak areas in the GC chromatogram of the HI-LiAlH4 

liberated hydrocarbons, with the proportion of III relative to II (calculated assuming 

identical FID response per mole for each hydrocarbon) found to be greater for the 

lipid extract from MTH(ΔH) grown at 45
o
C (4.6%) than for the extract from cells 

grown at 70
o
C (1.1%). Interestingly, distinct changes are observed in cell 

morphology when MTH(ΔH) is grown at the extremes of its viable temperature 

range as opposed to within its optimal range of 65-70
o
C (Zeikus and Wolfe, 1973). 

In particular, cells have elongated rod shapes when grown optimally, but show 

folded, corkscrew-like shapes when grown at 45
o
C or 75

o
C. Unfortunately, whether 

an increase in the proportion of 26 and the observed morphological changes are 

directly related is impossible to confirm on the basis of the limited data obtained for 

the organism so far.  

 

The ratios of lipids 27 and 62 relative to 2 also appear to be temperature dependent 

in MTH(ΔH), with more of the monoalkyl cores observed in the 70
o
C sample 

compared to in the 45
o
C sample (Table 3.3). Furthermore, the proportion of phytane 

relative to biphytane expressed in the lipid cores reduces with increasing growth 

temperature (see Fig. 3.5), suggesting more substantial conversion of GDD 1 to 

tetraether lipids at elevated temperature. This agrees favourably with the decrease in 

the expression of 1 relative to 2 and 4 observed during growth of M. jannaschii at 

increasing temperatures (Sprott et al., 1991), where increases in the levels of the 

more rigid GMD and GDGT lipid cores were thought to be an adaptation to reduce 

membrane fluidity (see Section 1.5). It is likely that the similar behaviour in 

MTH(ΔH), that is to say dimerisation of diether to tetraether lipid cores, under 
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elevated growth temperature is also a homeoviscous adaptation that restricts 

membrane fluidity. The formation of a covalent cross-link between isoprenoid chains 

in dialkyl tetraether lipids to form monoalkyl tetraether lipids also appears to be 

promoted by increasing ambient growth temperature. It should be noted that in both 

the 70
o
C and the 45

o
C MTH(ΔH) extracts lipids 2 and 26 contribute over 97% to the 

total tetraether core lipids, other components contributing less than 1% to the total 

core lipid found in the extracts from cells grown at each temperature. Consequently, 

the elevation of the levels of lipids 27 and 62 at high temperature is unlikely to effect 

a significant reduction in overall membrane fluidity. 

 

The nature of the structures of other minor components detected in MTH(ΔH) have 

been delimited by the MS/MS spectral data obtained in each case, although only 

lipid 59 has been unambiguously assigned as a monoacetylated derivative of 2. It is 

surprising that this lipid survives the methanolysis procedure used during lipid 

extraction and yet, it is similarly difficult to see how it could be generated artificially 

during extraction given the solvents and conditions used. If 59 is not an artifact, it 

must represent a very minor component of the total MTH(ΔH) lipid core pool, 

suggesting either that it may be an accidental by-product produced during lipid 

biosynthesis or, alternatively, may fulfil a very specific role within the cellular 

membrane of MTH(ΔH). The same is to be said of the other minor components 

detected in MTH(ΔH). Despite being minor contributors to the lipid profile of the 

organism, these unusual components could potentially serve as far more specific 

biomarkers for Methanothermobacter in environmental samples than the more major 

components (e.g. 2), which can originate from a number of archaeal sources. 

 

The core lipids reported for MTH(ΔH) represent structures identified following 

several screenings via LC-MS/MS analyses using a series of different MS scan 

ranges. These allow determination of some, but not all, of the co-eluting components 

observed in the base peak chromatograms. As such, other minor contributors to the 

lipid profile of the archaeon may have been overlooked. 
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3.2.4. Sulfolobus species 

 

3.2.4.1. Background 

 

Within the Crenarchaeota, the genus Sulfolobus comprises a number of organisms 

found in the aerobic zones of globally distributed acidic hot springs (Berkner and 

Lipps, 2008) and their surrounding thermal soils (Brock et al., 1972). The first 

isolated member of the genus was Sulfolobus acidocaldarius (Brock et al., 1972) and 

subsequently a number of other close genetic relatives have been identified and 

cultivated. These include S. solfataricus (formerly named “Caldariella acidophila”, 

De Rosa et al., 1975; Zillig et al., 1980) and S. shibatae (Grogan et al., 1990). All 

three species discussed are aerobic, facultative autotrophs that grow on elemental 

sulfur and/or a variety of carbon sources (Brock et al., 1972; De Rosa et al., 1975; 

Grogan et al., 1990). Furthermore, each organism is (hyper)thermoacidophilic, with 

optimal growth temperature and pH typically found between 70-87
o
C and 2.0-5.4, 

respectively, depending on species and strain (Brock et al., 1972; De Rosa et al., 

1975; Zillig et al., 1980; Grogan et al., 1989; 1990). Studies described herein focus 

on readily available strains S. acidocaldarius MR31, S. solfataricus P2 and S. 

shibatae B12. There has been some confusion (Zillig, 1993) regarding both the 

nomenclature used for Sulfolobus strains and the deposition of pure cultures of these 

strains to culture collections (such as the Deutsche Sammlung von Mikroorganismen 

und Zellkulturen, DSMZ, and the American Type Culture Collection, ATCC). Of the 

strains used in this study, only the S. solfataricus strain has ambiguous descriptors in 

the literature, where it was initially described as Caldariella acidophila strain MT-3 

(De Rosa et al., 1975) but is now commonly known as S. solfataricus strain P2 

(Zillig et al., 1980), available under this nomenclature in both major culture 

collections (culture numbers DSM1617 and ATCC35092). The complete genome 

sequence of S. solfataricus P2 is available (She et al., 2001), as is the sequence for 

the type strain of S. acidocaldarius (Chen et al., 2005).  

 

Previous reports have suggested that all three Sulfolobus species (although not 

necessarily the same strains as used in the present study) can synthesise GDD 1, 

GDGTs 2 and 14-20 and GDCTs 2c and 14c-20c (De Rosa et al., 1983b; 1988a; 
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Hopmans et al., 2000; Sturt et al., 2004; Schouten et al., 2007c). In addition, S. 

solfataricus and S. acidocaldarius are known to synthesise GDGT 21 and GDCT 21c 

(De Rosa et al., 1980c; 1983b; 1988a; Hopmans et al., 2000). GTGT 3 and isomers 

of GDGTs 17 and 18 (17’’ and 18’’, respectively) have also been observed as minor 

components in core lipid extracts of S. solfataricus (De Rosa et al., 1983b; Hopmans 

et al., 2000; Ellen et al., 2009; Pitcher et al., 2010). Hydroxyarchaeol lipid cores 

have been identified as minor components in S. acidocaldarius (Sprott et al., 1997), 

although whether the cores are sn-2 (i.e. 7) or sn-3 (i.e. 8) chain hydroxylated, or 

whether both structural types are simultaneously expressed by the organism, has not 

been determined. The effect of temperature on the number of Cp rings expressed in 

both GDGT and GDCT core lipids has been described for one strain of S. 

solfataricus (MT-4; De Rosa et al., 1980b), where the average number of rings 

incorporated into the tetraether core lipids increased with increasing growth 

temperature. The extensive body of literature describing the lipid cores of these 

organisms coupled to the complexity of their lipid profiles makes them ideal targets 

for verification of the LC-MS/MS methodology described in Chapter 2, accounting 

for their selection in this study. 

 

3.2.4.2. Ion chromatograms 

 

The lipid extracts from the three species of Sulfolobus were initially analysed using a 

mass spectral scan range of m/z 900-1500. Among the peaks observed were several 

exhibiting base peak ions in the MS spectra consistent with the protonated molecules 

of known isoprenoid lipids 2-3 and 14-21, most easily visualised in reconstructed ion 

chromatograms for m/z 1280-1320 (Fig. 3.7). The retention times of each 

component, relative to that of 2, were similar to those observed in previous LC-MS 

analyses of the core lipids of S. solfataricus MT-4 (Hopmans et al., 2000), allowing 

GTGT 3 and GDGTs 2 and 14-19 to be identified in the base peak chromatogram of 

S. acidocaldarius (Fig. 3.7a). Each of these lipids was also identified in the base 

peak chromatogram of the S. shibatae extract, along with two additional GDGT 

cores, 20 and 21 (Fig. 3.7c). Similarly, GDGTs 16-21 were identified in the base 

peak chromatogram of the S. solfataricus extract (Fig. 3.7d). The protonated 

molecule of each component was selected for CID during analysis of each extract. 
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Fig. 3.7. HCT LC-MS ion chromatograms (m/z 1280-1320) for lipid extracts from 

species of Sulfolobus: a) S. acidocaldarius; b) expansion of part of the S. 

acidocaldarius chromatogram, highlighting the isomers of known isoprenoid lipid 

components 16, 17 and 18; c) S. shibatae; d) S. solfataricus. Isomers which co-elute 

with 15, 17’’ and 19 in each case are not labelled. 

 

GDD 1, expected to be a lipid core in each of the three organisms, is not observed in 

the base peak chromatogram for any of the species of Sulfolobus on account of the 

[M+H]
+
 of this lipid lying outside of the scan range used during the analysis (m/z 

900-1500). Similarly, hydroxydiether lipids 7 and/or 8, expected as components of S. 

acidocaldarius, each have an [M+H]
+
 outside of the scan range used. No attempts, 
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via re-analyses using an extended MS scan range (m/z 50-2000), were made in order 

to identify the GDD lipids in any of the Sulfolobus lipid extracts. The absence of 

peaks relating to GDGTs 2 and 14-15 in the base peak chromatogram for S. 

solfataricus is attributable to the high baseline observed during the period of the LC-

MS separation in which these components elute. Individual ion chromatograms for 

lipids 2 (m/z 1301.5-1302.5), 14 (m/z 1299.5-1300.5) and 15 (m/z 1297.5-1298.5) 

filter out the background noise present in the base peak chromatogram and allow 

each of these components to be confirmed for S. solfataricus (Fig. 3.8). As the ion 

relating to the [M+H]
+
 of each lipid is never the base peak ion in any MS scan, no 

MS/MS spectra were recorded for these lipids during the analysis of the extract from 

S. solfataricus. 

 

 

Fig. 3.8. HCT LC-MS ion chromatograms for the lipid extract from S. solfataricus, 

highlighting the presence of GTGT 3 and GDGTs 2 and 14-15, which are concealed 

in the base peak chromatogram. An ion chromatogram for GDGTs 3.16 and 3.16’ is 

included for comparison. 

 

Although GDGTs 20 and 21 were not identified in the base peak chromatogram for 

the extract from S. acidocaldarius, a reconstructed ion chromatogram for the MS 

range m/z 1287.5-1288.5 (Fig. 3.9) showed a peak at retention time, relative to 2 and 

19, which is approximately the same as that observed for lipid 20 in the base peak 
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was observed in an ion chromatogram reconstructed for the MS range m/z 1285.5-

1286.5. As such, although no MS/MS data could be obtained to support the 

assignment made on the basis of LC-MS retention time, it appears that S. 

acidocaldarius does produce GDGT 20, but at low levels when grown at 75
o
C. It 

does not, however, appear to produce GDGT 21 at any appreciable level at this 

growth temperature, although this lipid may conceivably be present in the extract at a 

concentration below the limit of detection for the LC-MS method used. 

 

 

Fig. 3.9. HCT LC-MS ion chromatograms for the lipid extract from S. 

acidocaldarius, highlighting the probable presence of GDGT 20. An ion 

chromatogram for GDGT 19 is included for comparison. 

 

Components 16’ (m/z 1296.4), 17’ (m/z 1294.4), 17’’ (m/z 1294.4) and 18’ (m/z 

1292.4) were also identified in the base peak chromatogram of S. acidocaldarius 

(Fig. 3.7b), and in the chromatograms for S. shibatae and S. solfataricus. Each of the 
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+
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15 (m/z 1297.5-1298.5) from the lipid extract of S. acidocaldarius indicate that 

earlier eluting isomers of each of these lipids (14’ and 15’, respectively) are also 

produced by S. acidocaldarius at low levels (Fig. 3.10). Due to the low abundance of 

the two components, MS/MS spectra were not of sufficient signal strength for 

structural elucidations to be made. Structures 14’ and 15’ could not be detected in 

equivalent ion chromatograms for S. shibatae and S. solfataricus. A later eluting 

isomer of GDGT 18 was identified in previous LC-MS analysis of the lipids of a 

different strain of S. solfataricus (strain MT-4, grown at 87
o
C; Hopmans et al., 

2000), but could not be identified conclusively in the present study, either in the base 

peak chromatograms or in individual ion chromatograms, for any of the strains of 

Sulfolobus. 

 

 

Fig. 3.10. HCT LC-MS ion chromatograms for the lipid extract from S. 

acidocaldarius, highlighting the presence of GDGTs 14’ and 15’. 

 

The presence of GTGT 3 in S. acidocaldarius is unprecedented, but was confirmed 
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GTGT found in MTH(ΔH). Similarly, the component was confirmed in S. shibatae 
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along with a second, slightly earlier eluting isobaric component (designated 3’). 

Interestingly, components eluting marginally later than 3 and exhibiting [M+H]
+
 at 

m/z 1302.3 (68) and m/z 1300.3 (69), were observed in the relevant ion 

chromatograms for both S. shibatae (Fig. 3.11) and S. solfataricus (Fig. 3.8) extracts. 

They were not, however, identified in similar chromatograms generated for S. 

acidocaldarius. Lipids 68 and 69 have [M+H]
+
 m/z ratios and retention times 

(relative to both 2 and 3) consistent with GTGT lipids containing one or two 

cyclopentyl chains, respectively. Components of this nature have been determined 

during LC-MS analyses of the core lipids of a thermophilic, ammonia oxidising 

crenarchaeote (de la Torre et al., 2008), of lipid extracts from a mud volcano 

(Hopmans et al., 2000) and of extracts from Mediterranean mud dome sediments 

(Pancost et al., 2001b). As no MS/MS spectra were obtained for 68 or 69 during 

analysis of the S. shibatae or S. solfataricus extracts, the assignments remain 

tentative. 

 

Fig. 3.11. HCT LC-MS ion chromatograms for the lipid extract from S. shibatae, 

highlighting the presence of tentatively assigned GTGTs 68 and 69. An ion 

chromatogram for GTGT 3 is included for comparison. 
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The mass spectra of tetraethers 2 and 16-19 in the extract of S. acidocaldarius each 

show an additional minor peak (1.0-4.8% relative to base peak) at 14 m/z units 

higher than the base peak (e.g. Fig. 3.12c). The presence of the minor component is 

more clearly seen in reconstructed mass chromatograms encompassing two ranges, 

m/z 1289.5-1302.5 (Fig. 3.12a) and m/z 1303.5-1316.5 (Fig. 3.12b), where each 

GDGT lipid (2 + 16-19) is seen to co-elute with a homologous GDGTM partner (26 + 

70-73). In each case, the retention time exhibited by the higher homologue is slightly 

less than that of its counterpart, which compares favourably with the differences in 

retention times observed for GDGT 2 and GDGTM 26 in MTH(H). The peak 

observed for lipid 26 in Fig. 3.12b is amplified by a contribution from ions at m/z 

1304.3, representative of the [M+H+2]
+
 higher isotopic species of co-eluting lipid 2. 

Interestingly, higher homologues of lipids 16’, 17’ and 18’ may also be synthesised 

by S. acidocaldarius given the presence of 70’, 71’ and 72’, which each have a 

[M+H]
+
 at +14 m/z units greater and co-elute with one of these three components 

(Fig. 3.12b). Examination of an ion chromatogram generated for the range m/z 

1303.5-1316.5 for the extract from S. shibatae (not shown) indicated that peaks for 

26 and 70’ are potentially present, whereas a similar chromatogram for S. 

solfataricus (not shown) indicated that a peak for 70’ may be present. The absence of 

other GDGTM lipids in the two organisms may suggest that 70’ is not a GDGTM 

lipid, but represents a different component, of lipid nature or otherwise, found in 

each of the Sulfolobus strains. As both 26 and 70’ were obscured by more abundant, 

co-eluting components (i.e. 2 and 16’, respectively) in the initial analyses of S. 

shibatae and S. solfataricus, no MS/MS data was obtained for either structure. 

Consequently, since re-analyses using MS scan ranges which excluded signals for 2 

and 16’ were not performed, currently neither 26 nor 70’ can be assigned with 

confidence in S. shibatae and S. solfataricus. Furthermore, since no reliable MS/MS 

spectrum was obtained for 70’ during analyses of S. acidocaldarius (see Section 

3.2.4.4), the assignment of this lipid as a GDGTM derivative of 16’ is reserved until 

further spectral data can be collected. Similarly, 71’ and 72’ are only tentatively 

assigned as GDGTM derivatives of 17’ and 18’, respectively. 
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Fig. 3.12. LCQ LC-MS ion chromatograms for the lipid extract from S. 

acidocaldarius: a) m/z 1289.5-1302.5, highlighting GDGT lipids; b) m/z 1303.5-

1316.5, highlighting GDGTM lipids. The peak for GDGTM 26 is obscured under a 

peak for the [M+H+2]
+
 higher isotopic species of 2. Co-eluting isomers of some of 

the GDGT and GDGTM lipids, while present, are not labelled; c) shows the average 

mass spectrum across the peak for lipids 19 and 73. 

 

A number of other components were evident in the base peak chromatograms (m/z 

900-1500) of the lipid extracts. Most of these additional components are most easily 

visualised in ion chromatograms which exclude contributions from ions within the 

range m/z 1280-1320 (i.e. reconstructed ion chromatograms for m/z 900-1280 + 

1320-1500). In particular, this range excludes abundant lipids 2-3 and 14-21, thereby 

allowing some of the underlying minor components to be clearly visualised. 

Generation of an ion chromatogram of this nature for the S. acidocaldarius extract 

shows a series of peaks relating to lipids which only elute once the composition of 

IPA in the mobile phase has exceeded 2% (Fig. 3.13a). These include lipids 74, 58, 

75-79 and 80 none of which appears to have been reported previously in archaea. 

m/z 1303.5-1316.5

m/z 1289.5-1302.5

Relative retention time

2

14
15

17’

m/z

1289.9

1303.9

17
18’

19

26 +

[2+H+2]
+

70

71

73

72

%

a

b

c

3

70’
71’

72’

18
17’’

16’

16

m/z 1303.5-1316.5

m/z 1289.5-1302.5

Relative retention time

2

14
15

17’

m/z

1289.9

1303.9

17
18’

19

26 +

[2+H+2]
+

70

71

73

72

%

a

b

c

3

70’
71’

72’

18
17’’

16’

16



Chapter 3: Tetraether lipid core profiles of thermophilic archaea 

 
 

 168 

The late elution of these components suggests that they are significantly more polar 

than GDGTs 2 and 14-21. A series of poorly resolved, early eluting lipids, each 

exhibiting [M+H]
+
 with m/z ratios above m/z 1400, was also observed (Fig 3.13a). 

These components may represent derivatives of ring-containing tetraether lipids in 

which a terminal hydroxyl group has been capped with an apolar moiety. An 

additional early eluting component, 81 (m/z 1336.3), was also identified.  

 

 

 

Fig. 3.13. HCT LC-MS ion chromatograms for the lipid extract from S. 

acidocaldarius: a) Base peak chromatogram, with ions in the range m/z 1280-1320 

excluded; b) ion chromatogram for GDGT 2, included for comparison. 
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similarities, including early eluting components with [M+H]
+
 at m/z > 1400, many of 

which are identical to those observed in the chromatograms for S. acidocaldarius, 

and peaks for lipids 77-81. Similarly, the equivalent chromatogram for the S. 

solfataricus extract shows many of the same early eluting peaks (Fig. 3.14) along 

with an unresolved, late eluting cluster of peaks which may represent polar 

derivatives of tetraether lipids. 
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Fig. 3.14. HCT LC-MS ion chromatograms for the lipid extract from S. solfataricus: 

a) Base peak chromatogram, with ions in the range m/z 1280-1320 excluded; b) ion 

chromatogram for GDGT 2, included for comparison. 

 

3.2.4.3. Mass spectra obtained during the column backflush 

 

GDCT lipids 2c and 14c-21c were not detected during the LC-MS/MS analyses of 

any of the Sulfolobus extracts. On account of their significant hydrophilicity, this is 
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+
 of GDCT 17c on the basis of its ionic 

formula, C92H175O11
+
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observed as a minor ion in a previous positive ion electrospray-time of flight MS 
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+
; m/z 
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of m/z 1456.314 in the mass spectrum. By contrast with electrospray ionisation, 

positive mode APCI ionisation of lipids typically leads to a preference for formation 

of [M+H]
+
 species (Byrdwell, 2001). This may explain the dominance of m/z 1456.4, 

and absence of sodiated and potassiated molecules, in the APCI MS spectra recorded 

during backflushing following analysis of extracts of the Sulfolobus species used in 

the present study. Furthermore, the dominant GDCT core lipid in the type strain of S. 

acidocaldarius, grown at an identical temperature to the culture of the MR31 strain 

used in the present studies (75
o
C), was determined to be 17c in negative ion halide 

adduct-MS (Murae et al., 2002). Consequently, the ion with m/z 1456.4 in the 

backflush MS of each species is assigned to the [M+H]
+
 of 17c. Other neighbouring 

peaks in the ion cluster may potentially relate to GDCT lipids containing between 2-

6 Cp rings. Additional ion clusters were observed in the backflush mass spectrum of 

each organism, including clusters containing ions shifted by -18, -36, -54, -72, -90, -

162, -180, -218 and -236 m/z units from ions in the cluster surrounding the base peak 

ion (Fig. 3.15). These ions probably relate to fragment ions generated from GDCT 

lipids via losses of one (-18), two (-36), three (-54), four (-72) or five (-90) 

molecules of water, loss of the terminal pentacyclic ring in the calditol moiety via 

ether cleavage (-162 and -180) or loss of this ring with simultaneous loss of C3H4O 

from the glycerol terminus (-218 or -236). In each spectrum, a cluster of ions shifted 

by +14 m/z from ions in the cluster containing the base peak ion was also observed. 

These components could conceivably be higher homologues of GDCT lipids, 

although further work will be required in order to confirm their identities. 

 

Signals for protonated molecules of GDCTs persisted at high levels for the full 10 

minute period of the column backflush and were often only reduced to a baseline 

level if the column was subsequently backflushed with mobile phase comprising 

40% IPA for up to a further 30 minutes. The difficulty in removing GDCT lipids 

from the analytical column may suggest that the backflushing protocol used is 

inadequate for total core lipid extracts containing these components, namely those 

taken from organisms within the order Sulfolobales. Consequently, it is 

recommended that, in future, GDCT lipids are separated from other ether lipids by 

flash column chromatography (Lo et al., 1989; Nicolaus et al., 1990) prior to normal 

phase LC-MS/MS analysis in order to reduce the risk of column deterioration. 
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Fig. 3.15. Average mass spectrum (HCT) recorded during the column backflushing 

procedure following LC-MS/MS analysis of S. acidocaldarius. A cluster of 

dominant ions surrounding the base peak ion (m/z 1456.4) are labelled, with other 

ion clusters labelled with the difference in m/z to ions within the major cluster. 

Suspected fragmentations responsible for the some of the ion clusters are typified for 

GDCT 17c. 

 

3.2.4.4.  Interpretation of MS/MS spectra of ring-containing dialkyl tetraether 

lipids 

 

Tandem MS of lipids 14-21 in the Sulfolobus extracts generated product ions relating 

to losses of water, C3H4O and previously recognised biphytanyl chains [400] (-558 

Da), [401] (-556 Da), [402] (-554 Da), [403] (-552 Da) and [404] (-550 Da) as dienes. 

Product ions were identified in two distinct spectral regions for each lipid (e.g. Fig. 

3.16a), confirming that each has a GDGT core structure. For example, the MS/MS 

spectrum of GDGT 16 shows product ions at m/z 741 and m/z 739, formed from loss 

of [402]
0
 and [401]

0
, respectively (Fig. 3.16b). Product ions at m/z 723, 721, 705 and 

703 also prove to be characteristic of the alkyl chains in the structure, and are formed 

from losses of one or two molecules of water in addition to loss of each alkyl chain. 

Notably, ions at m/z 707 and 701 in the spectrum can confuse structural assignment. 

At first sight, these ions could potentially be attributed to losses of [403]
2
 and [400]

2
, 

respectively. In reality, they are almost certainly formed via losses of isoprenoid 

chains containing one or two rings, as a result of an ether cleavage which does not 

generate an alkene and protonated alcohol (cf. ions at m/z 705 and 709 in the HCT 
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MS/MS spectrum of 2; Section 2.2.5.2). This example highlights the need to 

consider first the product ions formed from losses of [40P]
0
 (P = 0-4) in order to 

assign the alkyl chains within ring-containing GDGT structures, with the losses of 

[40P]
1
 and [40P]

2
 used as subsequent supporting evidence, where necessary.  

 

 

Fig. 3.16. MS/MS spectrum of GDGT 16 ([M+H]
+
 m/z = 1296.4) from S. 

acidocaldarius, as recorded on: a) the HCT instrument. b) shows the magnification 

of the m/z 690-750 region of the spectrum; c) shows a similar magnification of the 

m/z 690-750 region of the spectrum acquired using the LCQ instrument. 
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Product ions in the HCT MS/MS spectra are often accompanied by ions at +1 m/z 

unit greater, relating to the higher isotopomer formed from CID of the [M+H+1]
+
 

isotopic precursor (e.g. the product ion at m/z 740 in Fig. 3.16b). Similarly, a second, 

relatively small peak at +2 m/z units, relating to the +2 isotopomer, is often also 

observed. Because the +2 species could be confused with loss of a cyclised 

biphytanyl chain having one less degree of unsaturation, additional care must be 

taken in interpreting the MS/MS spectra of ring-containing GDGT lipids. In this 

regard, the absence of an ion shifted by +3 m/z units usually indicates that the ion 

shifted +2 m/z units results from an isotopomer: almost without exception, an 

isotopic peak at +1 m/z is observed for all product ions formed from loss of [40P]
0
. A 

benefit of recording the MS/MS spectra of ring-containing GDGT lipids using the 

LCQ instrument is that higher isotopomers of the characteristic product ions are 

much less prominent in the spectra (e.g. Fig. 3.16c), enabling clearer distinction of 

product ions formed from losses of [40P]
0
. In the MS/MS spectra of 16, the product 

ion formed from loss of [401]
0
 is consistently observed to be more prominent than 

the ion formed from loss of [402]
0
, suggesting that the chain containing fewer rings is 

lost more readily from the [M+H]
+
 of the lipid during CID. This proves to be a 

general feature for the Cp ring-containing cores identified in the extracts from 

Sulfolobus; preference for loss of the heavier of the two isoprenoid chains during 

CID was noted for all lipids in which the two chains are different. 

 

During acquisition of the MS spectrum of 16 in the S. solfataricus extract (Fig. 

3.17a), the base peak ion ([M+H]
+
; m/z 1295.8) was only slightly more prominent 

than several ions of lower m/z which were responsible for the high level of 

background ion current and, consequently, high baseline in the early part of the LC-

MS chromatogram for the extract (Fig. 3.7d). Following CID, it was apparent that 

the MS/MS spectrum obtained was contaminated by product ions formed from the 

background ions in addition to those formed from the target precursor (i.e. [M+H]
+
 

of 16). Whereas the pure spectrum of 16 shown in Fig. 3.16a exhibited a product ion 

at m/z 1277, formed from loss of water, the contaminated spectrum showed an 

additional ion at m/z 1275, suggestive of loss of water from a precursor with nominal 

m/z 1293 (Fig 3.17b). Similarly, additional ions were observed at m/z 737 and 719 in 

the contaminated spectrum (Fig. 3.17c) that were absent in the pure spectrum. Again, 
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without careful interpretation of the spectra, the additional ions could be attributed 

an origin from the [M+H]
+
 of 16, leading to an incorrect structural assignment. 

Survival beyond the precursor selection stage and subsequent dissociation of ions at 

1-2 m/z units less than the target precursor would account for the undesired product 

ions generated during CID. Low precursor selectivity may prove to be particularly 

problematic in cases where fully or partially co-eluting lipid components in LC-MS 

have [M+H]
+
 which differ by only 2 m/z units. Consequently, it is essential to check 

that the precursor selection step has been selective for the intended precursor before 

interpretations regarding lipid structure are made from the resulting MS/MS spectra. 

This is most easily achieved by examination of the product ion correlating to loss of 

water. Spectra in which this ion is accompanied by a prominent additional peak at -2 

m/z units less should not be used for structural assignment. 

 

Fig. 3.17. a) Partial MS and b-c) partial MS/MS spectra (HCT) of GDGT 16, 

recorded during analysis of the lipid extract from S. solfataricus. The target 

precursor and product ions derived thereof are shown in bold face. Contaminant ions 

are shown in standard font. 
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3.2.4.5. Structural assignments based upon MS/MS spectra 

 

The MS/MS spectra of lipids 2 and 3 in the extracts of the Sulfolobus species exhibit 

identical product ions to those generated by CID of these lipids in the MTH(ΔH) 

extract. In most cases, the alkyl group losses observed in the MS/MS spectra of ring-

containing GDGTs 14-21 are consistent with the structures of these lipids as 

previously reported for Sulfolobus species (De Rosa and Gambacorta, 1988a). For 

example, the most abundant ring-containing GDGT lipid in each extract, 17, is 

known to contain isoprenoid chains which each have two incorporated cyclopentyl 

rings. The HCT MS/MS spectrum of this lipid (Fig. 3.18a) shows a product ion at 

m/z 739, formed from loss of [402]
0
, entirely consistent with the reported structure. 

Ions formed from loss of [402]
1
 (m/z 721) and [402]

2
 (m/z 703) provide further 

corroboration. The key characteristic product ions observed in the MS/MS spectra of 

the other ring-containing GDGT lipids are summarised in Table 3.4. It has been 

widely reported that the GDGT lipids of Sulfolobus contain two biphytanyl chains 

that differ at most by one in the number of Cp rings incorporated in each of the two 

chains (De Rosa et al., 1980c; 1983b; 1988a). The LC-MS/MS analysis of the 

GDGT lipids in the three Sulfolobus species suggest that biphytanyl combinations 

which differ by two rings are also synthesised by these organisms. For example, CID 

of the [M+H]
+
 of lipid 19 generates product ions at m/z 739, 737 and 735, consistent 

with losses from the precursor of, in turn, [404]
0
, [403]

0
 and [402]

0
 (Fig. 3.18b). The 

losses indicate that a novel isobar, GDGT[402,404] (denoted 19*), accompanies the 

known tetraether GDGT[403,403] (denoted 19) in all three Sulfolobus extracts. It is 

noteworthy that analysis of tetraacids in crude oil naphthenate deposits revealed a 

tetraacid with a C80 H-shaped isoprenoid comprising cross-linked [402] and [404] 

chains, providing precedent for the occurrence of such a combination in archaeal 

lipids (Lutnaes et al., 2007). Other novel or rarely reported lipids of archaea, 

assigned in the Sulfolobus species from the LC-MS/MS analyses and which contain 

unusual isoprenoid chain combinations are GDGT[400,402] (15*; Thurl and Schäfer, 

1988; Schouten et al., 2000; Pancost et al., 2001b) and GDGT[401,403] (17’’*; 

Hopmans et al., 2000). 
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Fig. 3.18. MS/MS spectra (HCT) of: a) GDGT 17 ([M+H]
+
 m/z = 1294.4); b) GDGT 

19/19* ([M+H]
+
 m/z = 1290.3) from S. acidocaldarius. Insets show expansions of 

regions of the spectra, where appropriate. 
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Table 3.4. HCT MS data (measured [M+H]
+
 m/z values) and partial MS/MS data 

(nominal m/z values of product ions) for GDGT and GDGT’ lipid cores from species 

of Sulfolobus. 

 

 No. of rings 0 1 2 3 4 4 5 6 7 8 

Loss (Da) 
Molecules 

Lost a 
2 14 15 + 15* 16 or 16’ 17 or 17’ 17’’ + 17’’* 18 or 18’ 19 + 19* 20 21 

-0 [M+H]+ 1302.4 1300.4 1298.4 1296.4 1294.4 1294.4 1292.4 1290.3 1288.2 1286.2 

-18 [1,0,0] 1283b 1281 1279 1277 1275 1275 1273 1271 1269 1267 

-36 [2,0,0] 1265 1263 1261 1259 1257 1257 1255 1253 1251 1249 

-54 [3,0,0] 1247 1245 1243 1241 1239 1239 1237 1235 1233 1231 

-56 [0,1,0] 1245 1243 1241 1239 1237 1237 1235 1233 1231 1229 

-74 [1,1,0] 1227 1225 1223 1221 1219 1219 1217 1215 1213 1211 

-92 [2,1,0] 1209 1207 1205 1203 1201 1201 1199 1197 1195 1193 

-550 [0,0,404]        739 737 735 

-552 [0,0,403]      741 739 737 735  

-554 [0,0,402]   743 741 739 739 737 735   

-556 [0,0,401]  743 741 739  737     

-558 [0,0,400] 743 741 739        

-568 [1,0,404]        721 719 717 

-570 [1,0,403]      723 721 719 717  

-572 [1,0,402]   725 723 721 721 719 717   

-574 [1,0,401]  725 723 721  719     

-576 [1,0,400] 725 723 721        

-586 [2,0,404]        703 701 699 

-588 [2,0,403]      705 703 701 699  

-590 [2,0,402]   707 705 703 703 701 699   

-592 [2,0,401]  707 705 703  701     

-594 [2,0,400] 707 705 703        

-624 [1,1,404]        665 663 661 

-626 [1,1,403]      667 665 663 661  

-628 [1,1,402]   669 667 665 665 663 661   

-630 [1,1,401]  669 667 665  663     

-632 [1,1,400] 669 667 665        

 

a The number of simultaneous losses of each type of molecule during formation of the ion are listed as [a,b,cd], where a = water; 
b = C3H4O; cd = biphytadiene containing “c” carbon atoms and “d” cyclopentyl rings (d = 0-4). 

b Product ions listed in bold face represent the base peak in MS/MS. The base peak ion noted in the spectra of 21 does not 

correspond to any of the ions listed. 

 

 

In order to obtain MS/MS spectra for GDGTM lipids in S. acidocaldarius, the extract 

was re-analysed using a dynamic narrow scan range, set at m/z 1306-1320 until 26 

had eluted fully, after which the range was manually altered to m/z 1303-1320 for the 

remainder of the analysis. During the preliminary scan range, the [M+H]
+
 of 2 and 
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its higher isotopomers were removed, allowing for selection of 26 for CID. 

Following manual alteration to the wider scan range, peaks for the [M+H]
+
 of 16-19 

were removed, allowing generation of MS/MS spectra for lipids 70-73. Using this 

method, three previously concealed GDGTM species (71, 72 and 73) generated 

MS/MS spectra with sufficient signal strength for reliable interpretations to be made. 

The MS/MS spectra of other GDGTM components (26, 70 and 70’-72’) were too 

weak to be used for structural characterisation. Components 71-73 gave product ions 

in two distinct regions of the MS/MS spectra, confirming them to contain two 

discrete alkyl chains. The MS/MS spectrum of 71 (Fig. 3.19a) contains product ions 

formed via losses of [402]
0
 (m/z 753) and [412]

0
 (m/z 739), indicating that the lipid 

possesses a GDGT[402,412] structure. The presence of additional product ions, 

formed from losses of [402]
1
 (m/z 735), [412]

1
 (m/z 721) and [402]

2
 (m/z 717), 

corroborate the assignment. The MS/MS spectrum of 72 (Fig. 3.19b) contains 

product ions arising from losses of [402]
0
 (m/z 751) and [412]

0
 (m/z 737), and 

additional ions formed from losses of [403]
0
 (m/z 753)  and [413]

0
 (m/z 739). Other 

product ions observed in the MS/MS spectrum are consistent with loss of the same 

four alkyl chains with simultaneous loss of additional molecules of water, suggesting 

that the chromatographic peak comprises a mixture of GDGT[402,413] (denoted 72) 

and GDGT[403,412] (denoted 72*) isomers. Although CID of the [M+H]
+ 

of 73 

generated a weak MS/MS spectrum (Fig. 3.19c), it does, nevertheless, provide some 

information about the structure of the lipid core. Product ions at m/z 737 and 719 

suggest loss of [413]
0
 and [413]

1
 from the precursor, respectively. This implies that 

one chain in 73 is a [413] biphytanyl. The ions at m/z 737 and 719 in the MS/MS 

spectrum of 19 both contain a biphytanyl chain with three Cp rings (Fig. 3.18b). By 

implication, the product ions observed at the same nominal m/z for 73 probably also 

contain the same biphytanyl moiety. A combination of [413] and [403] chains in a 

GDGT-type core structure would account for the [M+H]
+
 observed for 73 (m/z 

1303.9). This interpretation could not be confirmed since ions relating to the 

expected losses of [403]
0
 or [403]

1
 in the MS/MS spectrum of 73 were not observed. 

In spite of the limited nature of the MS/MS evidence, 73 is tentatively assigned as a 

GDGT[403,413] structure. Other product ions in the MS/MS spectrum of 73 are not 

consistent with this structure and indicate that an isomeric structure, 73*, may also 

be synthesised by S. acidocaldarius. For example, the product ion at m/z 753 is 
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consistent with loss of [404]
0
 from the precursor. A product ion at m/z 735 could 

relate to loss of either [412]
0
 or [404]

1
. Similarly, an ion at m/z 717 could be formed 

via loss of either [412]
1
 or [404]

2
. Thus it appears likely that lipid 73* has a 

GDGT[404,412] structure and co-elutes with 73 under the chromatographic 

conditions employed. Although this observation is unprecedented, it is consistent 

with the observation of unusual product ions formed following CID of the [M+H]
+
 

of GDGT 19, as discussed above. 

 

Lipid 74 exhibits a [M+H]
+
 at m/z 1320.4 in the MS spectrum and gives an MS/MS 

spectrum (Fig. 3.20) resembling that of GTGT 3, allowing its classification as a 

GTGT lipid. The relatively late elution of this lipid coupled with the 16 m/z unit 

difference to the [M+H]
+
 of GTGT 3 is consistent with 74 being a structural variant 

of 3 that contains an additional hydroxyl group. A product ion at m/z 1039 in the 

MS/MS spectrum of 74 indicates a loss of 1-phytene, as was observed for 3. In 

addition, an ion at m/z 1023 (-296 Da) shares the same m/z as the base peak ion in 

the MS/MS spectrum of lipid 3. This indicates that loss of 296 Da from the [M+H]
+ 

of 74 during CID generates a product ion that is, most likely, identical to that formed 

by loss of phytene from that of lipid 3. The 296 Da loss most likely corresponds to a 

hydroxylated phytene moiety. Interestingly, this loss would be an expected loss from 

sn-2 and sn-3 hydroxyarchaeols (GDDs 7 and 8), at least one of which has been 

identified previously as a core component of S. acidocaldarius (Sprott et al., 1997). 

As such, 74 is assigned as acyclic hydroxycaldarchaeol. A product ion at m/z 743 for 

74, is attributed to sequential losses of 1-phytene and hydroxyphyt-1-ene. Ions 

reflecting protonated phytanyl and hydroxyphytanyl monoethers, at m/z 373 and 389, 

respectively, provide further support for the assignment of 74. It is important to note 

that although the additional hydroxyl group in 74 has been confirmed to reside 

somewhere along a C20 phytanyl chain as opposed to on the C40 lipid-spanning 

biphytanyl chain, the precise position of this group, both in terms of its location 

along the C20 chain and whether this chain is ether bound to an sn-2 or an sn-3 

carbinol, cannot be determined on the basis of the MS/MS evidence obtained. Given 

that the additional hydroxyl group in both sn-2 and sn-3 hydroxyarchaeols is located 

at the C-3 position of a phytanyl chain, the additional hydroxyl in 74 is tentatively 

placed at the same position. 
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Fig. 3.19. Partial MS/MS spectra (HCT) of: a) GDGTM 71 ([M+H]
+
 m/z = 1308.3); 

b) GDGTM 72/72* ([M+H]
+
 m/z = 1306.2) and c) GDGTM 73/73* ([M+H]

+
 m/z = 

1304.3) from S. acidocaldarius. GDGTM structures shown are representative 

structures; the additional methyl group in each is tentatively placed at the C-13 chain 

position in accordance with the known structure of GDGTM 26 (Galliker et al., 

1998). 
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Fig. 3.20. MS/MS spectrum (HCT) of GTGT 74 ([M+H]
+
 m/z = 1320.4) from S. 

acidocaldarius. Inset shows expansion of a region of the spectrum. The structure 

shown is a representative structure; the hydroxyl group is tentatively placed at the C-

3 position of a phytanyl chain (sn-3 bound chain chosen arbitrarily) in accordance 

with its placement in GDDs 7-8. 

 

The HCT MS/MS spectrum of lipid 58 is weak, but contains some of the product 

ions observed in the spectrum for this component obtained during LC-MS/MS of an 

MTH(ΔH) extract (Section 3.2.3.3). The MS/MS spectrum of 75 (m/z [M+H]
+
 = 

1242.3) was too weak to be assigned reliably. The MS/MS spectra of lipids 76-79 

and 78’ (Table 3.5), on the other hand, are qualitatively similar to that of 58 and 

suggest that these components are Cp ring-containing variants of 58. Discussion of 

the probable nature of each of these components is presented in Section 5.2.3.2. The 

MS/MS spectrum of 81 (Table 3.5) exhibits product ions at m/z 1293, 1275 and 763, 

assigned as arising from loss of ketene, acetic acid and a 1-hydroxybiphyt-31-ene 

containing two Cp rings, respectively. Given the neutral losses observed in MS/MS, 

the early chromatographic elution of this lipid and the nominal 42 m/z unit difference 

between the [M+H]
+
 of the lipid (m/z 1336.3) to that of 17, 81 is assigned as the 

monoacetylated derivative of 17. The MS/MS spectrum of lipid 80 (Table 3.5) 

shows product ions at m/z 1311 and 1255, formed from losses of water and C3H6O2, 
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and product ions in two regions of the spectrum, indicative of a GDGT-type core 

structure. The exact nature of this structure remains unclear. 

 

Table 3.5. MS and MS/MS spectral data (HCT) for minor lipid components 

identified in Sulfolobus extracts. 

 

Lipid [M+H]+  Product ions observed in MS/MS a 

76 1240.3  1221; 667,665,649,647,631,629,613,611,609,557,555 

77 1238.3  1219,1201; 665,647,629,611,609,593,591,571,569,555,553 

78’ 1236.3  
1217,1199,1161; 

665,663,647,645,643,629,627,611,609,607,591,571,569,555,553,551 

78 1236.3  1217,1199; 665,663,647,645,643,629,627,611,609,593,591,571,569,555,553,551 

79/79* 1234.3  

1215,1197; 

665,663,661,647,645,643,641,629,627,625,611,609,607,591,589,571,569,567, 

565,555,553,551,549 

80 1330.3  
1311,1293,1275,1255,1237; 

739,721,703,685,683,665,647,645,629,611,609,589,571,569,555,553,551 

81 1336.3  
1317,1299,1293,1275,1257,1239,1219,1199; 

763,747,745,721,703,689,687,685,671,651,629,611,609,607,593,571,555,553 

 

a Product ions listed in bold face represent the base peak ion in MS/MS. 

 

 

Lipids with [M+H]
+
 at m/z > 1400, including both early- and late-eluting 

components described for the Sulfolobus species, exhibit poor chromatographic 

resolution. As a result, the base peak ion in the mass spectrum of each component is 

usually accompanied by neighbouring ions relating to other lipids. Although the 

MS/MS spectra obtained for these components are suggestive of tetraether core lipid 

structures, inspection of product ions formed from loss of water indicated that, in all 

cases, the MS/MS spectrum obtained was contaminated by product ions arising from 

selection and CID of neighbouring lipids with similar m/z ratios. A similar problem, 

resulting from contamination of the spectrum with product ions formed from other 

GDCT lipids, was encountered during acquisition of the MS/MS spectrum of GDCT 

17c during the post-analysis backflushing procedure following LC-MS/MS of each 
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Sulfolobus extract. Consequently, the structures of each of these components cannot 

be assigned or, in the case of 17c, verified by MS/MS. 

 

3.2.4.6. PAN LC-MS/MS 

 

In order to investigate whether ions below the low mass cut off in conventional ion 

trap LC-MS/MS analyses could be used to augment the characterisation of lipids 

from Sulfolobus, an analysis of the S. solfataricus extract was performed using PAN 

LC-MS/MS. The PAN MS/MS spectra for GDGTs 16-21, 17’ and 17’’/17’’* each 

exhibited product ions at m/z < 400, many of which had the same m/z ratio as an ion 

observed in the PAN MS/MS spectrum of 2 (Fig. 2.9b). Unfortunately, although ions 

with low m/z that were observed in the PAN MS/MS spectra of some lipids were 

absent in the spectra of others, most of the ions appeared consistently in the spectra 

of each, albeit in different relative abundances. Since the relative abundances of ions 

in PAN MS/MS spectra are variable between replicate analyses (Section 2.2.8.3), the 

proportion of the MS/MS TIC provided by a particular ion cannot be correlated with 

the probability of that ion being formed during CID. As such, it is impossible to 

make any specific assignments on the basis of the low m/z ions observed in the PAN 

MS/MS spectra of the lipids of S. solfataricus at the present time. 

 

3.2.4.7. Distributions and significance 

 

The major lipid cores identified in Sulfolobus include those reported previously for 

each species (De Rosa and Gambacorta, 1988a; Sturt et al., 2004), with the MS/MS 

spectra of many of these components being consistent with the known structures of 

the lipid cores. A number of isobaric species were also resolved, either 

chromatographically or, in the case of co-eluting lipids, via product ions in the 

MS/MS spectra, indicating a significant degree of isomerism within the tetraether 

lipid cores of Sulfolobus. Although MS/MS cannot provide full elucidation of the 

structures of these isomers, it does allow the rings within each structure to be located 

to particular isoprenoid chains. The isomers observed include minor isobars 

(GDGTmin = 14’-18’, 17’’ and 17’’*) to the major GDGT lipid cores (GDGTmaj = 2, 

14-21,  15* and 19*) that contain the same number of cyclopentyl rings. The rings in 
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GDGT’ lipids are distributed between the two composite isoprenoid chains in an 

equivalent manner to the GDGT isomers, whereas the rings in GDGT* lipids are 

distributed differently between the two moieties by comparison to the GDGT lipids. 

GDGT’’ isomers cannot be as easily categorised. Although some of the isomers, 

specifically 15* and 17’’, have been observed previously (Thurl and Schäfer, 1988; 

Hopmans et al., 2000; Schouten et al., 2000; Pancost et al., 2001b; Damsté et al., 

2002b), several appear to be novel structures. 

 

The presence of GDGTs 15* and 19* as isomeric forms of known lipids 15 and 19 in 

all three Sulfolobus strains investigated is particularly surprising given that 

degradative analysis of the lipids of S. solfataricus strain MT-4 (De Rosa et al., 

1980c; 1983b) did not identify either GDGT* lipid. The profiling of the MT-4 strain 

included isolation of GDGT lipids containing 2 or 6 rings, followed by ether 

cleavage and GC-MS/
13

C-NMR analysis of the resulting isoprenoid hydrocarbons. In 

both cases, only one isoprenoid hydrocarbon was liberated, with a monocyclic 

biphytane released from the two-ringed GDGT and a tricyclic biphytane released 

from the six-ringed GDGT (De Rosa et al., 1980c). The possibility that the inferred 

neutral losses of [400] and [402] dienes from 15* and [402] and [404] dienes from 19* 

actually relate to losses of one ringed or three ringed monoenes or trienes from co-

eluting isomers 15 or 19, respectively, was considered. Since losses of [400], [402] 

and [404] chains as dienes were observed from GDGTs 2, 14, 16, 18 and 20-21 as 

expected, this possibility can be rejected. As such, it seems likely that the GDGT* 

lipids are authentic components of S. solfataricus P2, S. acidocaldarius MR31 and S. 

shibatae B12. It is currently unclear if close genetic relative to these three species, S. 

solfataricus MT-4, does not express GDGT* lipids or if they were overlooked during 

lipid profiling of the organism. It is notable, however, that the viable growth range of 

the MT-4 strain (63-89
o
C; De Rosa et al., 1975) has both a higher maximum and 

minimum value than the other strains, possibly reflecting its status as an outlier. 

 

GDGT 17’’ was identified as a core lipid component of S. solfataricus strains MT-4  

and P2 (Hopmans et al., 2000; Ellen et al., 2009; Pitcher et al., 2010) and tentatively 

suggested to have a GDGT[401,403] structure (Hopmans et al., 2000). Purification of 

the component by preparative LC-MS followed by 
1
H and 

13
C NMR analysis led to a 
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revision of the structure, with the authors suggesting it to be an isomer of lipid 17 in 

which two cyclopentyl rings were located in the same positions on each chain, but 

with the two glycerol groups now arranged syn as opposed to anti to one-another 

(Damsté et al., 2002b). The MS/MS analyses reported here, however, indicate the 

presence of both 17’’ (GDGT[402,402]) and co-eluting 17’’* (GDGT[401,403]), the 

latter not being noted during the NMR studies. A late eluting isomer, 18’’, that was 

also observed in LC-MS analysis of the core lipids of S. solfataricus strain MT-4 

(Hopmans et al., 2000), was not observed in the extracts of the three Sulfolobus 

strains described above. The authors proposed that this lipid may comprise a 

GDGT[401,404] structure. LC-MS/MS of the lipids of the three Sulfolobus species in 

the present study did not provide any evidence for combinations of isoprenoid chains 

in GDGT lipids in which the numbers of cyclopentyl rings of the two alkyl chains 

differ by more than two. As such, while a GDGT[401,404] structure would seem 

unlikely, the nature of 18’’ could almost certainly be clarified by LC-MS/MS 

analysis of the S. solfataricus MT-4 lipid extract. 

 

Although the isomerism exhibited by GDGT’ lipids, which contain the same number 

of rings on each isoprenoid chain as their related GDGT counterparts, could relate to 

any number of structural variations, there is literature precedent to suggest that 

positional isomerism of rings within the isoprenoid chains may be responsible. 

DeLuca et al. (1986) reported that ether cleavage of the lipid cores of Thermoplasma 

acidophilum not only yielded isoprenoid hydrocarbons containing zero, one and 

three Cp rings, located in the typical positions reported for the chains in GDGT 

lipids expressed by S. solfataricus strains P2 and MT-4 (De Rosa et al., 1977b; 

1980) but also yielded a pair of isomeric hydrocarbons containing two Cp rings (Fig. 

3.21). The rings in the first isomer were located in the same positions as reported for 

S. solfataricus (De Rosa et al., 1977b; 1980c), that is at the opposite ends of the 

chain. The second isomer, on the other hand, had both rings located at the same end 

of the chain. Identical hydrocarbon isomers were reported following degradation of 

the core lipids of two species of Picrophilus (Uda et al., 2004). Ether cleavage of 

lipids from a microbial mat collected from a hot spring in Yellowstone National 

Park, USA generated three isomeric hydrocarbons suggested to contain two 

cyclopentyl rings (Ward et al., 1985). Similar ether cleavage of the polar lipids 
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isolated from sandstone from the Be’eri sulfur deposit, Israel, resulted in the 

identification of two gas chromatographically-resolved isomers of isoprenoid 

hydrocarbons containing two cyclopentyl rings, which generated almost identical EI-

MS spectra (Burhan et al., 2002). In the latter case, the authors confirmed that the 

latest eluting hydrocarbon was identical to that found in the lipids of S. solfataricus 

and attributed the similarity of the mass spectrum of the earlier eluting component to 

stereoisomerism. During the present study, attempts to profile the isoprenoid 

hydrocarbons of the lipids of S. acidocaldarius via treatment of a lipid extract with 

HI-LiAlH4 were unsuccessful, probably on account of the very low amounts of 

extract available for the degradation procedure following completion of the LC-

MS/MS analyses. As such, the nature of the isoprenoid chains in GDGTmin isomers 

remains unclear and consequently, their structures cannot be assigned fully. 

 

 

 

Fig. 3.21. Isomeric isoprenoid hydrocarbons containing two Cp rings identified 

following HI-LiAlH4 treatment of the lipids from T. acidophilum (DeLuca et al., 

1986) and two species of Picrophilus (Uda et al., 2004). 

 

Each core lipid was calculated as a proportion of the total core lipid using the LC-

MS peak areas of GTGT lipids 3 and 68-69, GDGT lipids 2 and 14-21, GDGT’ 

lipids 14’-18’, GDGT’’ lipid 17’’, GDGTM lipids 26 and 70-73 and GDGTM’ lipids 

70’-72’ lipids for each species of Sulfolobus. Integration of peaks for all GDGTmaj or 

GDGTmin components that comprise a mixture of GDGT and GDGT* lipids included 

contributions from each of the co-eluting lipids. Other lipids determined in the ion 

chromatograms for each species were excluded from the calculations. In each 

extract, the most abundant tetraether core was the GDGTmaj lipid containing four 

cyclopentyl rings (Fig. 3.22a-b and Fig. 3.23a). This compares favourably with 

previously reported profiles of the lipids of S. solfataricus strains MT-4 and P2, 

grown at 87
o
C and 80

o
C, respectively (Trincone et al., 1989; Hopmans et al., 2000; 

Ellen et al., 2009). A Sulfolobus species 99.9% similar to S. shibatae on the basis of 
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16S rRNA sequences also expressed lipid 17 as the major GDGT core (Murae et al., 

2001). 

 

 

Fig. 3.22. Relative abundances of GTGT 3 (labelled A), major GDGT isomers 

(GDGTmaj = GDGT + GDGT*) and minor GDGT isomers (GDGTmin = GDGT’ and 

GDGT’’) containing the same number of cyclopentyl rings, displayed as the 

proportion of each GDGTmaj component as a percentage of the total tetraether lipid or 

as the ratio of GDGTmin to GDGTmaj in S. shibatae (a and c) and S. solfataricus (b 

and d). Peak areas were recorded using the HCT instrument. 

 

The degree of cyclisation in each extract was calculated as the weighted average of 

the number of rings in either the GDGTmaj lipids or in both GDGTmaj and GDGTmin. 

The values obtained using only the GDGTmaj data set were found to be 4.30  0.01 (n 

= 3) for S. acidocaldarius, 4.40 for S. shibatae and 4.88 for S. solfataricus. The 

values calculated with GDGTmin lipids included are marginally less in each case. The 
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degree of cyclisation of the lipids for S. solfataricus P2, grown here at approximately 

75
o
C, is higher than that determined previously for this strain (4.06) following 

growth at 80
o
C (Ellen et al., 2009). This appears to be at odds with the decrease in 

the degree of cyclisation observed for several other organisms (Uda et al., 2001; 

2004; Lai et al., 2008; Shimada et al., 2008), including S. solfataricus strain MT-4 

(De Rosa et al., 1980b), when grown at lower temperature. Plots of the ratio of 

GDGTmin to GDGTmaj lipids, containing the same number of cyclopentyl rings (Fig. 

3.22c-d and Fig. 3.23c) indicate that, for all three organisms, the largest ratio is 

observed for lipids containing three cyclopentyl rings. In each extract, GDGT 17’’ is 

present in greater abundance than GDGT 17’. 

 

 

Scheme 3.1. Putative methylation of ether-bound biphytanyl chains containing: a) an 

even number of Cp rings and chemically equivalent C-13 and C-20 chain positions; 

b) an odd number of Cp rings and chemically inequivalent C-13 and C-20 positions. 

In the interests of clarity, the glycerol moieties and second alkyl chain within each 

GDGT or GDGTM core are not shown. 

 

The structures of three GDGTM lipid cores were probed by MS/MS analysis of S. 

acidocaldarius, revealing them to contain one typical ([402]-[404]) and one 

methylated ([412]-[413]) Cp ring-containing biphytanyl chain. Other components are 

tentatively assigned as GDGTM lipids on the basis of their MS spectra and retention 

times relative to known isoprenoid GDGT lipids. The presence of GDGTM 26 in the 
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extract of S. acidocaldarius, coupled with the consistently shorter retention times of 

GDGTM lipids than their GDGT counterparts suggests that the C41 alkyl chains in 

70-73 may also be methylated at the C-13 chain position, although this cannot be 

determined unequivocally by MS/MS analysis. Further support for this interpretation 

comes from the identification of a C41 alkane containing two Cp rings in the products 

of chemical degradation of a lipid extract from the Be’eri sulfur mine, Israel (Burhan 

et al., 2002). Although S. acidocaldarius grows on sulfur, the geology of the Be’eri 

deposit indicates that conditions suitable for growth of thermophiles, namely high 

temperatures, were never in situ at the site (Nissenbaum and Kaplan, 1966; 

Druckman et al., 1994). Consequently, the C41 hydrocarbon must have originated 

from an organism which can grow at a temperature below the known viable growth 

range of S. acidocaldarius (Burhan et al., 2002). The additional carbon atom in this 

compound was located between the C-11 and C-22 positions in the alkyl chain and 

the two Cp rings were confirmed to be in positions identical to those of the 

hydrocarbons found in GDGTs 16-18. Furthermore, as discussed above, C81 

isoprenoid tetraacids are methylated at the C-13 position and contain Cp rings at 

equivalent positions to those observed in the C40 biphytanyl chains of GDGTs 20-21 

(Lutnaes et al., 2007). The previous identifications provide strong indications of the 

most likely position in the lipids of S. acidocaldarius of the additional carbon atom 

in the C41 alkyl chains which contain an even number of rings (i.e. zero, two or four), 

as both C-13 and C-20 chain positions are chemically equivalent (Scheme 3.1a). C41 

chains containing an odd number of rings (i.e. one or three), where the C-13 and C-

20 chain positions are no longer equivalent, cannot be similarly assigned as 

methylation at either site would give rise to structurally distinct isobars (Scheme 

3.1b). A further complication also becomes evident when considering how the C41 

chains may be arranged and/or orientated within a GDGTM lipid core. In all archaeal 

GDGT lipids for which the structure has been determined conclusively, the isopranyl 

chains are orientated such that the maximum number of Cp rings are proximal to the 

primary ether linkages (i.e. glycerol sn-3 or -3’ positions) as opposed to the 

secondary ether linkages (sn-2 and -2’) (De Rosa et al., 1983b). Similarly, the 

additional methyl in the C41 alkyl chain of homocaldarchaeol (26a) was observed to 

be incorporated exclusively at a position closer to a primary ether linkage than to a 

secondary ether linkage (Galliker et al., 1998). By contrast, homoisocaldarchaeol 
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(26b), a regioisomer of 26a in which the two capping glycerols are arranged in a syn 

arrangement, shows selectivity, but not specificity, for incorporation of the 

additional carbon at the C-13 position over the C-20 position (Galliker et al., 1998). 

As such, the possibility that GDGTM lipids 70-73, as expressed by S. acidocaldarius, 

are comprised of several distinct isomeric forms cannot be discounted. Further 

characterisation of the GDGTM lipids, however, is required before the possibility of 

isomerism can be confirmed or dismissed. 

 

The small reduction in retention times in all GDGTM lipids with respect to their co-

eluting GDGT counterparts appears to be characteristic of these compounds, 

although this relationship does not appear to extend to GMGTM 62, which elutes at 

approximately the same time as GMGT 27. The minimal nature of the retention time 

shift caused by adding an additional methyl group indicates that methylation has 

only a small effect in increasing the hydrophobicity of GDGT lipids; much smaller 

than the change caused by reducing the number of Cp rings (Hopmans et al., 2000). 

This suggests that tetraether methylation is unlikely to confer significant changes in 

membrane hydrophobicity to the Archaea, though it may provide an additional 

mechanism to govern membrane fluidity. As discussed in Section 1.3.2, some 

currently undescribed species of eubacteria produce GDGT lipids that contain C30 

and/or C31 non-isoprenoid hydrocarbons containing 0-2 Cp rings (i.e. 34-42). It has 

been observed that the average number of methyl branches observed in eubacterial 

tetraether lipid cores found in soils differs as a function of mean air temperature and 

soil pH, with the degree of methylation increasing with decreasing temperature and 

increasing pH (Section 1.6.2 and Weijers et al., 2007c). This most likely represents 

an adaptation of eubacteria to changes in the environmental conditions to which they 

are subjected. As such, tetraether methylation in archaea may reflect a similar 

physiological response to changes in ambient temperature or pH, akin to the shifts 

from diether to tetraether lipids (Sprott et al., 1991; Lai et al., 2008; Matsuno et al., 

2009) or to more heavily cyclised GDGT lipids (De Rosa et al., 1980b; Uda et al., 

2001; 2004) already known for various species of archaea (see Section 1.5). 
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Fig. 3.23. Relative abundances of GTGT 3 (labelled A), major GDGT isomers 

(GDGTmaj = GDGT + GDGT*), minor GDGT isomers (GDGTmin = GDGT’ and 

GDGT’’) and methylated GDGTs (GDGTM) containing the same number of 

cyclopentyl rings in S. acidocaldarius: a) proportion of each GDGTmaj or GDGTM 

component as a percentage of the total tetraether lipid. GDGTM lipid proportions are 

magnified by a factor of 10 for clarity; b) ratios of GDGTM to GDGT; c) ratios of 

GDGTmin to GDGTmaj. Error bars show 1 from the mean of analytical triplicates 

(LCQ). 
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The proportions of GDGTM lipids in S. acidocaldarius, calculated from peak areas in 

individual ion chromatograms, show an increased average cyclisation ratio of 4.70  

0.03 (n = 3) by comparison with the ratio observed in the GDGT lipids. Similarly, 

the most abundant methylated lipid is 72, containing 5 Cp rings in total, one more 

than the most prominent GDGT lipid (Fig. 3.23a). By monitoring the ratio of 

GDGTM:GDGT for tetraether species containing the same number of Cp rings in 

total, it is clear that the relative degree of methylation also increases as the number of 

Cp rings increases (Fig. 3.23b). This may indicate that more hydrophilic GDGTs (i.e. 

those containing more Cp rings) are methylated to a greater extent than less 

hydrophilic lipids, a postulate consistent with the high relative levels of methylation 

of hydrophilic GMGT 27 observed in MTH(H), as described in Section 3.2.3.6. 

This may also explain why C81 and C82 homologues of C80 tetraacids were observed 

for the most heavily cyclised structures, containing 7 or 8 Cp rings, but were not 

apparent for less heavily cyclised structures containing 4-6 Cp rings (Smith et al., 

2007; Lutnaes et al., 2007). The one exception to the trend of increasing 

GDGTM:GDGT ratio with increasing ring number is that between GDGT 2 and 

GDGTM 26, which show the second highest GDGT:GDGTM relative ratio in S. 

acidocaldarius, despite their structures containing no Cp rings. Lipid 2, or an 

unsaturated precursor to this lipid, is suspected to be an intermediate in the formation 

of Cp ring-containing GDGT lipids (De Rosa et al., 1980c; 1983b; Weijers et al., 

2006a) and in the formation of GDGTM 26 (Section 3.2.3.6 and Galliker et al., 

1998). The high relative abundance of 26 could, perhaps, reflect a route to the lipid 

which requires only a single biosynthetic modification to 2 (i.e. methylation) as 

opposed to the two successive modifications (i.e. methylation and Cp ring formation 

or vice versa) required for 70-73. 

 

The detection of ring-containing GDGTM lipids in S. acidocaldarius may also 

explain the presence of a triad of unidentified tetraether lipids with [M+H]
+
 

measured at m/z 1308, 1306 and 1304 or [M+Na]
+
 measured at m/z 1330.6 in 

members of the Euryarchaeotal order Thermoplasmatales (Macalady et al., 2004; 

Shimada et al., 2008), most probably 71, 72 and 73. If the identity of the lipids in 

these species is confirmed, the presence of Cp ring-containing GDGTM lipids in 

Euryarchaeota would indicate that tetraether methylation occurs widely throughout 
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the archaeal domain. Whether this relates to retention of the biosynthetic pathways 

responsible for the lipid methylation following the divergent evolution of the 

kingdoms Crenarchaeota and Euryarchaeota, represents a convergent evolutionary 

adaptation or is a consequence of lateral gene transfer between the two domains at a 

later date is unclear. It is of note, however, that the genome sequence of 

Thermoplasma acidophilum suggests an extensive history of lateral gene transfer 

from S. solfataricus inhabiting the same thermal environments (Ruepp et al., 2000).  

 

 

Scheme 3.2. Putative route to formation of GTGT 74 during tetraether biosynthesis. 

Although saturated diether precursors are shown, the precursors may be unsaturated 

and/or phosphorylated. Similarly, the position of the hydroxyl group located on the 

phytanyl chain in both the hydroxylated GDD precursor and GTGT product is 

tentative and provided for illustration only. 

 

GTGT 3 is thought to form via coupling of two molecules of GDD 1 en route to 

formation of GDGT 2 (Section 1.2.1 and de la Torre et al., 2008). The tentative 

assignment, on the basis of LC-MS data only (i.e. with no supporting MS/MS data), 

of ring-containing GTGT lipids 68 and 69 in S. solfataricus and S. shibatae indicates 

that cyclopentyl ring-incorporation into tetraether lipid cores can occur even if the 

macrocycle has not been completed, as indicated previously (de la Torre et al., 

2008). The identification of GTGT 74 also reveals important information regarding 

the biosynthesis of tetraether lipids. As S. acidocaldarius is known to form C20 

hydroxyarchaeol cores (Sprott et al., 1997), it is likely that GTGT 74 is formed when 

a molecule of the hydroxyarchaeol (most probably 7 or 8) has been scrambled into 

this process, replacing one of the two molecules of 1 involved in the coupling 

(Scheme 3.2). This would suggest that, apart from 1, other functionalised GDD 

lipids can be coupled by the Archaea to form tetraether lipids. One potential caveat 

to the proposed route to 74 is the apparent absence of a biphytanyl chain-

hydroxylated derivative of GTGT 2 in S. acidocaldarius, expected if the bond 

conjoining the two GDD lipids was formed between a hydroxyphytanyl and a 
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phytanyl chain as opposed to between two phytanyl chains. Similarly, no component 

consistent with a chain-hydroxylated derivative of GDGT 2 was observed in the base 

peak chromatogram of the lipid extract from this organism, nor was one observed in 

the MS spectrum obtained during the post-analysis column backflushing procedure. 

Given the large relative ratio of the fully-formed macrocycle 2 to the intermediary 

lipid 3 (approximately 11:1) in S. acidocaldarius, formation of 74 via simple random 

scrambling of hydroxyarchaeol into the tetraether biosynthetic pathway would be 

expected to generate equivalent, or even greater levels of hydroxycaldarchaeol. 

Although it is tempting to suggest that these observations may indicate that 

hydroxyphytanyl chains cannot form new C-C bonds during tetraether biosynthesis, 

with hydroxyarchaeol carried through the process on account of the ability of 

phytanyl chains to couple, there is some preliminary evidence to suggest that 

hydroxycaldarchaeols ([M+H]
+
 m/z = 1317) can be formed by unidentified archaea 

(discussed briefly in Section 5.2.3.4). As such, the presence of 74 as the sole 

identifiable hydroxylated tetraether lipid in S. acidocaldarius may not be incidental 

and may be representative of regulated formation of this particular lipid, especially 

considering that it is present in greater abundance than GTGT 3 in the extract from 

the organism (approximately 6.8:1 relative ratio on the basis of peak area, assuming 

identical molar response). Interestingly, both sn-2 (7) and sn-3 (8) hydroxyarchaeols 

are susceptible to degradation under strong acidic conditions, degrading largely to 

glycerol monophytanyl monoethers, chain-etherified methoxyarchaeols or 

monounsaturated archaeols following treatment with 2.5% methanolic HCl at 50
o
C 

for 2 h (Ferrante et al., 1988; Sprott et al., 1990; Ekiel and Sprott, 1992). Since more 

harsh acidic conditions were used during extraction of the S. acidocaldarius strain in 

the present study, it is possible that some, but not all, of GTGT 74 may have been 

destroyed during the extraction procedure. It is notable that the degradates which 

may be expected to be formed from 74 given the known degradation pathways of the 

hydroxyarchaeols, such as unsaturated or methoxylated derivatives of acyclic 

caldarchaeol, were not identified during the LC-MS/MS analyses. Nevertheless, the 

quantification of the lipid from the LC-MS ion chromatograms may be an under-

representation of the true proportion of 74 expressed by the organism. 
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A number of previous reports have used the theoretical isotope ratios of the lipids to 

deconvolute ion clusters relating to GDCT lipids containing different numbers of 

rings in positive ion (Bode et al., 2008) and negative ion (Murae et al., 2001; 2002) 

time of flight mass spectra. Although a similar approach could be applied to the 

average mass spectra of GDCT lipid cores eluted during the post-analysis column 

backflushing procedure for the Sulfolobus species, the fact that some GDCT lipid 

material is still retained on column even after 10 minutes of backflushing suggests 

that the spectra may be distorted in favour of less well retained GDCT lipids of 

lower polarity (i.e. the less heavily cyclised GDCT lipids may be over-represented in 

the spectrum). As such, quantification of the components in this manner may not 

accurately reflect the true GDCT lipid profile and, consequently, is not provided. 

 

3.3. Conclusions 

 

Detailed profiles of the tetraether lipid cores of Methanothermobacter 

thermautotrophicus and of three species of Sulfolobus have been characterised by 

LC-MS/MS analysis and include a complex series of isoprenoid ether lipids. The 

majority of the components have been identified previously, with structures showing 

highly conserved features including glycerol backbones, a regular number of carbon 

atoms in the isoprenoid chain and a certain degree of symmetry regarding the 

location of cyclopentyl rings. MS/MS spectra of the components are consistent with 

the structures assigned, supporting the feasibility for use of the technique in future 

studies to profile novel strains of archaea. New structures have, however, also been 

unveiled during the work indicating that the lipid signatures of archaea may be far 

more complex than believed previously. The novel structures provide evidence for 

significant isomerism of the known tetraether core lipids. Furthermore, their 

presence in the archaea examined highlights the operation of unusual biosynthetic 

pathways in some of the species.  

 

A series of methylated tetraether lipids have been identified in organisms from 

separate archaeal kingdoms, suggesting that lipid methylation, despite being a minor 

process, may be a widespread modification utilised throughout the domain. Whether 

this process has an early lineage in archaeal evolution, is the result of a more recent 
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horizontal gene transfer between the two kingdoms or represents independent 

evolution of the process in each kingdom is unclear. As, however, the genome 

sequences of MTH(ΔH) and S. acidocaldarius, which both express significant levels 

of methylated lipids, are available, this issue will hopefully be clarified in future as 

more becomes known about the genes encoding for the functional enzymes specific 

to tetraether lipid formation and subsequent methylation. It remains to be seen 

whether members of the other proposed archaeal kingdoms, the Korarchaeota 

(Barns et al., 1996; Elkins et al., 2008), Nanoarchaeota (Huber et al., 2002) and 

Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010), will also be 

shown to synthesise GDGTM or GMGTM lipids. Since this family of compounds 

have been overlooked in previous archaeal lipid profiles, it may be necessary to 

assess which other species reported exhibit these lipids before their biological 

significance and capacity as biomarkers can be determined. As such, the procedural 

screening for these lipids in all novel cultures identified in the future is advocated. 

 

Although evidence has been presented to suggest that the methylation step in 

tetraether biosynthesis occurs after completion of the macrocycle, the extent of 

methylation of GDGT lipids appears to differ with the number of cyclopentyl rings 

expressed. Likewise, GDGT and GMGT lipids appear to be methylated to different 

degrees, suggesting that tetraether methylation may depend on the hydrophilicity of 

the lipid precursor. Alternatively, if the methylation step precedes cyclopentyl ring 

incorporation during biosynthesis, occurring specifically on caldarchaeol or an 

unsaturated precursor of this lipid, the observed trend may, instead, be the result of 

more extensive ring incorporation into the methylated structure. Studies as to 

whether the physiological stresses known to govern biosynthesis of GDGT lipids 

(e.g. temperature or pH) may also invoke subtle changes in the degree of lipid 

methylation and, consequently, composition of the cellular membrane will be key if 

the roles of GDGTM and GMGTM lipids within membrane are to be understood.  

 

Other minor components found in the organisms include lipids which appear to be 

structurally-modified derivatives of tetraether lipids 2 or 15-19. Some of the 

derivatives elute at elutropic strengths higher than the maximum strength used in 

many previous LC-MS and LC-MS/MS analyses of tetraether core lipids (Hopmans 

et al., 2000; Escala et al., 2007; Schouten et al., 2007b). As such, they may represent 
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biomarkers that have been overlooked in organisms and environmental matrices 

profiled previously using these methodologies. Alternatively, the minor components 

may be artifacts of the extraction and/or analytical procedures used in the studies. It 

is imperative that any structural modifications which may alter tetraether lipid 

profiles, be they naturally or artificially created, are properly assessed if accurate 

conclusions regarding lipid abundances are to be reached. In Methanothermobacter 

and Sulfolobus species, these components were typically found in levels that are 

largely inconsequential and, as a result, they have little bearing on the conclusions 

drawn. Their presence in the base peak chromatograms does, however, emphasise 

the need for use of higher final polarities in LC-MS/MS elution programs during 

tetraether lipid analysis. LC-MS/MS analyses of Sulfolobus lipid extracts have 

shown that GDCT lipids are retained on-column even if a final eluent composition of 

15% IPA is used. As such, this mobile phase composition may be of insufficient 

elutropic strength to elute all tetraether lipid components in core lipid extracts, 

particularly if highly polar components are present. Until an improved 

chromatographic elution program is devised, monitoring of the column backflushing 

procedure by MS to screen for such lipids is imperative. 

 

To summarise, LC-MS/MS appears to be a very useful technique for profiling the 

lipid cores of thermophilic archaeal species, providing information regarding the 

number of carbon atoms and number of cyclopentyl rings in the isoprenoid chains. 

No other analytical technique is currently able to provide comparable information, 

for complex mixtures of intact core lipids without prior extraction. 
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4.1. Introduction 

 

4.1.1. Isolates from New Zealand hot springs 

 

Niederberger et al. (2006; 2008) recently isolated several novel strains of 

Crenarchaeota from hot springs situated within the Taupo Volcanic Zone at Rotorua 

and Tokaanu, New Zealand. The first of these organisms to be fully described, 

Ignisphaera aggregans strain AQ1.S1
T
, represents a strictly anaerobic, 

hyperthermophilic heterotroph that is viable at temperatures between 85-98
o
C 

(optimal at 92-95
o
C) and pH values between 5.4-7.0 (optimum pH 6.4). Other close 

phylogenetic relatives to the type strain (i.e. AQ1.S1
T
) of I. aggregans were also 

isolated from the hot springs, including Ignisphaera sp. strain Tok37.S1 

(Niederberger et al., 2006). On the basis of the 16S rRNA gene sequences of 

AQ1.S1
T
 and Tok37.S1, it appears likely that the Ignisphaera possibly represent a 

novel genus within the order Desulfurococcales, although a second 16S rRNA 

amplicon from Tok37.S1 indicates that this strain may comprise a mixture of two 

different coccal organisms (Niederberger et al., 2006). Tok37.S1 grows over a 

slightly extended temperature range relative to AQ1.S1
T
 (Morgan, 2009; personal 

communication). No profiles of the core lipids of either strain have been reported. A 

draft genome for the type strain of I. aggregans is available (Department of Energy 

Joint Genome Institute). 

 

During the studies discussed above, a Pyrobaculum species (strain AQ1.S2) was 

isolated from a hot spring at Rotorua, where it was the dominant organism 

(Niederberger et al., 2008). The organism is 98.9% similar to Pyrobaculum 

calidifontis on the basis of 16S rRNA gene sequences, although P. calidifontis is 

aerophilic whereas Pyrobaculum AQ1.S2 does not appear to grow under even trace 

amounts of oxygen (Niederberger et al., 2008). Although no lipid profile is available 

for Pyrobaculum strain AQ1.S2, profiling of other members of the genus has shown 

that three close phylogenetic relatives (P. aerophilum, P. islandicum and P. 

organotrophum) can express GDD 1 and GDGTs 2 and 14-17 (Trincone et al., 1992; 

Volkl et al., 1993). 
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A Desulfurococcus species (strain Ket10.S1), isolated from a hot spring at Ketatahi, 

New Zealand and assigned to the genus on the basis of phylotypic observations as 

opposed to molecular genetic typing, has also been reported (Patel et al., 1986). The 

organism is heterotrophic, with a viable temperature range of 75-98
o
C (optimal 

90
o
C) and a viable pH range of 4.5-8.0 (optimal pH 6.5). The core lipids of the 

organism have not been previously reported. Desulfurococcus mobilis is the only 

member of the genus currently to have been profiled for core lipids, with this 

organism having been found to produce GDD 1 and GDGT 2 (Lanzotti et al., 1987). 

 

4.1.2. Aims 

 

The major aim of the work described in this chapter was to provide detailed profiles 

of the lipid cores of the hyperthermophilic hot spring isolates via analysis of lipid 

extracts using LC-MS/MS. It was envisaged that the lipid profiles taken from the 

cultivated organisms would allow assessment of possible biomarkers for each 

species. This could, in turn, potentially allow each archaeal species to be identified 

on the basis of lipid cores found in the hot spring environments from which they 

were isolated. 
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4.2. Results and Discussion 

 

4.2.1. Culture conditions, lipid extraction and analysis 

 

Each hot spring isolate was grown in culture by either Hugh Morgan or Christine 

Tan (University of Waikato, NZ) using physiological conditions (Table 4.1) close to 

the known optimal conditions for growth in order to generate sufficient cellular 

material for analysis. The lipid cores were extracted from each organism via acidic 

methanolysis of a cell pellet and analysed via LC-MS/MS using method B. 

Classification of observed components as dialkyl and monoalkyl tetraether lipids 

was based on the MS/MS spectrum of each lipid: GDGT and GDGTM lipids show 

abundant ions in the range m/z 550 to 760 that do not feature prominently in the 

spectra of GMGT lipids, as described in Chapter 2. The nomenclature used for 

tetraether lipids and neutral losses from these lipids during CID are as described in 

Section 3.2.2.4. 

 

Table 4.1. Organisms used in the studies, with the physiological temperature and pH 

values used for growth of each. 

 

 

Organism Strain  

Growth Conditions  

References 

Temperature / oC pH  

Ignisphaera aggregans AQ1.S1T  95 6  
Niederberger et al., 

2006; 2008 

Ignisphaera sp. Tok37.S1  90 6  
Niederberger et al., 

2006 

Pyrobaculum sp. AQ1.S2  90 6  
Niederberger et al., 

2008 

Desulfurococcus sp. Ket10.S1  90 6  Patel et al., 1986 
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4.2.2. Ignisphaera aggregans AQ1.S1
T 

 

4.2.2.1. Ether lipid profile 

 

Following LC-MS/MS analysis, five major and three minor GDGT core lipids were 

identified in the ion chromatogram for the I. aggregans AQ1.S1
T
 extract (Fig. 4.1). 

The major lipids (2 and 14-17) were identified by comparison of MS/MS spectra 

with those of known lipids present in extracts from Sulfolobus (Section 3.2.4.5 and 

Table 3.4). The minor lipids (15’, 16’ and 17’) were observed to elute slightly earlier 

than their corresponding major isobar (i.e. 15, 16 and 17) and, as with the species of 

Sulfolobus, represent regioisomers of the major lipids. In addition, minor lipid 14’, 

which could not be observed clearly in the base peak chromatogram, was identified 

in a reconstructed ion chromatogram for m/z 1299.5-1300.5 (Fig. 4.1b). The MS/MS 

spectra of 16’-17’ exhibit product ions at m/z values identical to those observed for 

these components in the Sulfolobus extracts (Table 3.4). On the basis of the [M+H]
+
 

and MS/MS spectrum of lipid 14’, the component appears to be an isomer of 14 

(Table 4.2). CID of the major GDGT lipid with [M+H]
+
 at m/z 1297.8 generates 

product ions formed from loss of alkyl chains containing one Cp ring (-556 Da; m/z 

741), as is expected for GDGT 15. Interestingly, however, additional product ions 

formed from losses of alkyl chains containing zero (-558 Da; m/z 739) and two (-554 

Da; m/z 743) Cp rings are also observed in the resulting MS/MS spectrum (Fig. 4.2). 

A GDGT lipid containing such a combination of alkyl chains has been reported in T. 

tenax (Thurl and Schäfer, 1988) and also in a number of aquatic sediments following 

chemical degradation of isolated tetraether fractions to the composite isoprenoid 

chains (Schouten et al., 2000; Pancost et al., 2001b). As such, I. aggregans most 

likely produces a structural isomer to 15, 15*, which has a zero ring-two ring 

isoprenoid hydrocarbon pairing and co-elutes under the chromatographic conditions 

employed. These lipids are consistent with those observed in the Sulfolobus species 

(Section 3.2.4.5). The MS/MS spectrum of 15’ in I. aggregans similarly suggests 

that it may also be accompanied by a co-eluting isomer, 15’*, and that the two 

isomers comprise one structure in which one of the two Cp rings is present in each of 

the isoprenoid chains and a second in which one chain contains both rings and the 

other contains none (Table 4.2). 
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Fig. 4.1. HCT LC-MS ion chromatograms for a lipid extract from I. aggregans 

AQ1.S1
T
: a) base peak chromatogram; b) individual ion chromatograms for 

tetraether lipids. The retention time relating to an eluent composition of 2% IPA is 

highlighted. 

 

 

 

 

 

GDGT GMGT

m/z 1291.5-1292.5

m/z 1293.5-1294.5

m/z 1295.5-1296.5

m/z 1297.5-1298.5

m/z 1299.5-1300.5

m/z 1301.5-1302.5

Relative retention time

R
e

s
p
o

n
s
e

a

2

14

14’

15+15*

15’+ 15’*

16
16’

17
17’

27

28

29

30

31

b

2% IPA

GDGT GMGT

m/z 1291.5-1292.5

m/z 1293.5-1294.5

m/z 1295.5-1296.5

m/z 1297.5-1298.5

m/z 1299.5-1300.5

m/z 1301.5-1302.5

Relative retention time

R
e

s
p
o

n
s
e

a

2

14

14’

15+15*

15’+ 15’*

16
16’

17
17’

27

28

29

30

31

b

2% IPA



Chapter 4: Lipid core profiles of hyperthermophilic isolates from NZ hot springs 

 
 

 205 

 

Fig. 4.2. Partial MS/MS spectrum (HCT) of GDGT 15/15* ([M+H]
+
 m/z = 1297.8) 

from I. aggregans AQ1.S1
T
. 

 

Previously, GMGTs 28-31 have only been assigned tentatively in the 

thermoacidophilic Euryarchaeote A. boonei (Schouten et al., 2008b). By contrast, 

GMGT 27 has been identified in a number of (hyper)thermophilic archaea (see 

Sections 1.4.1 and 3.2.3 and Morii et al., 1998; Sugai et al., 2004; Schouten et al., 

2008b) and in sediments from non-thermophilic environments (Schouten et al., 

2008a). The MS/MS spectrum of the latest eluting of the three lipids with [M+H]
+
 at 

m/z 1299.8 in I. aggregans shows product ions to be formed exclusively from losses 

of water (up to four molecules) and/or C3H4O (up to two molecules), confirming this 

species to be a GMGT lipid. In addition, all of the product ions are identical to those 

in the MS/MS spectrum of authentic GMGT 27, found in MTH(ΔH). In order to 

verify the presence of 27 in I. aggregans with greater confidence, the MTH(ΔH) 

extract was analysed before and after spiking with a small amount of the I. 

aggregans extract. The doped sample showed an enhancement of the peak for 27 

relative to the un-doped sample, thereby confirming the presence of 27 in I. 

aggregans. CID of the protonated molecules of all other lipids assigned as GMGTs 

(i.e. 28-31) generated MS/MS spectra analogous to that obtained for 27, with product 

ions only being observed in the m/z range 1050 to 1300 (Table 4.2). Furthermore, 

expulsion of molecules of water and/or C3H4O from 27 and 28-31 to yield product 

ions within this range appears to be more favourable than the equivalent losses from 

GDGT lipids. For example, product ions at m/z 1257 (-36 Da; 2H2O) and m/z 1201 (-

92 Da; 2H2O + C3H4O) in the MS/MS spectrum of GMGT 30 (Fig. 4.3) are more 
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prominent than those arising from the same losses from GDGT 16 (m/z 1259 and m/z 

1203; see Fig. 3.16). This difference in relative abundance most likely reflects the 

more limited dissociation pathways available for GMGT lipids, which cannot easily 

lose an isoprenoid chain, than for GDGT lipids. Unfortunately, the absence of 

product ions arising from losses of isoprenoid chains from GMGT lipids limits the 

structural information provided for these lipids by MS/MS. As such, co-eluting 

GMGT structural isomers, if present, are not distinguishable using this method. 

 

 

Fig. 4.3. MS/MS spectrum (HCT) of GMGT 30 ([M+H]
+
 m/z = 1293.8) from I. 

aggregans AQ1.S1
T
. The structure shown is a tentative assignment (Schouten et al., 

2008b); the position of the covalent cross-link may be different to that shown. 

 

GTGT 3 could not be identified definitively either in the base peak chromatogram or 

in the appropriate reconstructed mass chromatogram (m/z 1303.5-1304.5) for the 

extract from I. aggregans. In order to screen for diether core lipids, which exhibit 

[M+H]
+
 at m/z values outside the detection range used in the initial analyses, an 

extended mass spectral scan range (m/z 50-2000) was employed during repeat LC-

MS/MS analyses of each extract. GDD 1 was identified in I. aggregans by 

examination of an ion chromatogram for m/z 653-654.5, which exhibited an early 

eluting component with retention time relative to 2, [M+H]
+
 (m/z 653.5) and MS/MS 

spectrum (containing a product ion at m/z 373) consistent with this lipid core. 
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Table 4.2. HCT MS data (measured [M+H]
+
 m/z values) and partial MS/MS data 

(nominal m/z values of product ions) for GDGT’ and GMGT lipid cores
a
 from I. 

aggregans AQ1.S1
T
. 

 

 No. of Rings 1 2 0 1 2 3 4 

Loss (Da) 
  Molecules 

Lost b 
14’ 15’+15’* 27 28 29 30 31 

-0 [M+H]+ 1299.8 1297.8 1299.8 1297.8 1295.8 1293.8 1291.7 

-18 [1,0,0] 1281 1279 1281 1279 1277 1275 1273 

-36 [2,0,0] 1263 1261 1263 1261 1259 1257 1255 

-54 [3,0,0] 1245 1243 1245 1243 1241 1239 1237 

-56 [0,1,0] 1243 1241 1243 1241 1239 1237 1235 

-72 [4,0,0]   1227 1225 1223 1221 1219 

-74 [1,1,0] 1225 1223 1225 1223 1221 1219 1217 

-78 ?   1221 1219 1217 1215 1213 

-92 [2,1,0] 1207 1205 1207 1205 1203 1201 1199 

-94 ?   1205 1203 1201 1199 1197 

-96 ?   1203 1201 1199 1197 1195 

-110 [3,1,0]   1189 1187 1185 1183 1181 

-112 [0,2,0]   1187 1185 1183 1181 1179 

-114 ?   1185 1183 1181 1179 1177 

-128 [4,1,0]   1171 1169 1167 1165 1163 

-130 [1,2,0]   1169 1167 1165 1163 1161 

-146 ?   1153 1151 1149 1147 1145 

-166 [3,2,0]   1133 1131 1129 1127 1125 

-168 ?   1131 1129 1127 1125 1123 

-170 ?   1129 1127 1125 1123 1121 

-184 [4,2,0]   1115 1113 1111 1109 1107 

-554 [0,0,402]  743      

-556 [0,0,401] 743 741      

-558 [0,0,400] 741 739      

-572 [1,0,402]  725      

-574 [1,0,401] 725 723      

-576 [1,0,400] 723 721      

-590 [2,0,402]  707      

-592 [2,0,401] 707 705      

-594 [2,0,400] 705 703      

-628 [1,1,402]  669      

-630 [1,1,401] 669 667      

-632 [1,1,400] 667 665      

 

a Data for GDGT and GDGT’ lipid cores that were also identified in Sulfolobus are reported in Table 3.4. 

b The number of simultaneous losses of each type of molecule during formation of the ion are listed as [a,b,cd], where a = water; 

b = C3H4O; cd = biphytadiene containing “c” carbon atoms and “d” cyclopentyl rings (d = 0-4). 

c Product ions listed in bold face represent the base peak in MS/MS. 
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4.2.2.2. PAN LC-MS/MS 

 

In an attempt to obtain more information regarding the possible structures of GMGT 

lipids 27 and 28-31, the I. aggregans extract was also analysed via PAN LC-

MS/MS, allowing PAN MS/MS spectra of each GDGT and GMGT in the extract to 

be obtained. The PAN MS/MS spectra of the GDGT lipids were similar to those 

obtained for the lipids of the extract of S. solfataricus (Section 3.2.4.6). The PAN 

MS/MS spectra of GMGT lipids (e.g. 27, Fig. 4.4) also exhibited product ions at m/z 

< 400, typically missed during conventional LC-MS/MS on account of the low mass 

cut-off. Unfortunately, all of the ions below m/z 400 were, in effect, consistent 

among the spectra of the GMGT and the GDGT lipid groups. Given that the 

abundance of each product ion within a PAN MS/MS spectrum cannot be used as a 

quantitative measure of the probability of formation of that ion during CID (see 

Section 2.2.8.3), the differences in relative ion abundances that were noted for these 

product ions in the spectra of each lipid cannot be interpreted effectively. As was 

noted for GDGT lipids, therefore, PAN MS/MS appears to provide little additional 

information of use in elucidation of the structures of GMGT lipids. 

 

 

Fig. 4.4. m/z 100-400 region of the PAN MS/MS spectrum (HCT) of GMGT 27 

([M+H]
+
 m/z = 1299.8) from I. aggregans AQ1.S1

T
. 
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4.2.2.3. Distributions and significance 

 

I. aggregans incorporates up to 4 Cp rings within its major GDGT lipid structures 

(GDGTmaj = 2, 14, 15+15*, 16 and 17), with minor, earlier eluting, structural isomers 

of each ring-containing lipid also observed (GDGTmin = 14’, 15’+15’*, 16’ and 17’). 

It is likely that ring-incorporation into GDGT lipids is used to control membrane 

fluidity at the elevated temperatures under which I. aggregans grows, as noted for 

several other thermophilic archaea (De Rosa et al., 1980b; Uda et al., 2001; 2004; 

Shimada et al., 2008; Lai et al., 2008). Although the locations of the rings in lipids 

15’ and 15’* have been delimited to particular isoprenoid chains, full structural 

determination for these components was not obtained. Similarly, elucidation of the 

structures of 14’, 16’ and 17’ will require further work. GDD 1 was also identified as 

a minor core lipid in the organism, present in approximately 0.4% abundance relative 

to GDGT 2 (assuming the ionisation efficiencies of each lipid are equivalent). GTGT 

3, on the other hand, could not be identified in I. aggregans, although this does not 

preclude the possibility that the organism may synthesise this lipid when grown 

under different culture conditions.  

 

In addition to GDD and GDGT lipids, I. aggregans also produces GMGT lipids 

containing 0-4 Cp rings (27 and 28-31). Structural isomerism of the GMGT lipids, as 

was observed for the GDGT lipids, was not evident in any of the chromatograms. 

This is partly due to limitations in the information that LC-MS/MS can provide on 

these structures, namely the lack of specific information regarding the isoprenoid 

chain compositions. In particular, it seems likely that GMGT 29 would be 

accompanied by an isomer in which the two rings within the structure are located in 

the same isoprenoid chain (i.e. a zero-two ring chain combination), mirroring the 

isomerism observed in GDGTs 15 and 15*. Further structural profiling is required in 

order to confirm this and, consequently, 29 is reported as a single isomer. The 

structures shown for GMGT lipid cores in Fig. 1.5 are tentative assignments based 

on the structures of 27 (Morii et al., 1998; Schouten et al., 2008b) and 28-31 

(Schouten et al., 2008b) reported previously. In these structures, the positions of the 

Cp rings are assumed to match those found in GDGT lipids containing the same 

number of rings. The covalent bond joining the isoprenoid chains is ascribed to a 
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link between a C-15’ methyl on one chain and a C-14 methylene on the other chain. 

It is important to note that these previous assignments are founded on the best 

structural fit to the spectroscopic and spectrometric data obtained for 27 (Morii et al., 

1998) but are not conclusive. As discussed briefly in Section 3.2.3.3, a series of C80 

tetraacids containing 4-8 Cp rings, potential transformation products of GMGT 

lipids, have been identified in naphthenate deposits in crude oil pipelines (Lutnaes et 

al., 2006) and have been fully characterised by 2D NMR analysis (Lutnaes et al., 

2007). In particular, the tetraacid containing four rings has been shown to possess the 

rings in positions along the isoprenoid chains that match those observed in fully 

characterised GDGT 17 (De Rosa and Gambacorta, 1988a; Lutnaes et al., 2007). 

Furthermore, the covalent link between the isoprenoid chains in the tetraacid was 

found to be between a C-15’ methyl and a C-15 methyl group (Fig. 4.5a). Given that 

the C-15’ methyl group in one GDD lipid couples intermolecularly to the C-15 

methyl in a different GDD lipid during formation of GDGT lipids (Nemoto et al., 

2003; Koga and Morii, 2007) and C-15’ and C-15 methyl groups may couple 

intramolecularly during formation of GMD lipids, it is plausible that C-15’ and C-15 

methyl groups in a GDGT lipid may also couple intramolecularly to give a GMGT 

lipid. As such, GMGT 31 may have a structure resembling the four-ringed tetraacid 

as opposed to the structure shown in Fig. 1.5 and Fig. 4.5b. By association, a C-15’ 

methyl to C-15 methyl bond may be the chain-spanning covalent link in GMGTs 27 

and 28-30. In either case, more rigorous structural analysis of the GMGT lipids is 

neccesary. 

 

Fig. 4.5. a) C80 tetraacid containing four Cp rings (Lutnaes et al., 2007); b) tentative 

structure for GMGT 31 proposed by Schouten et al. (2008b). 
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To date, GMGT lipids have only been identified in cultured members of the 

Euryarchaeota (Chapter 3 and Morii et al., 1998; Sugai et al., 2004; Schouten et al., 

2008b) or in marine and lacustrine sediments (Schouten et al., 2008a), prompting a 

suggestion that these lipids may act as biomarkers for Euryarchaeota in the 

environment (Schouten et al., 2008a). The identification of lipids 27 and 28-31 in I. 

aggregans indicates that this assumption must be re-assessed. Members of both the 

Euryarchaeota and the Crenarchaeota are able to incorporate isoprenoid cross-

linked tetraether lipids into their cell membranes and, consequently, 27 and 28-31 

can not be considered as kingdom-specific biomarkers in the interpretation of 

environmental lipid profiles. 

 

GMGT lipids contribute nearly 39% to the total core lipid of I. aggregans, as 

calculated from the measured abundances of known lipids 1, 2, 14-17 and their 

minor isomers and 27-31. This appears to represent one of the largest expressions of 

GMGT lipids in cultivated archaea reported to date, with only Thermococcus 

waiotapuensis, grown at 85
o
C, reported to produce a higher proportion within its 

core lipids (48.9%; Sugai et al., 2004). It has been suggested that isoprenoid cross-

linking in archaeal tetraether lipids may confer more rigidity to the cell membrane, 

preventing lysis even at very high temperatures (Schouten et al., 2008b). As such, 

the high levels of GMGT lipids expressed may indicate an adaptation of lipid 

biosynthetic pathways in this organism in order to allow survival under the extreme 

thermal stresses present in the hot springs from which it originates. It is unlikely, 

however, that this is the sole reason for the elevated GMGT levels observed in this 

archaeon. Different members of the order Thermococcales show variable proportions 

of expressed GDGT and GMGT lipids despite being grown at the same temperature 

(85
o
C; Sugai et al., 2004). Furthermore, the percentage composition of GMGT cores 

observed in each of the eight (hyper)thermophilic organisms in which conclusive 

identifications have been presented does not appear to correlate with either the viable 

temperature range or maximum viable growth temperature of the organisms (Table 

4.3). In addition, GMGT 27 has also been found in a number of sediments from low 

temperature marine and lacustrine environments (<35
o
C; Schouten et al., 2008a). 

These observations suggest that taxon-specific differences among archaea may also 

place constraints on the extent of isoprenoid cross-linking in their membrane lipids. 
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Table 4.3. Organisms in which GMGT lipids have been identified to date, including 

the proportion of GMGT lipid as a percentage of the total core lipid found in each 

case. 

 

Organism     Kingdom a Growth 

temp. (oC) 

Viable growth 

Range (oC) 
GMGTs % GMGT References 

Methanothermus 

fervidus 
Eury 84 65-97 27 31.0 

Stetter et al., 1981;   

Koga et al., 1993a;  
Morii et al., 1998  

Pyrococcus     

horikoshii 
Eury 85 80-102 27 34.0 Sugai et al., 2004 

Thermococcus         
celer 

Eury 85 75-97 27 15.5 Sugai et al., 2004 

Thermococcus 

guaymasensis 
Eury 85 56-90 27 12.0 Sugai et al., 2004 

Thermococcus 

waiotapuensis 
Eury 85 60-90 27 48.9 Sugai et al., 2004 

Aciduliprofundum 

boonei 
Eury 70 55-75 27-31 n.r. 

Reysenbach et al., 2008; 

Schouten et al., 2008b 

Methanothermobacter 

thermautotrophicus 
Eury 70 40-75 27 0.4b 

Chapter 3;                
Morii et al., 1998; 

Zeikus, 1972; 

Ignisphaera    
aggregans 

Cren 95 85-98 27-31 38.8 
Current study; 
Niederberger et al., 2006 

Aquatic sediments 
Eury 

Cren? 
<35 n/a 27 0-6.5b Schouten et al., 2008a 

 

n.r. = not reported 

a Eury = Euryarchaeote; Cren = Crenarchaeote 

b Diether lipids were not quantified during the lipid profiling undertaken in these studies. As such, the values quoted in each 

case are the percentages of the total tetraether lipid only. 

 

The distribution of major GDGT lipids in I. aggregans grown at 95
o
C indicates that 

GDGT structures containing higher numbers of cyclopentyl rings are synthesised in 

preference to less heavily cyclised structures (Fig. 4.6a). The one exception is GDGT 

2, which is found in greater abundance in I. aggregans than GDGT 14 despite 

containing fewer (i.e. zero) Cp rings. Notably, however, 2 is suspected to be an 

intermediate in the formation of ring-containing lipids 14-17 (Weijers et al., 2006a). 

As such, this discrepancy may represent the incomplete conversion of 2 to 14-17 

during lipid biosynthesis. A similar trend is observed for GDGTmin isomers 14’-17’, 

which are also found in increasing abundance as ring number increases (Fig. 4.6a). 

Interestingly, however, the proportion of each minor GDGT to its major structural 
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isomer is not constant, increasing with ring number up to structures with three rings, 

followed by a decrease in the ratio for the structures containing four rings (Fig. 

4.6b). The non-homogeneity of these ratios indicates that the organism may actively 

control the proportions of the different GDGTmin isomers expressed, although it 

should be noted that the differences in the ratios, where statistically significant, are 

small.  

 

 

 

Fig. 4.6. Relative abundances of major GDGT isomers (GDGTmaj), minor GDGT 

isomers (GDGTmin = GDGT’) and GMGTs containing the same number of 

cyclopentyl rings in Ignisphaera aggregans AQ1.S1
T
: a) proportion of each 

component as a percentage of the total tetraether lipid; b) ratios of GDGTmin to 

GDGTmaj; c) ratio of GMGT to GDGTmaj or total GDGT lipid (GDGTtot = GDGTmaj 

+ GDGTmin). Error bars show 1 from the mean of analytical triplicates (HCT). 
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The distribution of ring-containing GMGT lipids in the I. aggregans extracts 

generally mirrors the trend observed for the GDGT lipids, with the more heavily 

cyclised structures produced in greater relative abundance (Fig. 4.6a). Again, the 

only exception is for the lipid containing zero rings, 27, which is found in greater 

relative abundance than 28, which contains one ring. The close analogy between the 

abundances of GDGT and GMGT lipids suggests that their biosynthesis may be 

intrinsically linked. Similarly, a lipid profile of A. boonei reported previously 

showed that GMGT:GDGT ratios for lipids containing the same number of rings 

were approximately constant regardless of the ring number (Schouten et al., 2008b). 

This led the authors to suggest that GDGT lipids may be the biosynthetic precursors 

to the GMGT lipids (Schouten et al., 2008b). The absence of macrocyclic diether 4 

in both I. aggregans and M. thermautotrophicus (Comita et al., 1983; 1984), 

organisms which both express lipids 1, 2 and 27, implies that 27 is almost certainly 

formed directly from 2 (or an unsaturated precursor thereof) and not via cross-

linking of a molecule of 4 with 1. If the isoprenoid chains in ring-containing GDGT 

lipids 14-17 were ligated via a similar biosynthetic pathway, GMGT lipids 28-31 

would be formed. If, however, this were the case then minor structural isomers of 

GMGTs 28-31, formed from 14’-17’, would also be expected in I. aggregans and 

such structures were not observed. It remains possible that the isomers are present 

but obscured by co-elution with the major GMGT lipids reported above.  

 

The relationship between the GMGT and GDGT lipids has the potential to reveal 

biosynthetic relationships between the two core lipid families. The ratios of GMGT 

to GDGTmaj and to total GDGT lipid (GDGTtot = GDGTmaj + GDGTmin) for each ring 

number in I. aggregans (Fig. 4.6c) cover both possibilities: either that minor GMGT 

isomers are absent or that they are masked by co-elution. With the exception of 27:2, 

the magnitude of GMGT:GDGT for both measures decreases as ring number 

increases. Thus, if GMGT lipids do indeed originate from GDGT lipids, the number 

of rings in the precursor GDGT must be a limiting factor on the degree of its 

conversion to its GMGT counterpart. Alternatively, it is conceivable that GMGT 

lipids 28-31 are formed by sequential incorporation of Cp rings into 27, or an 

unsaturated precursor of this lipid, akin to the route proposed for the formation of 

GDGTs 14-17 from 2 (Weijers et al., 2006a). The lipid distribution observed in I. 
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aggregans would also be consistent with this second scheme provided that the 

enzyme or enzyme suite involved in Cp ring-incorporation showed lower activity on 

27 than on 2. It is also possible that both proposed biosynthetic pathways or other 

routes may operate simultaneously to produce Cp ring-containing GMGTs. 

Irrespective of the route taken, the GMGT lipid profile of I. aggregans appears to be 

inconsistent with that of A. boonei, where no reduction in GMGT proportions for 

higher ring numbers was noted (Schouten et al., 2008b). On the basis of the limited 

evidence obtained from these two organisms, it remains difficult to assign the 

production of GMGTs 28-31 to a particular biosynthetic route at the present time. 

 

4.2.3. Ignisphaera sp. Tok37.S1, Pyrobaculum sp. AQ1.S2 and Desulfurococcus 

sp. Ket10.S1 

 

4.2.3.1. Ether lipid profiles 

 

The base peak chromatograms from LC-MS/MS analysis of lipid extracts from 

Ignisphaera sp. Tok37.S1, Pyrobaculum sp. AQ1.S2 and Desulfurococcus sp. 

Ket10.S1 strains are dominated by peaks relating to tetraether lipid cores, as 

illustrated in ion chromatograms for the mass spectral range m/z 1280-1320 (Fig. 

4.7). GDGT lipids 2 and 14-16 (including 15*) were identified in the base peak 

chromatogram of each strain, with the structure of each lipid being confirmed by 

MS/MS. GDGT 17 was also identified in the base peak chromatograms for the 

Ignisphaera and Pyrobaculum species and could be identified in Desulfurococcus 

from a mass chromatogram for m/z 1293.5-1294.5. Similarly, GDGT lipids 14’-16’ 

were identified in mass chromatograms for each species, although no reliable 

MS/MS spectra were generated for any of these components. GDGT 17’ was 

identified in the extracts from Ignisphaera and Pyrobaculum species, again without 

support from MS/MS spectral data, but was not identified in the extract from the 

Desulfurococcus species. GTGT 3 was observed in ion chromatograms for 

Pyrobaculum sp. AQ1.S2 only, with the structure confirmed by MS/MS. 
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Fig. 4.7. HCT LC-MS ion chromatograms (m/z 1280-1320) for New Zealand hot 

spring isolates: a) Ignisphaera sp. Tok37.S1; b) Pyrobaculum sp. AQ1.S2; c) 

Desulfurococcus sp. Ket10.S1. 

 

Ion chromatograms for the mass spectral ranges m/z 1307.5-1316.5 (Fig. 4.8b) and 

m/z 1321.5-1330.5 (Fig. 4.8c) extracted from the LC-MS/MS data for the 

Pyrobaculum species indicate a number of components which co-elute with GDGT 

lipids containing 1-4 Cp rings (shown in Fig. 4.8a) but which exhibit [M+H]
+
 at +14 

or +28 m/z units greater. This suggests that these components represent GDGTM 

lipids which contain the same number of cyclopentyl rings as the GDGT species 
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with which they co-elute (14-17 and 14’-17’), but which bear one (82-83, 83’, 70-71 

and 70’-71’) or two (84-85 and 85’) additional carbon atoms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. HCT LC-MS ion chromatograms for the lipid extract from Pyrobaculum sp. 

AQ1.S2, highlighting: a) GDGT lipids; b) GDGTM lipids containing one additional 

carbon atom; c) GDGTM lipids potentially containing two additional carbon atoms. 

GDGT* and GDGTM* lipids which co-elute with some of the components identified, 

are not labelled. 

 

In order to verify the structures of the GDGTM lipids, the Pyrobaculum extract was 

first re-analysed using the scan range m/z 1307-1320, which facilitated selection of 

the structures containing one additional carbon atom for CID. Subsequently, the 

extract was analysed using the scan range m/z 1320-1330 to attempt to obtain CID of 

the structures containing two additional carbon atoms. Unfortunately, only four 

GDGTM lipids, 82, 83, 70 and 71, and co-eluting GDGTM* isomers 82*, 83* and 

70*, generated MS/MS spectra with sufficient signal strength for reliable structural 

interpretations to be made. The MS/MS spectrum of each GDGTM lipid contained 

product ions formed from loss of 0-3 molecules of water and/or C3H4O, indicative of 

two terminal, unmodified glycerol moieties within each structure. The MS/MS 

spectrum of 82/82* (Fig. 4.9a) also contained product ions at m/z 755, 743, 741 and 
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739 formed via losses of, in turn, 558 Da ([400]
0
), 570 Da ([411]

0
), 572 Da ([410]

0
) 

and 574 Da ([401]
1
). These product ions, along with those in which additional 

functionality has been lost from the precursor, confirm a mixture of GDGT[401,410] 

(designated 82) and GDGT[400,411] (designated 82*) isomers. The MS/MS 

spectrum of 83/83* (Fig. 4.9b), on the other hand, shows product ions at m/z 755, 

753, 743 and 741, corresponding to losses of 556 Da ([401]
0
), 558 Da ([400]

0
), 568 

Da ([412]
0
) and 570 Da ([411]

0
) and suggestive of a mixture of GDGT[401,411] 

(designated 83) and GDGT[400,412] (designated 83*) isomers. The MS/MS 

spectrum of 70/70* (Fig. 4.9c) shows product ions at m/z 755, 753, 741 and 739, 

corresponsing to losses of 554 Da ([402]
0
), 556 Da ([401]

0
), 568 Da ([412]

0
) and 570 

Da ([411]
0
), suggesting both GDGT[401,412] (designated 70) and GDGT[402,411] 

(designated 70*) isomers are present in the extract. The presence of lipid 71 in the 

extract was confirmed following CID: the MS/MS spectrum obtained during LC-

MS/MS analysis (Fig. 4.9d) contained product ions identical to those observed 

during CID of the lipid found in S. acidocaldarius (Section 3.2.4.5). Product ions 

observed in the spectrum of 71 include ions at m/z 753 and 739, formed via losses of 

554 Da ([402]
0
) and 568 Da ([412]

0
), respectively, indicative of a GDGT[402,412] 

structure. Although the lipid structures were not confirmed by MS/MS analysis, 

GDGTM lipids 83’ and 70’-71’ are most likely chain methylated variants of GDGTs 

15’-17’, respectively. Similarly, GDGTM lipids 84, 85 and 85’ are most likely to be 

higher homologues of 16, 17 and 17’ in which either one chain has two additional 

methyl groups or both chains each have one additional methyl group. On the basis of 

the product ions of GDGTs 16 and 17 observed during LC-MS/MS analysis of the 

Ignisphaera sp. Tok37.S1 extract, this organism may synthesise trace levels of 

GDGTM lipids 70 and 71, although further work is required to establish the presence 

of the components unequivocally. Similarly, the identification of trace levels of 

GDGTM lipids potentially in the I. aggregans AQ1.S1
T
 extract needs further 

verification. 

 

LC-MS/MS analysis of each extract using an MS scan range of m/z 50-2000 

provided no evidence for the expression of GDD 1 by any of the three isolates when 

grown at 90
o
C. 
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Fig. 4.9. Partial MS/MS spectra (HCT) of: a) GDGTM 82/82* ([M+H]
+
 m/z = 

1314.4); b) GDGTM 83/83* ([M+H]
+
 m/z = 1312.4); c) GDGTM 70/70* ([M+H]

+
 m/z 

= 1310.4) and d) GDGTM 71 ([M+H]
+
 m/z = 1308.4) from Pyrobaculum sp. AQ1.S2. 

GDGTM structures shown are representative structures; the additional methyl group 

in each is tentatively placed at the C-13 chain position in accordance with the known 

structure of GDGTM 26 (Galliker et al., 1998). 

[400]
0

755

[411]
0

743

[400]
1

737
[410]

0

741

[401]
1

739

[411]
1

725

[410]
1

723
[400]

2

719

[401]
2

721

%
[400]

0

753
[401]

0

755

[412]
0

743

[411]
0

741[401]
1

737

[400]
1

735

[400]
2

717
[401]

2

719

[411]
1

723

[412]
1

725

%

[401]
0

753

[402]
0

755

[411]
0

739

[402]
1

737 [412]
0

741[401]
1

735
[412]

1

723

[401]
2

717

[411]
1

721

%

[402]
0

753

[412]
0

739

[402]
1

735

[412]
1

721

[402]
2

717

%

710 720 730 740 750 760 710 720 730 740 750 760

710 720 730 740 750 760 710 720 730 740 750 760

m/z m/z

m/zm/z

a b

c d

O

O O

O

OH

OH

O

O O

O

OH

OH

82

82*

O

O O

O

OH

OH

83

83*

O
OH

OO
OH

O

70

70*

O

O O

O

OH

OH

O

O O

O

OH

OH

71
O

O O

O

OH

OH

[400]
0

755

[411]
0

743

[400]
1

737
[410]

0

741

[401]
1

739

[411]
1

725

[410]
1

723
[400]

2

719

[401]
2

721

%
[400]

0

753
[401]

0

755

[412]
0

743

[411]
0

741[401]
1

737

[400]
1

735

[400]
2

717
[401]

2

719

[411]
1

723

[412]
1

725

%

[401]
0

753

[402]
0

755

[411]
0

739

[402]
1

737 [412]
0

741[401]
1

735
[412]

1

723

[401]
2

717

[411]
1

721

%

[402]
0

753

[412]
0

739

[402]
1

735

[412]
1

721

[402]
2

717

%

710 720 730 740 750 760710 720 730 740 750 760 710 720 730 740 750 760710 720 730 740 750 760

710 720 730 740 750 760710 720 730 740 750 760 710 720 730 740 750 760710 720 730 740 750 760

m/z m/z

m/zm/z

a b

c d

O

O O

O

OH

OH

O

O O

O

OH

OH

O

O O

O

OH

OH

O

O O

O

OH

OH

82

82*

O

O O

O

OH

OH
O

O O

O

OH

OH

83

83*

O
OH

OO
OH

O O
OH

OO
OH

O

70

70*

O

O O

O

OH

OHO

O O

O

OH

OH

O

O O

O

OH

OHO

O O

O

OH

OH

71
O

O O

O

OH

OHO

O O

O

OH

OH



Chapter 4: Lipid core profiles of hyperthermophilic isolates from NZ hot springs 

 
 

 220 

4.2.3.2. Distributions and significance 

 

As noted for I. aggregans, all three isolates exhibit both major and minor isomeric 

forms of GDGT lipids containing 0-4 Cp rings. The distribution of the major core 

lipids in Pyrobaculum sp. AQ1.S2 compares favourably with those of the three other 

species of the Pyrobaculum genus to have been profiled to date (Trincone et al., 

1992; Volkl et al., 1993). By contrast, the ring-containing GDGT lipids identified in 

Desulfurococcus sp. Ket10.S1 were not observed in the only other member of the 

genus to have been profiled (Desulfurococcus mobilis, Lanzotti et al., 1987), with 2 

being the sole GDGT lipid identified. Provided that the taxonomic assignment of sp. 

Ket10.S1 is correct, its lipid profile indicates that members of the Desulfurococcus 

can express ring-containing tetraether lipids. Interestingly, lipids containing 5-8 Cp 

rings, as identified in species of Sulfolobus (Section 3.2.4), were not observed in any 

of the organisms nor in I. aggregans AQ1.S1
T
, despite growth of each organism at 

temperatures which exceed the maximum viable growth temperature of the 

Sulfolobus species described. To date, expression of GDGT lipids containing more 

than four Cp rings in archaea has appeared to be restricted largely to the orders 

Sulfolobales and Thermoplasmatales (Section 1.4.1 and Schouten et al., 2007c, 

Trincone et al., 1989), although unique members of the Thermoproteales (T. tenax; 

Thurl and Schäfer, 1988) and of the Group I Crenarchaeota (N. gargensis; Pitcher et 

al., 2010) appear to express lipids containing five Cp rings in addition to those with 

0-4 Cp rings. The apparent specificity in the expression of GDGT core lipids 

containing more than four Cp rings to a restricted set of genera indicates that 

production of the more heavily cyclised core lipids may be a genetic, as opposed to 

adaptive, trait. As such, the absence of lipids containing five or more rings in the NZ 

hot spring isolates may reflect an inability to produce such structures, irrespective of 

the physiological conditions present during growth. 

 

No GMGT lipids appear to be produced by Pyrobaculum, Desulfurococcus or by  

Ignisphaera Tok37.S1 when grown at 90
o
C. This is particularly surprising in the 

latter case given the close phylogenetic relationship between Tok37.S1 and I. 

aggregans AQ1.S1
T
, which does express a sizeable proportion of GMGT lipids. 

Given that 16S rRNA profiling of Tok37.S1 led to amplification of two distinct 
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RNA sequences (Niederberger et al., 2006), there is a possibility that the culture is 

not axenic. If a contaminating organism is present and had out-competed Tok37.S1 

during growth, the lipid profile taken from the cultured cells may be a distortion of 

that which would be obtained from a pure culture of Tok37.S1. Nevertheless, the fact 

that GMGT lipids appear to be expressed by I. aggregans AQ1.S1
T
 but not by other 

isolates from the hot springs may allow these lipids to be used as biomarkers for this 

species during exploratory profiling of New Zealand hot springs, complementing 

metagenomic typing made in the same environments. Further studies into the 

taxonomic distribution of GMGT lipids and into the physiological controls that 

regulate their expression are needed before this application will be fully practical. 

 

 

Fig. 4.10. Relative abundances of major GDGT isomers (GDGT) and minor GDGT 

isomers (GDGT’) containing the same number of Cp rings, displayed as the 

proportion of each GDGT component as a percentage of the total tetraether lipid or 

as the ratio of GDGT’ to GDGT in Ignisphaera sp. Tok37.S1 (a and c) and 

Desulfurococcus sp. Ket10.S1 (b and d). Error bars show 1 from the mean of 

analytical duplicates (HCT). 
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Fig. 4.11. Relative abundances of GTGT 3 (labelled A), major GDGT isomers 

(GDGT), minor GDGT isomers (GDGT’) and methylated GDGTs (GDGTM) 

containing the same number of Cp rings in Pyrobaculum sp. AQ1.S2: a) proportion 

of each GDGT or GDGTM (with one additional carbon atom) as a percentage of the 

total tetraether lipid; b) ratios of GDGTM containing one (+1C) or two (+2C) 

additional carbon atoms to GDGT; c) ratio of GDGT’ to GDGT. Error bars show 

1 from the mean of analytical duplicates (HCT). 
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case, with the values for Tok37.S1 (0.72) and Ket10.S1 (0.17) both lower than that 

of AQ1.S2 (1.93). Calculations of the degree of lipid cyclisation that included minor 

GDGT lipids 14’-17’ gave similar, although marginally greater, values in each case. 

 

The Pyrobaculum species was also observed to express GDGTM lipids containing up 

to four Cp rings, with the MS/MS spectra of some of the components confirming that 

the extra carbon in these structures was located on one or other isoprenoid chain. 

Components suggestive of GDGTM lipid structures containing three or four Cp rings 

and two additional carbon atoms were also observed, although the location of the 

extra carbon atoms was not confirmed. Each GDGTM component eluted marginally 

earlier than the homologous GDGT lipid during LC-MS/MS analysis, consistent 

with tetraethers methylated at the C-13 position of an isoprenoid chain which were 

identified during similar analysis of extracts from MTH(ΔH) and from species of 

Sulfolobus, described in Chapter 3. As the full structures of the lipids can not be 

confirmed by MS/MS analysis alone the assignment of the GDGTM lipids as C-13 

methylated variants of GDGT lipids 14-17 and 14’-17’ is tentative. Irrespective of 

their precise structures, the identification of GDGTM lipids in a Pyrobaculum species 

extends the range of archaeal species which can utitilise tetraether lipid 

homologation during biosynthesis to the order Thermoproteales. 

 

The most abundant GDGTM lipid in the Pyrobaculum extract, grown at 90
o
C/pH 6 

contains three Cp rings, the same number as in the most abundant GDGT lipid (Fig. 

4.11a). By contrast, the most abundant of the GDGTM lipids containing two 

additional carbon atoms exhibited four Cp rings. The ratio of GDGTM to GDGT lipid 

for structures containing the same number of rings appears to increase with 

increasing ring number (Fig. 4.11b), with the same positive correlation to ring 

number observed for GDGTM lipids containing either one or two additional carbon 

atoms. The trends observed are, for the most part, consistent with those observed 

between GDGT and GDGTM lipids in S. acidocaldarius (Section 3.2.4.7), although 

Pyrobaculum AQ1.S2 does not appear to express GDGTM 26, which contains zero 

cyclopentyl rings and was found in elevated levels in S. acidocaldarius. 
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The ratio of GDGT’ to major GDGT isomers containing the same number of Cp 

rings appears to show a general increase with increasing number of rings in each of 

the three isolates (Fig. 4.10c, 4.10d and 4.11c), although in Ignisphaera sp. 

Tok37.S1 the ratio is effectively the same for structures containing four rings and 

three rings. The lack of identification of a minor isomer of GDGT 17 is almost 

certainly due to this component being present in the extract at a concentration below 

the limit of the detection of the LC-MS/MS method used, especially considering the 

very low levels of 17 detected during the analyses. The trends observed are different 

to those noted for species of Sulfolobus (Section 3.2.4.7) and for I. aggregans 

AQ1.S1
T
 (Section 4.2.2.3), which show maximum GDGT’:GDGTmaj ratios for 

structures containing three Cp rings. 

 

4.2.4. Other ether lipid components 

 

In addition to the lipids described in Sections 4.2.1 and 4.2.2, a number of other 

components were identified in the lipid extracts from each organism. Although not 

all of the components could be characterised in each case, some of the components 

for which MS/MS spectra were obtained are discussed in further detail. 

 

4.2.4.1. Ignisphaera aggregans AQ1.S1
T 

 

In addition to GDGT and GMGT lipids, three series of minor components are also 

observed in the base peak chromatogram for I. aggregans (Fig. 4.12), eluting only 

after the IPA composition of the mobile phase had exceeded 2%. The late elution of 

all three families suggests that they represent structures containing functionality that 

makes them significantly more polar than both GDGT and GMGT lipids. The m/z of 

the protonated molecules of the lipids in the first series, 87-89, are consistent with 

structures that are 48 Da greater than the corresponding lipids 15-17 (Table 4.4). 

Furthermore, the MS/MS spectra of 87-89 each show product ions formed from loss 

of the same biphytanyl chains as are found in their proposed GDGT counterpart, 

supporting structural similarities between the two sets of components. For example, 

the MS/MS spectrum of lipid 89 (Table 4.4) contains a product ion at m/z 787 

formed from loss of 554 Da, indicating that it contains at least one biphytanyl chain 
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in which there are two incorporated Cp rings, a moiety also found in GDGT 17. In 

addition, many of the product ions in the MS/MS spectrum of 89 are also shifted +48 

m/z units relative to those of 17. In spite of the mass spectral data presented, the 

nature of the structural difference between 87-89 and GDGTs 15-17 currently 

remains unclear, although it does appear that similar structural relatives of GDGTs 2 

and 14 and of GMGTs 30-31 may also be synthesised by I. aggregans on account of 

the presence of other [M+H]
+
 detected in the base peak chromatograms during LC-

MS/MS. Unfortunately, these components were of insufficient signal strength to be 

selected for CID and, as such, can only be categorised tentatively. Components in the 

second and third series include lipid 58 and several ring-containing structural 

variants, lipids 75-77, 86 and 90-94 (Table 4.4). Discussion of the nature of these 

compounds is provided in Section 5.2.3.2. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. Magnification of a region of the HCT LC-MS base peak chromatogram for 

a lipid extract from I. aggregans AQ1.S1
T
 relating to an eluent IPA proportion > 2%. 

 

Other early eluting, minor components were observed in LC-MS/MS analyses using 

both conventional (m/z 900-1500) and extended (m/z 50-2000) scan ranges although, 

in the interests of brevity, these components are not discussed further. 
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4.2.4.2. Ignisphaera sp. Tok37.S1 and Desulfurococcus sp. Ket10.S1 

 

Several late eluting components were also observed in the base peak chromatogram 

for the Tok37.S1 strain (Fig. 4.13), including lipid 58 and ring-containing structural 

variants 86 and 75/75*. An additional lipid, 95, was also observed and appears, on 

the basis of the MS/MS spectrum (Table 4.4), to be a structural relative of lipids 87-

89 containing no cyclopentyl rings. As such, this component probably represents a 

structurally modified variant of GDGT 2 in which a 48 Da structural appendage has 

been added. The base peak chromatogram of Ket10.S1 contained only one 

component which  eluted after the eluent had reached a 2% IPA composition, with 

95 determined as the only late-eluting lipid in the organism. In both organisms, very 

early eluting components were also observed in the base peak chromatograms 

generated from lipid extracts. Lipid 59 was identified in the base peak chromatogram 

for Tok37.S1 on the basis of the retention time, the m/z value of the [M+H]
+
 and the 

MS/MS spectrum generated for the component during CID. Similarly, methyl 

etherified lipid 51, probably an artifact generated during the extraction process, was 

also identified in Ket10.S1 on the basis of retention time, MS and MS/MS data. 

Other early eluting components proved more difficult to assign and are not 

discussed. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13. Magnification of a region of the HCT LC-MS base chromatogram for a 

lipid extract from Ignisphaera sp. Tok37.S1 relating to an eluent IPA proportion > 

2%. 
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Table 4.4. HCT MS (measured [M+H]
+
 m/z values) and MS/MS (nominal m/z 

values of product ions) spectral data and assignment of minor, late eluting lipid 

components in species of Ignisphaera and Desulfurococcus, isolated from New 

Zealand hot springs. 

 

Lipid   [M+H]
+ 

Product ions observed in MS/MS 
a 

Assigned 

as: 

95 1350.5 1331,1313,1293,1275,1273,1257; 791,773,757,755,717,699,681,679,663,643,625,623,607 2 + 48 Da 

87 1345.7 1327,1309,1289,1271,1269,1253; 789,771,755,753,715,697,679,641,623,621,605 15 + 48 Da 

88 1343.7 
1325,1307,1287,1269,1267,1251; 

789,787,771,769,755,753,751,715,713,697,695,679,677,641,639,623,621,605,603 
16 + 48 Da 

89 1341.7 1323,1305,1285,1267,1265,1249; 787,769,753,751,713,695,677,639,621,619,603 17 + 48 Da 

58 1245.8 1227,1209; 669,651,633,615,597,575,557 2 - 56 Da 

86 1243.8 1225,1207; 669,667,651,649,631,615,613,595,593,557 14 - 56 Da 

75 + 75* 1241.8 
1223,1205;  

669,667,665,651,649,647,633,631,629,615,613,611,595,593,575,573,571,569,557,555,553 
15/15* - 56 Da 

76 1239.8 1221,1203; 667,665,649,647,631,629,613,611,595,593,591,573,571,569,557,555,553 16 - 56 Da 

77 1237.8 1219,1201; 665,647,629,611,593,591,573,571,569,555,553 17 - 56 Da 

90 1243.8 1225,1207,1189,1171,1169,1151,1149,1147,1133,1131,1129,1115 27 - 56 Da 

91 1241.7 1223,1205,1187,1169,1167,1149,1147,1145,1131,1129,1127,1113 28 - 56 Da 

92 1239.7 1221,1203,1185,1167,1165,1163,1147,1143,1129,1127,1125,1111 29 - 56 Da 

93 1237.7 1219,1201,1183,1165,1163,1145,1143,1141,1127,1125,1109 30 - 56 Da 

94 1235.7 1217,1199,1181,1163,1161,1143,1141,1139,1125,1123,1121,1107 31 - 56 Da 

 
a Product ions listed in bold face represent the base peak in MS/MS. 

 

4.2.4.3. Pyrobaculum sp. AQ1.S2 

 

The base peak chromatogram of the lipid extract from AQ1.S2 was devoid of peaks 

having MS/MS spectra consistent with tetraether lipid structure beyond 61.25 min, 

equivalent to the retention time window in which the polarity of the eluent exceeded 

a 2% IPA composition,. A number of very early eluting components (i.e. eluting 

significantly before GTGT 3) were identified, including a series of components, 96-

100, which exhibit [M+H]
+
 shifted -18 m/z units from those of GDGTs 2 and 14-17 

(Fig. 4.14). The MS/MS spectrum of 96 ([M+H]
+
 m/z = 1284.4) contains ions with 
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identical m/z
 
to those observed in the MS

3
 spectrum of 2, obtained following 

selection of the precursor ion at nominal m/z 1283 during MS
n
 analyses of the lipids 

of MTH(ΔH) (Section 2.2.6). This indicates that 96 is most likely a dehydroxylated 

variant of GDGT 2 in which a hydroxyl group has been lost/eliminated. Lipids 97-

100 most likely represent analogous dehydroxylated variants of ring-containing 

GDGTs 14-17, with the observed MS/MS spectra of each component (not shown) 

being consistent with this assignment. 

 

An additional series of early eluting components, 101-105, with product ions 

exhibiting [M+H]
+
 shifted +184 m/z units from those of GDGTs 2 and 14-17 were 

also identified in the base peak chromatogram of AQ1.S2 (Fig. 4.14). Each 

component shows product ions formed from neutral losses of 184 Da and 202 Da 

indicating that the lipids may be derivatives of 2 and 14-17 in which one of the 

terminal hydroxyls has been modified, with an alcoholic hydrogen being replaced by 

an apolar 185 Da group. Losses of 1-ene-biphytan-32-ol molecules containing 0-2 

Cp rings from each structure during CID are also consistent with this assignment. 

Other early eluting components were also observed in the chromatogram for AQ1.S2 

but proved difficult to assign on the basis of the MS/MS spectra obtained. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14. Magnification of an early section of the HCT LC-MS base peak 

chromatogram for a lipid extract from Pyrobaculum sp. AQ1.S2. 
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4.2.4.4. Significance 

 

Although the majority of the additional components described are found in levels 

significantly below those of the GDGT and GMGT lipids in the same extracts, some 

components are found to be significant contributors to the total lipid pool. 

Dehydroxylated lipids 96-100, for example, are found in appreciable levels relative 

to those of GDGT lipids 2 and 14-17 in the extract from Pyrobaculum sp. AQ1.S2, 

suggesting that they may represent a substantial proportion of the membrane lipids 

of the organism. Unfortunately, the poor chromatographic resolution of 96-100 

makes quantification of the individual components problematic. As such, 

conclusions as to whether 96-100 may be formed during biosynthesis by 

dehydroxylation of GDGT lipids containing the same number of Cp rings cannot 

currently be drawn. 

 

Lipids 95 and 87-89 were identified in the extracts from the three members of the 

Desulfurococcales investigated but were not identified in the lipid extracts from 

cultures of Pyrobaculum sp. AQ1.S2 or in extracts from either MTH(ΔH) or three 

species of Sulfolobus (Chapter 3), each of which is categorised into a phylogenetic 

order distinct to the Desulfurococcales. Despite the fact that the levels of 95 and 87-

89 expressed by the Ignisphaera and Desulfurococcus species were low, this 

highlights the potential of these components as unique marker compounds for the 

Desulfurococcales. Clearly, however, significant further screening of archaeal 

species lying both within and outside of the Desulfurococcales is required before 95 

and 87-89 can be used as order-specific biomarkers with any real confidence. 

 

The MS spectra recorded during the column backflush procedure incorporated 

following LC-MS/MS of the extracts from each of the four organisms indicated that 

polar material with [M+H]
+
 at m/z > 1280, possibly relating to tetraether lipid 

material, was retained on-column for the entirety of each analysis. This suggests that 

some highly polar components may also be synthesised by the hot spring isolates but 

have been missed on account of limitations in the LC-MS/MS employed during the 

analyses. 
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4.3. Conclusions 

 

I. aggregans grown at 95
o
C biosynthesises both diether and tetraether isoprenoid 

lipid cores for its cellular membrane, and contains one of the most complex 

distributions of the latter reported in cultured archaea to date. The source of such 

complexity arises from incorporation both of cyclopentane rings and isoprenoid 

chain cross-links in the tetraether lipid cores. It is presumed that both structural 

elements are used to regulate specific physicochemical properties of the cell 

membrane, particularly fluidity, at the high growth temperatures in which the 

organism thrives. No explanation is currently available to account for the inclusion 

of two mechanisms likely to influence membrane rigidity. The presence of GMGT 

lipids in I. aggregans is the first confirmation of this lipid core type in a 

Crenarchaeote, and indicates that these components can not be used as markers for 

Euryarchaeota in environmental samples. The monoalkyl lipids are almost certainly 

derived from caldarchaeol during biosynthesis, although the precise pathway to these 

compounds still needs to be established. In any case, I. aggregans represents an ideal 

organism for further study of isoprenoid lipid biosynthesis, particularly in terms of 

variations introduced into the membrane lipids in response to external stresses. This 

organism should also prove to be a key species in assessing the potential of GMGT 

lipids as biomarkers for thermophilic archaea in hot spring environments. 

 

Three other isolates from New Zealand hot springs synthesise GDGT lipids but do 

not appear to express either GMGT or GDD lipids, at least not at the 

temperatures/pH values chosen for growth. The fact that each isolate synthesises the 

same ring-containing GDGT lipids highlights the lack of specificity among the 

distributions and the unsuitability of the compounds for use as biomarkers. Several 

other lipids that could potentially serve as more selective markers for particular 

orders, genera or species of archaea were identified in each extract. Further 

supporting studies are now required to investigate the scope of these compounds as 

biomarkers. 

 

Methylated tetraether lipids were identified in a Pyrobaculum species, including 

components containing one or two extra carbon atoms by comparison with 
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previously reported ring-containing GDGT lipids. The identification of GDGTM 

lipids in this archaeon extends both the range of organisms in which these 

components have been identified and the degree of structural variation known for 

this lipid class. As Pyrobaculum sp. AQ1.S2 expresses relatively high levels of a 

variety of ring-containing GDGTM lipids, it may serve as an ideal source species in 

order to provide lipid material for more complete structural characterisation of the 

components by degradative analysis. Furthermore, the organism should prove to be 

an ideal candidate for physiological stressing to help understand the physicochemical 

factors which may account for GDGTM lipid formation. 
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5.1. Introduction 

 

5.1.1. Ether lipids in the environment 

 

Lipid profiling of isolated microorganisms carries the distinct advantage that the 

analyses are of a controlled system. Cultures of individual organisms may be 

expected to produce a limited variety of lipids, leading to relatively simple profiles 

and a high probability that each component can be characterised. Although the lipids 

expressed and the relative expression of particular components is usually dependent 

on the growth conditions, these can be controlled, monitored and, if necessary, 

varied. Profiling of lipids in environmental samples is significantly more difficult; 

there are usually multiple sources of lipids, with the complexity of the structural 

variety present being dependent on the phylogenetic diversity of the fauna living in 

the environmental setting. More importantly, natural environments are dynamic 

systems in which there are a huge number of variables (e.g. temperature, pH, 

pressure, nutrient availability, light intensity etc.), changes in any of which can lead 

to alteration in lipid expression by the progenitor microorganisms. Furthermore, 

organisms of different species are free to interact with one-another, which can lead to 

blurring of genetic boundaries by gene transfer. The complex lipid profiles that are 

invariably found in natural environments as a result of these factors are extremely 

challenging targets for analysis. The challenge is even greater for geological 

samples, given that the possibility of making additional measurements to aid in 

identification has long since disappeared. In all cases, the inherent complexity can 

often be disentangled through the identification and interpretation of taxonomic 

marker compounds for specific phyla, genera or species.  

 

As discussed in Chapter 1, isoprenoid ether lipids prove useful as biomarkers for the 

Archaea in the natural environment and have been used to this effect following their 

identification in a wide variety of the environments in which archaea can live. The 

limited number of compounds to have been identified, coupled with the broad 

expression of most of these throughout the domain (Section 1.4.1) makes more 

specific interpretation difficult. A greater array of structures is needed if more 

restricted chemotaxonomic assignments are to made possible. As alluded to in 
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Chapters 3 and 4, this can be achieved by more detailed profiling of the lipids from  

culture, particularly those of lesser prominence that are often overlooked. 

Alternatively, a bottom-up approach, in which the complex lipid extracts from 

environmental samples are screened for novel structures of potential 

chemotaxonomic value, may prove to be more effective. Approaches of this nature 

have the added benefit that they target lipids originating from organisms yet to be 

isolated in pure culture or which are impossible to culture using current 

microbiological techniques. These two possibilities encompass a significant 

proportion of archaea living in disparate environments throughout the world (e.g. 

Schleper et al., 2005; Teske and Sørensen, 2008). In addition, ether lipids originating 

from the eubacteria are not neglected via this approach. Currently, even less is 

known about the origins of ether lipids derived from organisms categorised within 

this second domain. 

 

5.1.2. Aims 

 

The aims of the studies described in this chapter were to provide a comprehensive 

investigation of the ether lipid cores in both modern and ancient environmental 

settings and, where possible, to identify or partially characterise the structures using 

LC-MS/MS. The implications of previously reported and novel structures to ether 

lipid biosynthesis, ecological profiling and geochemical reconstruction were also 

considered. 
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5.2. Results and discussion 

 

5.2.1. Samples 

 

Samples from three distinct settings were selected for preliminary investigation into 

the diversity of ether lipid structures in environmental samples. A series of marls 

(e.g. IV-1.9, X-1, XI-1b etc.) from a Messinian evaporite sequence (Vena Del Gesso 

(VDG) basin, Northern Italy) and a Jurassic shale (S90-11) from the Stewartby 

section of the Oxford Clay formation, UK were selected as representative examples 

of ancient aquatic sediments. A soil taken from a domestic greenhouse in Norton, 

UK was also chosen as a representative terrestrial sample. Lipid cores were extracted 

via sonication of each sediment in MeOH/DCM, followed by centrifugation and 

filtration to remove particulate matter. Each extract was analysed using LC-MS/MS 

method B and a MS scan range of m/z 900-1500, unless otherwise stated. 

 

5.2.2. Structural characterisation 

 

5.2.2.1.  Novel ether lipid structures 

 

LC-MS base peak chromatograms for the lipid extracts from each environmental 

sample show a large number of peaks relating to ether lipids, some of which have 

been reported previously, others of which have not. While a significant proportion of 

the components have MS/MS spectra suggestive of ether lipid structures, not all 

provide spectra that are of particular use at the present time in the assignment of 

more specific structural features. Consequently, while the remainder of this chapter 

provides a preliminary investigation into the possible structural identities of some of 

the ether lipid components present in the complex lipid extracts from the 

environmental samples, it is important to stress that the report is not exhaustive. The 

extracts from the VDG sediments contain the greatest variety of novel structures and, 

for examples where the lipid origin is not explicitly stated, it can be assumed that the 

component was identified in the extract from at least one VDG horizon. Lipids of 

particular structural relevance that were absent in the VDG extracts but identified in 
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the extracts from the greenhouse soil or from the Oxford Clay sediment are also 

discussed. 

 

5.2.2.2. Assignment and nomenclature 

 

Tetraether lipids and neutral losses from their protonated molecules during CID are 

assigned as described in Chapters 2-4. The nomenclature used to describe both the 

structures and neutral losses is identical to that used in Chapters 3 and 4, with one 

notable exception. As tetraether lipids containing cyclohexyl rings have been 

reported previously in aquatic sediments (e.g. Damsté et al., 2002b) and in soils (e.g. 

Weijers et al., 2006b) it is essential that neutral loss of a chain containing a Ch ring 

is distinguished from loss of a chain which contains only Cp rings. As such, alkyl 

chains assigned to contain N carbon atoms and P Cp rings are denoted [NP], as in 

Chapters 3 and 4. Alkyl chains assigned as containing N carbons, P Cp rings and H 

Ch rings, on the other hand, are denoted [NP+H]. Structures described as being 

isoprenoid in nature are those which contain ether-bound alkyl chains which are 

based solely on isopranyl subunits. Structures discussed as being non-isoprenoid are 

those which contain ether-bound chains that cannot be based solely on isopranyl sub-

units. Within this second category, structures described as being of “mixed” 

character are those thought to contain ether-bound chains which are not fully 

isoprenoid in nature, but which may contain a short polyisopranyl section. 

 

5.2.3. Isoprenoid lipids 

 

5.2.3.1. Known isoprenoid tetraether lipid components 

 

Several lipids, exhibiting [M+H]
+
 with m/z values ranging from 1292.3 to 1304.4,  

were detected in the base peak chromatograms of the lipid extracts from the 

environmental samples, eluting during the period of the elution program in which the 

eluent IPA concentration ranged from 1-2% (e.g. Fig. 5.1a-b). The relative retention 

times of the components, coupled to the m/z value of the [M+H]
+
 observed in each 

case, suggest the presence of lipids 2, 14-16, 24 and 24’’ in each of the samples 

examined (Hopmans et al., 2000; Schouten et al., 2000). In addition, other lipids 
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(14’, 15’ and 16’) sharing identical m/z values to components 14, 15 and 16, were 

also observed in individual ion chromatograms for the extracts, in each case eluting 

marginally earlier than their isobaric counterpart (Fig. 5.1c). An earlier eluting 

isomer of lipid 24, component 24’, was observed in the chromatograms for the 

aquatic sediments (Fig. 5.1c). Following online CID, the protonated molecules
 
of 2, 

14-16, 14’-15’, 24, 24’, and 24’’ all generated product ions in two regions of the 

MS/MS spectrum, with specific neutral losses of 1-3 water molecules and C3H4O 

observed in each case, confirming the components as GDGT lipids. Additional 

losses of [400]
0
 (-558 Da; lost from 2, 14’ and 14) and/or [401]

0
 (-556 Da; lost from 

14’, 14, 15’, 15 and 16), [402]
0
 (-554 Da; lost from 16, 24’, 24 and 24’) and [402+1]

0
 

(-552 Da; lost from 24’, 24 and 24’’) were also observed. In addition, low abundance 

product ions formed from losses of biphytadienes containing zero and two rings were 

observed in the MS/MS spectra of lipids 15 and 15’, confirming the presence of trace 

amounts of co-eluting isomers 15* and 15’*, respectively. In each of the lipids 

containing two structurally distinct isoprenoid chains, loss of the chain containing 

fewer rings was observed to be more favourable based on the relative abundances of 

the product ions in the MS/MS spectra. This effect was particularly prominent in the 

spectra for lipids 24’, 24 ([M+H]
+
 m/z = 1292.3) and 24’’, where product ions at m/z 

739 (-552 Da), relating to loss of an isoprenoid chain containing one Ch and two Cp 

rings, were far less prominent than ions at m/z 737 (-554 Da), relating to loss of an 

isoprenoid containing two cyclopentyl rings only (e.g. for 24 in Fig. 5.2). Lipid 16’ 

was found in low abundance in both VDG and Oxford Clay sediments and, although 

selected for CID, gave weak, unreliable MS/MS spectra during analysis of the 

extracts from each. 
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Fig. 5.1. HCT LC-MS ion chromatograms (m/z 1235.5-1304.5) for lipid extracts 

from: a) VDG horizon IV-1.9; b) Oxford Clay S90-11. c) and d) show individual ion 

chromatograms for several isoprenoid lipids found in the Oxford Clay sediment. 
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Fig. 5.2. MS/MS spectrum (HCT) of crenarchaeol, 24 ([M+H]
+
 m/z = 1292.3). Inset 

shows expansion of a region of the spectrum. 

 

The MS spectra obtained during elution of lipid 16 ([M+H]
+
 m/z = 1296.4) in the 

analyses of the extracts from the aquatic sediments often showed a small additional 

peak for a component at m/z 1294.4 (e.g. VDG IV-1.9, Fig. 5.3a). Furthermore, 

individual ion chromatograms for m/z 1291.5-1292.5 and m/z 1293.5-1294.5 for the 

VDG extract show that the minor component partially co-elutes with 16 (Fig. 5.3b). 

It appears that the minor lipid is not discriminated from the [M+H]
+
 of 16 by the 3 

m/z unit window used during the precursor isolation procedure for CID and 

consequently, both 16 and the minor lipid are dissociated together, producing 

overlapping signals in MS/MS. This accounts for the presence of several product 

ions of low intensity in the averaged MS/MS spectrum obtained across the full peak 

width  (i.e. across section τ in Fig. 5.3b). The ions present include m/z 1275 and m/z 

737, which were not observed in the MS/MS spectrum of 16 obtained during LC-

MS/MS of lipid extracts from Sulfolobus (see Table 3.4), suggesting these ions are 
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sourced from an alternative precursor. Confirmation that these two particular product 

ions originate from the minor lipid is provided by examination of the percentage 

abundances of each ion relative to product ions obtained from 16 in MS/MS spectral 

averages taken across sections of the chromatographic peak (i.e. across sections τ1 

and τ2, Fig. 5.3b). The relative abundances of the two ions are greater during 

temporal section τ1, in which the bulk of the minor lipid elutes, than in section τ2 

which represents a “cleaner” signal of  16. The product ion at m/z 1275 relates to loss 

of water from the minor lipid. An ion at m/z 737 in the MS/MS spectra of 24 is 

assigned as a structure containing three remnant rings (i.e. two Cp and one Ch ring). 

Similarly, the 556 Da loss from the [M+H]
+
 of the minor lipid, required to form a 

product ion at m/z 737, was also observed during CID of the [M+H]
+
 of lipids 14-15, 

where it is attributed to loss of [401]
0
. As such, the minor component may represent a 

GDGT[401,402+1] or GDGT[401,403] structure, although further work is required to 

confirm this. A similar contamination of the product ion signal in the MS/MS 

spectrum of 24’ ([M+H]
+
 m/z = 1292.4) was observed during analysis of the Oxford 

Clay sample, where minor ions at m/z 1271, 1253 and 1197 were detected, 

originating from a co-eluting lipid with [M+H]
+
 at m/z 1290.4 (Fig. 5.3c). 

 

Fig. 5.3. a) Average mass spectrum obtained during elution of lipid 16 (i.e. during ) 

in the LC-MS/MS (HCT) analysis of the lipid extract from the VDG IV-1.9 

sediment; b) partial LC-MS ion chromatograms for lipid 16 and a co-eluting species 

in the same sample; c) partial LC-MS ion chromatograms (HCT) for lipids 24’ and 

24 and a co-eluting species in the extract from the Oxford Clay S90-11 sediment. 
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Fig. 5.4. HCT LC-MS ion chromatograms for the lipid extract from a greenhouse 

soil; a) base peak chromatogram (m/z 1235.5-1304.5); b) individual ion 

chromatograms highlighting isoprenoid lipids found in the sample. 

 

 

 

 

 

R
e
s
p
o

n
s
e

2

14

15+

15*

16

17+

24

24’’

58

18

27

193

2

14

14’

15+15*
15’+15’*

16

16’

17

24

24’’

27

18

19

1301.5-1302.5

1299.5-1300.5

1297.5-1298.5

1295.5-1296.5

1293.5-1294.5

m/z

1291.5-1292.5

1289.5-1290.5

a

b

17’

R
e
s
p
o

n
s
e

2

14

15+

15*

16

17+

24

24’’

58

18

27

193

2

14

14’

15+15*
15’+15’*

16

16’

17

24

24’’

27

18

19

1301.5-1302.5

1299.5-1300.5

1297.5-1298.5

1295.5-1296.5

1293.5-1294.5

m/z

1291.5-1292.5

1289.5-1290.5

a

b

17’



Chapter 5: Lipid core profiles of aquatic sediments and a terrestrial soil 

 
 

 243 

Lipids 17, 17’, 18 and 19 were also identified either in the base peak chromatogram 

or in individual ion chromatograms for the lipid extract from the greenhouse soil 

(Fig. 5.4). The MS/MS spectra of 18 and 19 were too weak to be interpreted reliably, 

whereas the [M+H]
+
 of 17’ was never the base peak ion in any MS scan and, 

consequently, was not selected for CID. Lipid 17 co-elutes with 24 under the 

chromatographic conditions employed during the LC-MS/MS studies (Fig. 5.4b), as 

was noted in previous LC-MS analyses of extracted archaeal core lipids in which 

identical or very similar chromatographic conditions were used (Weijers et al., 2004; 

Zhang et al., 2006; Schouten et al., 2007c; de la Torre et al., 2008; Pitcher et al., 

2009b). Although 17 is the more prominent lipid in the greenhouse soil, the MS/MS 

spectrum obtained from its [M+H]
+
 at m/z 1293.7 contains product ions which 

appear to originate from both the intended precursor ion and the [M+H]
+
 of co-

eluting lipid 24, exemplified by ions formed from loss of water from each precursor 

(m/z 1275 and 1273; Fig. 5.5a). A product ion at m/z 739 originates from the [M+H]
+
 

of both 17 and 24 via loss of [402]
0
 and [402+1]

0
, respectively, during CID, whereas 

an ion at m/z 737 originates exclusively from the [M+H]
+
 of 24 via loss of [402]

0
 

(Fig. 5.5b-c). 

 

Monoalkyl tetraether lipid 27 was identified in the base peak chromatograms for 

each extract on the basis of its retention time relative to 2, the m/z value of the 

[M+H]
+
 (m/z 1300.4) and from product ions observed in the MS/MS spectrum 

(Table 5.1), which compare favourably to those obtained for the component in 

extracts from thermophilic archaea (Sections 3.2.3 and 4.2.2.1). In extracts from the 

VDG horizons, an earlier eluting isobar of GMGT 27, compound 27’, was also 

observed (see Fig. 5.13). The [M+H]
+
 of this lipid (m/z 1300.4) dissociates to give 

identical product ions to those observed from the [M+H]
+
 of 27 during CID (Table 

5.1). Trialkyl tetraether lipid 3 was also identified in the chromatograms for some of 

the aquatic sediments from comparison of LC-MS and MS/MS data to those of the 

authentic lipid in MTH(ΔH) (Section 3.2.3). Product ions observed to be formed 

from the [M+H]
+
 of lipids 14-17 match those observed from these lipids in extracts 

from species of Sulfolobus (Section 3.2.4.5). Likewise, the MS/MS spectra of 14’-

16’ contain the same product ions as those formed from components present in 

thermophilic and hyperthermophilic archaea (Sections 3.2.4.5 and 4.2.2.1). The 
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MS/MS data obtained for 24 and 24’’ represent the first tandem mass spectral 

profiles of the lipids and support the assignments made via 
1
H and 

13
C NMR of the 

structures, and via electron ionisation mass spectra of their encapsulated isoprenoid 

hydrocarbons (Schouten et al., 1998; Damsté et al., 2002b). 

 

 

Fig. 5.5. a) and b) show regions of the MS/MS spectrum (HCT) obtained from co-

eluting GDGTs 17 ([M+H]
+
 m/z = 1293.7) and 24 ([M+H]

+
 m/z = 1291.8) found in 

the greenhouse soil extract. Ions labelled with a filled circle originate from the 

[M+H]
+
 of 17, whereas those labelled with an open square originate from that of 24; 

c) illustrates routes to product ions at m/z 739 and 737 from the two protonated 

precursors (ionising proton for each structure not shown). 
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Table 5.1. HCT MS data (measured [M+H]
+
 m/z value) and MS/MS data (nominal 

m/z values of product ions) for GMGT and GMGTM lipid cores from VDG and 

Oxford Clay sediments and from the greenhouse soil. 

 

  
 

Isoprenoid  
Isoprenoid 

Homologue 
 Non-isoprenoid 

Loss 

(Da) 

  Molecules 

Lost a 

 
27’ 27  62 117  S2 S3 S4 S7 S8 

-0 [M+H]+  1300.4 1300.4  1313.8 1327.8  1132.2 1118.2 1104.2 1034.1 1020.1 

-18 [1,0,0]  1281b 1281  1295 1309  1113 1099 1085 1015 1001 

-36 [2,0,0]  1263 1263  1277 1291  1095 1081 1067 997 983 

-54 [3,0,0]  1245 1245  1259 1273  1077 1063 1049 979 965 

-56 [0,1,0]  1243 1243  1257 1271  1075 1061 1047 977 963 

-72 [4,0,0]  1227 1227  1241 1255  1059 1045 1031 961 947 

-74 [1,1,0]  1225 1225  1239 1253  1057 1043 1029 959 945 

-78 ?  1221 1221  1235 1249  1053 1039 1025 955 941 

-92 [2,1,0]  1207 1207  1221 1235  1039 1025 1011 941 927 

-94 ?  1205 1205  1219 1233  1037 1023 1009 939 925 

-96 ?  1203 1203  1217 1231  1035 1021 1007 937 923 

-110 [3,1,0]  1189 1189  1203 1217  1021 1007 993 923 909 

-112 [0,2,0]  1187 1187  1201 1215  1019 1005 991 921 907 

-114 ?  1185 1185  1199 1213  1017 1003 989  905 

-128 [4,1,0]  1171 1171  1185 1199  1003 989 975 905 891 

-130 [1,2,0]  1169 1169  1183 1197  1001 987 973 903 889 

-146 ?  1153 1153  1167 1181  985 971 957 887 873 

-166 [3,2,0]  1133 1133  1147 1161  965 951 937 867 853 

-168 ?  1131 1131  1145 1159  963 949 935 865 851 

-170 ?  1129 1129  1143 1157  961 947 933 863 849 

-184 [4,2,0]  1115 1115  1129 1143  947 933 919 849 835 

 

a The number of simultaneous losses of each type of molecule during formation of the ion are listed as [a,b,cd], where a = water; b = C3H4O; cd = 

biphytadiene containing  “c” carbon atoms and “d” cyclopentyl rings (d = 0,1 or 2). 

b Product ions listed in bold face represent the base peak in MS/MS. 
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5.2.3.2. Glycerol mono- and dialkanol triol lipids 

 

In addition to the tetraether lipids, a series of novel, late eluting components, 58, 86, 

75-76, 106 and 90, with [M+H]
+
 ranging from m/z 1236.3 to 1246.3 was observed in 

the base peak chromatograms and in individual ion chromatograms for the extracts 

from aquatic sediments (Fig. 5.1). The retention times of the components indicate 

that each only elutes during LC-MS/MS analysis once the proportion of IPA in the 

eluent is substantially greater than 2% and consequently, that they are significantly 

more polar than isoprenoid GDGT lipids 2, 14-16 and 24 and GMGT lipid 27. 

Interestingly, each of the late eluting components (58, 86, 75-76, 106 and 90) 

exhibits a [M+H]
+
 at 56 m/z units less than one or more of the earlier eluting 

tetraether lipids (Fig. 5.1d). For example, GDGT 2 exhibits a [M+H]
+
 at m/z 1302.4 

and elutes a few minutes earlier than GDGT 24, which exhibits a [M+H]
+
 at m/z 

1292.3. Novel lipid 58, on the other hand, exhibits a [M+H]
+
 at m/z 1246.3 and 

elutes before component 106, which has a [M+H]
+
 at m/z 1236.3. Similarly, lipid 90 

(m/z 1244.3) elutes after lipids 106, mirroring the later elution of GMGT 27 (m/z 

1300.4) relative to GDGT lipid 24.  

 

The MS/MS spectra of lipids 58 (Fig. 5.6a) and 106 (Fig. 5.6b) show product ions in 

two regions of the spectrum and include those formed from loss of 1-2 molecules of 

water. By contrast with GDGT lipids, where the most favoured neutral loss in 

MS/MS is of a molecule of water, CID of the [M+H]
+
 of 58 generates a base peak 

ion in MS/MS at m/z 669, formed via loss of 576 Da. Interestingly, a product ion 

with the same m/z ratio was also observed in the MS/MS spectrum of 2, assigned as 

a protonated glycerol biphytanol monoether (see Section 2.2.5.2). Similarly, a 576 

Da loss was also observed from the [M+H]
+
 of 2 during CID and was attributed to 

loss of 1-ene-biphytan-32-ol (i.e. [400]
1
; Section 2.2.5.2). Furthermore, the MS

3
 

spectrum generated from a precursor ion in MS
2
 at m/z 1245, itself formed via loss 

of C3H4O from the [M+H]
+
 of 2, contains a product ion at m/z 669 generated via loss 

of 576 Da (Section 2.2.6). These observations strongly suggest that the [M+H]
+
 of 58 

has an identical structure to the product ion at nominal m/z 1245 in the MS/MS 

spectrum of 2. Consequently, 58 represents a glycerol dialkanol triol (GDT) structure 

containing two hydroxyl-terminated biphytanyl chains, each ether linked via their 
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remaining carbon terminus to glycerol (representative structure shown in Fig. 5.7). 

The only structural difference between GDT 58 and GDGT 2 is the absence in the 

GDT of a C3H4O (56 Da) portion of one of the glycerol groups found in the GDGT. 

Assignment of 58 to a GDT structure also accounts for the greater preference for 

formation of the product ion at m/z 669 from the [M+H]
+
: only a single elimination 

step is required for its formation whereas from the [M+H]
+ 

of 2, at least two 

sequential eliminations are needed. Losses in MS/MS of 572 Da (m/z 663) and 570 

Da (m/z 665) from the [M+H]
+
 of 106 are attributed to [402]

1
 and [402+1]

1
 

respectively, suggesting that 106 also has a GDT structure and is most likely a 

structural relative of GDGT 24, and possibly 24’ and 24’’ (representative structure 

shown in Fig. 5.7). The MS/MS spectra of 86 and 75-76 show losses of biphytanols 

containing 0-2 rings (Table 5.2), confirming that the components represent the GDT 

structural relatives of GDGTs 14-16 (representative structures shown in Fig. 5.7). A 

weak product ion at m/z 665 in the MS/MS spectrum of 75, formed via loss of [400]
1
 

(-576 Da) from the [M+H]
+
 (m/z = 1242.3) is suggestive of a co-eluting isomer, 75*,  

that contains zero rings on one isoprenoid chain and two rings on the other. This 

lipid is most likely structurally related to GDGT 15*, which contains the same 

combination of alkyl chains. It is notable that lipids 86, 75-76 and 106 each elute as 

single peaks in the LC-MS chromatograms, as opposed to the evidence of isomerism 

observed for lipids 14-16 and 24, which all have neighbouring peaks relating to at 

least one other isomeric form in the LC-MS ion chromatograms (Fig. 5.1c-d). 

Consequently, it is unclear at present if the peaks observed for compounds 58, 86, 76 

and 106 represent individual components or mixtures of isobaric lipids. Similarly, 

the single peak observed for lipids 75 and 75* could conceivably encompass other 

isobars of these two lipids. Regardless of the details, the presence of three primary 

hydroxyls in 58, 86, 75-76 and 106 would explain the substantial increase in the 

retention time of these components relative to 2, 14-16 and 24, which contain only 

two terminal hydroxyl groups. 
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Fig. 5.6. MS/MS spectra (HCT) of: a) GDT 58 ([M+H]
+
 m/z = 1246.3); b) GDT 106 

([M+H]
+
 m/z = 1236.3); c) GMT 90 ([M+H]

+
 m/z = 1244.3). Structures shown are 

representative structures; the location and/or orientation of the etherified glycerol 

group in each structure may differ from that shown. Likewise, the isoprenoid cross-

link in GMT 90 may be placed differently.  
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The MS/MS spectrum of 90 (Fig. 5.6c and Table 5.2) shows product ions at m/z 

1225, 1207, 1189 and 1171, formed from losses of 1-4 molecules of water, and ions 

of lower intensity at m/z 1133 (-110 Da) and 1115 (-128 Da), formed by loss of 

C3H4O and three or four molecules of water, respectively. No product ions consistent 

with loss of an isoprenoid hydrocarbon are observed, suggesting 90 most likely has a 

monoalkyl lipid structure. Each of the product ions formed from the [M+H]
+
 of 90 is 

also observed in the MS/MS spectrum of GMGT 27, where they were attributed to 

structures formed from loss of at least one molecule of C3H4O from the precursor 

(see Table 5.1). These observations, coupled with the m/z ratio observed for the 

[M+H]
+
 of the lipid and the retention time of the component relative to 58 and the 

ring-containing GDT lipids lead to the assignment of 90 as a glycerol monoalkanol 

triol (GMT), a structural relative of GMGT 27 (representative structure shown in 

Fig. 5.7). Further support for this assignment is provided by consideration of the 

product ion intensity distributions observed in the MS/MS spectra of 90 and 27. 

Although a product ion formed from loss of water is the base peak ion in the spectra 

of both lipids, it is more dominant in the spectrum of 90 than in that of 27. The 

apparent preference for loss of water from 90 is consistent with the additional free 

hydroxyl in the structure compared to that of 27. 

 

GDTs 58, 86 and 75-76 and GMT 90 were identified during LC-MS/MS analyses of 

various lipid extracts from species of Methanothermobacter, Sulfolobus, Ignisphaera 

and Desulfurococcus (see Sections 3.2.3.3, 3.2.4.5 and 4.2.4), where they exhibited 

MS/MS spectra containing identical product ions to those generated from the 

components in the environmental extracts. Not all of the components were observed 

in the extracts of each organism. Additional GDT lipids, 77-79, 78’ and 79*, 

containing 4-6 Cp rings were also identified in two species of Sulfolobus (Section 

3.2.4.5). Other GMT lipids (91-94), containing 1-4 Cp rings, were identified in 

Ignisphaera aggregans (Section 4.2.4.1). Representative structures for each GDT 

and GMT lipid are shown in Fig. 5.7. 
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Table 5.2. Product ions observed in the MS/MS spectra of GDT and GMT lipids 

identified in VDG and Oxford Clay sediments, a greenhouse soil and in thermophilic 

archaea belonging to the genera Methanobacter, Sulfolobus, Ignisphaera and 

Desulfurococcus. 

 

   Isoprenoid 

   GDT  GMT 

   5
8
 

8
6
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5
 

7
5
*
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(Da) 
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1
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1
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H2O -18  +a + + + + + + + +b  + + + + + 

2H2O -36  + + + + + + + + +  + + + + + 

3H2O -54            + + + + + 

4H2O -72            + + + + + 

 C3H4O + 
H2O 

-74            + + + + + 

 C3H4O + 

2H2O 
-92            + + + + + 

? -94            + + + + + 

? -96            + + + + + 

 C3H4O + 

3H2O 
-110            + + + + + 

? -112            + + + + + 

? -114            + + + + + 

 C3H4O + 
4H2O 

-128            + + + + + 

[300]
1 -436                 

[310]
1 -450                 

[320]
1 -464                 

[330]
1 -478                 

[340]
1 -492                 

[350]
1 -506                 

[360]
1 -520                 

[370]
1 -534                 

[400]
1 -576  + + +             

[401]
1 -574   + + +            

[402]
1 -572    + + + + + + +       

[403]
1 -570       + +  +       

[402+1]
1 -570         +        

[404]
1 -568          +       

 

a (+) = Product ion observed in the MS/MS spectrum. 

b Product ions shaded grey (where shown) represent the ion observed as the base peak ion in MS/MS. 
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Table 5.2. (cont.) 
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Fig. 5.7. Representative structures of GDT and GMT lipids found in lipid extracts 

from environmental samples and (hyper)thermophilic archaea. Note that the location 

and orientation of the etherified glycerol group and/or the position of the isoprenoid 

cross-link in each structure may differ from that shown. 

 

 

In an attempt to verify the structural assignments of the triol (i.e. GDT and GMT) 

lipids, the lipid extract from the S90-11 Oxford Clay sample was treated with acetic 

anhydride in pyridine. It was envisaged that any structures in the extract which 

contained free hydroxyl groups would be acetylated under these conditions. 

Consequently, if 58, 86, 75-76, 106 and 90 were triols, as suggested, they would be 

converted to triacetates following this procedure. Any structural modification could 

subsequently be monitored by examining the MS/MS spectra of the acetates formed. 

The acetylated extract was separated into three fractions on alumina, each of which 

was analysed separately via reversed-phase LC-MS/MS. Unfortunately, during these 

analyses it was clear that the acetylation reaction had not proceeded to completion, 

with far greater complexity being observed in the chromatograms for the acetylated 

fractions than could be accounted for by conversion of each component in the 
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original extract to a single acetylation product. For example, GDGTs 2 and 24 were 

present in monoacetylated and diacetylated forms amongst the reaction products. 

Unreacted 2 and 24 were also identified. The problem was further compounded by 

distribution of the acetates between the three column fractions, with some 

components being observed in the LC-MS chromatograms of two or more fractions. 

By analysing fraction 2 using a narrow mass spectral scan range, carefully chosen to 

encompass the m/z values expected for triacetylated variants of 58, 86, 75-76, 106 

and 90 (m/z 1361.5-1372.5), a series of components (107-111) with [M+H]
+
 at 126 

m/z units greater than those observed for 58, 86, 75-76 and 106 were revealed in the 

base peak chromatogram (Fig. 5.8a). The absence of a component similarly related 

to 90 may be due to the relatively low levels of the lipid in the original Oxford Clay 

extract. The MS/MS spectrum (Fig. 5.8b) of 107 ([M+H]
+
 m/z = 1372.3) includes 

product ions at m/z 1329, 1311 and 1251, formed from losses of 42 (ketene), 60 

(acetic acid) and 120 Da (two molecules of acetic acid), losses also observed during 

CID of the [M+H]
+
 of 56, a synthetic diacetate of GDGT 2 (Section 2.2.10.3). These 

product ions indicate that 107 contains at least two acetate groups. Product ions 

formed from losses of 636 (m/z 735), 696 (m/z 675) and 756 Da (m/z 615) are more 

informative and are attributed to loss of 1-acetoxybiphytan-32-ol with additional 

losses of one or two molecules of acetic acid. These observations agree favourably 

with the preferential loss from the [M+H]
+
 of diacetylated tetraether 56 of a 

biphytanyl chain as an alcoholic as opposed to an unsaturated elimination product 

during CID (Section 2.2.10.3) and suggest that both of the biphytanyl chains in 107 

are terminated with an acetate group. In addition to loss of the acetylated biphytanol 

chain, the subsequent loss of up to two further molecules of acetic acid from the 

[M+H]
+
 of 107 show that this component contains a total of three acetate groups. 

The MS/MS spectrum (Fig. 5.8c) of 111 ([M+H]
+
 m/z = 1362.2) shows product ions 

formed from losses of 630 Da (m/z 731) and 632 Da (m/z 729), relating to 1-

acetoxybiphytan-32-ols containing three and two rings, respectively. As before, ions 

formed from losses of one (m/z 671 and 669) or two (m/z 611 and 609) additional 

molecules of acetic acid are also observed. Similarly, the [M+H]
+
 of lipids 108-110 

lose acetoxybiphytanols containing 0-2 rings and up to two further molecules of 

acetic acid during CID. In conclusion, the MS/MS data for 107-111 confirm that 

they represent the triacetylated derivatives of lipids 58, 86, 75-76 and 106. By 
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inference, this would indicate that the latter components each contain three free 

hydroxyl groups, consistent with their proposed GDT structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8. a) Reversed-phase HCT LC-MS ion chromatogram for the acetylation 

products (fraction 2) formed from the Oxford Clay S90-11 extract; b) MS/MS 

spectrum (HCT) of 107 ([M+H]
+
 m/z = 1372.3); c) MS/MS spectrum (HCT) of 111 

([M+H]
+
 m/z = 1362.2). 
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5.2.3.3. Triether tetrol lipids 

 

Two components, 112 and 112’, each with [M+H]
+
 at m/z 1320.4, were observed to 

elute at the very end of the base peak chromatogram of the S90-11 Oxford Clay 

extract using LC-MS/MS method B. Structure 112 had only partially eluted when the 

analysis was terminated (i.e. at 90 min). In order to facilitate complete elution of 

these components, the extract was re-analysed via LC-MS/MS using method C, in 

which the final isocratic eluent composition of 15% IPA was maintained for a further 

15 min (total analysis time = 105 min; see Section 7.6.1). Using this program, 112 

eluted fully, along with other components including 113 and 113’ which exhibit 

protonated molecules at m/z 1310.3 (Fig. 5.9). Reconstructed ion chromatograms for 

m/z 1317.5-1318.5 and 1315.5-1316.5 (not shown) indicate that components with 

m/z 1318.4 and 1316.4 partially co-elute with either 112/112’ or 113/113’. 

Components 112 and 112’ have protonated molecules at 18 m/z units greater than 

that of GDGT 2. Similarly, the protonated molecules of 113 and 113’ are 18 m/z 

units greater than those of GDGTs 24, 24’ and 24’’. The differences in [M+H]
+
 

between 2 and 112/112’ suggests that the latter may formally represent structures in 

which a molecule of water has been added to 2.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. Partial base peak chromatogram (m/z 900-1500; HCT) of the lipid extract 

from the Oxford Clay S90-11 sediment (recorded using LC-MS/MS method C), 

highlighting components eluting after the proportion of IPA in the mobile phase had 

exceeded 2% and, subsequently, been held isocratically at 15%. 

S8
58

106

90

2%

IPA

15%

IPA

15%

IPA

L10-L17

T4

T4’
112

112’

113’ +

113’*
113 +

113*

136-140 +

136’-140’

Relative retention time

S8
58

106

90

2%

IPA

15%

IPA

15%

IPA

L10-L17

T4

T4’
112

112’

113’ +

113’*
113 +

113*

136-140 +

136’-140’

Relative retention time



Chapter 5: Lipid core profiles of aquatic sediments and a terrestrial soil 

 
 

 256 

The MS/MS spectra of 112 and 112’ (Table 5.3) each exhibit product ions formed 

from losses of 1-3 molecules of water (m/z 1301, 1283 and 1265), loss of C3H4O 

with simultaneous loss of one or two molecules of water (m/z 1245 and 1227) and 

loss of [400]
1
 (-576 Da; m/z 743). Loss of [400]

1
 was noted as the smallest 

isoprenoid-bearing molecule loss during CID of the [M+H]
+
 of GDT 58, which 

contains ether-bound biphytan-32-ol chains (Section 5.2.3.2). By association, this 

would indicate that 112 and 112’ may contain at least one similar moiety. As such, 

112 and 112’ may be triether tetrol structures, related to 2 but in which the 

macrocycle has been opened by addition of water across a C-O ether bond (Fig. 

5.10). As there are primary and secondary ether linkages in 2, the opening of either 

would generate two distinct structures, perhaps explaining the presence of 112 and 

112’ as an isomeric pair. On account of the reduced steric hindrance at the primary 

ether linkages, it may be expected that these are the most likely sites for 

oxidation/hydration, indicating that 112, as the more prominent isomer in the 

chromatograms, might represent the primary ether cleavage product and 112’ the 

secondary ether cleavage product. These assignments would also explain the elution 

order of 112, which is proposed to contain four primary hydroxyl groups, and 112’, 

which is proposed to contain three primary hydroxyl groups and a less polar 

secondary hydroxyl group. The elution of 112 and 112’ later than both GDGT 2 and 

GDT 58, which contain two and three free hydroxyls, respectively, is also consistent 

with the assigned structures of each.  

 

Fig. 5.10. Putative structures of isoprenoid glycerol triether tetrols identified in the 

Oxford Clay S90-11 sediment. Other isomeric forms may also be present. 
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The MS/MS spectra of 113 and 113’ (Table 5.3) also show ions formed from losses 

of 1-3 molecules of water (m/z 1291, 1273 and 1255), additional ions formed from 

concerted loss of C3H4O with 1-3 molecules of water (m/z 1235, 1217 and 1199) and 

ions consistent with losses of [402]
1
 (-572 Da; m/z 737) and [402+1]

1
 (-570 Da; m/z 

739). Consequently, 113 and 113’ may represent structures in which an ether bond in 

24, 24’ or 24’’ has been oxidised or hydrated. Since the two composite chains in 

each of 24-24’’ contain differing numbers of rings, oxidation/hydration of either of 

the two primary ether linkages in these structures would lead to structurally distinct 

cleavage products (Fig. 5.10). As such, 113 may comprise a mixture of at least two 

types of isomer, one formed by cleavage of the primary ether linkage to a chain 

containing two Cp rings (designated 113) and the other formed from cleavage of the 

primary ether linkage to a chain containing two Cp rings and one Ch ring (designated 

113*). Similarly, oxidation/hydration of distinct secondary ether linkages would give 

two further isomeric structural types (Fig. 5.10); those having an etherified biphytan-

32-ol chain containing two Cp rings and one Ch ring (designated 113’) and those 

having an etherified biphytan-32-ol chain containing two Cp rings (designated 

113’*). The components with [M+H]
+
 at m/z 1318.4 and 1316.4 may represent 

triether tetrols related to GDGTs containing one or two Cp rings, respectively. 

 

Table 5.3. HCT MS data (measured [M+H]
+
 m/z values) and MS/MS data (nominal 

m/z values of product ions) for isoprenoid triether tetrols identified in an extract from 

the S90-11 Oxford Clay sediment. 

 

Lipid   [M+H]
+ 

Product ions observed in MS/MS 
a 

Assigned 

as: 

112’ 1320.4 1301,1283,1265,1245,1227; 743,725,707,689,669,651,633,615,557 2 + 18 Da 

112 1320.4 1301,1283,1265,1245,1227; 743,725,707,689,669,651,633,615,613,597,595,557 2 + 18 Da 

113’+113’* 1310.3 
1291,1273,1255,1235,1217,1199; 739,737,721,719,703,701,685,683,665,663,647,645, 

643,629,627,611,609,571,569,567,555,553,551 
24 + 18 Da 

113+113* 1310.3 
1291,1273,1255,1235,1217,1199; 739,737,721,719,701,685,683,665,663,647,645,643, 

629,627,625,611,609,591,571,569,567,555,553,551 
24 + 18 Da 

 
a Product ions listed in bold face represent the base peak in MS/MS. 

 

A further complication could arise if 2 and 24-24’’ found in the sediment are 

comprised of isomeric forms in which the glycerol moieties are arranged either anti 
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(e.g. 2a) or syn (e.g. 2b) to one-another. Cleavage at either the sn-2 or the sn-3 

positions of the syn forms would generate distinct triether tetrol structures to those 

formed via cleavage of the anti forms at the same position. As such, 112, 112’, 

113/113* and 113’/113’* may be accompanied by other co-eluting isomers, formed 

via cleavage of syn GDGT structures.  

 

In spite of the preliminary evidence, all assignments of the triether tetrols are 

tentative and each component will require further analysis before more definitive 

assignments can be made. 

 

5.2.3.4. Other potential isoprenoid lipids 

 

A significant number of other components, potentially isoprenoid in nature, were 

observed in the ion chromatograms for the VDG sediment extracts, some found 

ubiquitously, others being specific to particular horizons. These include lipids with 

[M+H]
+
 at nominal m/z values of 1417, 1401, 1399, 1349, 1347, 1343, 1333, 1329, 

1317, 1315, 1299, 1297, 1295, 1290, 1285, 1275, 1271 and 1261. In many cases, 

MS/MS spectra were obtained, confirming an etherified glycerol functionality and/or 

the probable presence of isoprenoid alkyl chains within the structure. In some cases, 

a more specific structural assignment was possible, with monoacetylated 

caldarchaeol, monoformylated caldarchaeol, a caldarchaeol methyl ether and two 

isomers of monoacetylated crenarchaeol tentatively assigned in several horizons, 

although it is unclear as to whether these are authentic or artificial components. 

Despite the prominence of some of the other novel components in the LC-MS ion 

chromatograms, the MS/MS spectra and implications of these data are not further 

discussed in the interests of brevity. 

 

5.2.3.5. Significance 

 

A series of components exhibiting mass spectra and tandem mass spectra consistent 

with isoprenoid tetraether lipid structures were identified in aquatic sediments from 

both depositional locations and in the greenhouse soil sample. The structures of 

lipids 2, 3, 14-16 have been fully characterised previously (Chapters 3 and 4 and 
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references therein) and, along with fully characterised lipid 24 and partially 

characterised lipid 24’’ (Damsté et al., 2002b), have been shown to be significant 

contributors to sedimentary organic matter in modern and ancient environments (e.g. 

Schouten et al., 2000; Powers et al., 2004; Kim et al., 2008), including in VDG 

sediment (Hoefs et al., 1997; Schouten et al., 2000). Compounds 2, 14-16 and 24 

have also been identified previously in terrestrial soils (e.g. Weijers et al., 2006b; 

2007c). Although 17-19 have been identified in samples from a number of thermal 

environments (Zhang et al., 2006; Pancost et al., 2006; Schouten et al., 2007c; 

Reigstad et al., 2008; Pearson et al., 2008), their identification in a soil from a lower 

temperature environment appears to be unprecedented. Lipid 27 has been identified 

in marine and lacustrine sediments (Schouten et al., 2008a) and partially 

characterised on the basis of spectrometric and spectroscopic measurements (see 

Section 4.2.2.3). GMGT 27’ is almost certainly an isomer of GMGT 27, potentially 

one in which the covalent bond tethering the isoprenoid chains is between a different 

pair of carbon atoms to those linked in the latter structure. Lipids 14’, 15’, 16’ and 

24’ were identified in aquatic sediments from both depositional environments and 

have also been observed previously in other sediments (e.g. Kuypers et al., 2002), 

where, on the basis of the m/z values of the [M+H]
+
 and chromatographic behaviour, 

they were tentatively assigned as corresponding regioisomers of lipids 14, 15, 16 and 

24. The MS/MS spectra of 14’, 15’ and 24’ show that they each lose isoprenoid 

chains containing the same numbers of rings as those lost from their structural 

counterpart (i.e. from 14, 15 or 24), strengthening this argument. Lipid 15*, 

identified as a trace component in each extract, has been reported in previous LC-MS 

analyses of the lipid extracts from two marine sediments (Schouten et al., 2000; 

Pancost et al., 2001b), where it was also observed to co-elute with 15. In these two 

studies, isolation of GDGT lipids and their subsequent chemical degradation to their 

composite hydrocarbons was required in order for 15* to be identified, a process too 

cumbersome to be applied routinely. This may explain the lack of other reports of 

this lipid in environmental samples, which have recently been profiled almost 

exclusively by LC-MS analysis. An additional isomer of 15, 15’*, which co-elutes 

with 15’, was also detected in a similar manner. As discussed in Section 4.2.2.3, 

further structural studies are necessary in order to assign all of the minor isomers 

conclusively. Non-isobaric lipids 17 and 24, which co-elute during LC-MS/MS 
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analysis, appear to be indiscriminately selected for CID if both are present in the 

same extract. Attempts to assign tetraether lipid core structures via LC-MS/MS 

should be restricted to lipids which exhibit a “clean” peak (i.e. the peak does not 

overlay any co-eluting lipids with [M+H]
+
 of similar m/z) in LC-MS (see Section 

3.2.4.4). Nevertheless, the lack of precursor selectivity for 17 over 24 during CID, 

coupled to the unique origin of a product ion at m/z 737 in the MS/MS spectrum 

from the latter structure, may aid in confirmation of the presence of 24 in samples 

containing both lipids. 

 

Late-eluting isoprenoid lipids 58, 86, 75-76, 106 and 90 have been tentatively 

identified by LC-MS/MS, apparently representing the first such identifications of 

these components in environmental samples. The lack of previous reports of these 

structures is probably attributable to the retention of these components on-column 

for the duration of previous LC-MS analyses of environmental extracts, which 

typically employed a lower polarity in the final eluent (Hopmans et al., 2000; 

Schouten et al., 2007b; Escala et al., 2007) than that used in the present study. The 

spectral data obtained for 58, 86, 75-76 and 106 suggest that they are GDT lipids: 

structures resembling GDGTs but with part of a terminal glycerol group absent. 

Similarly, 90 most likely represents a GMT structure, resembling GMGT 27 in an 

analogous fashion. Attempts to verify the structures of the GDT and GMT lipids via 

acetylation of the total polar lipid fraction from the Oxford Clay sediment were 

moderately successful, although acetylation of individual GDT lipids following 

isolation of each component from the total extracts should allow more definitive 

assignments to be made in future. In addition to the triols identified in the aquatic 

sediments, further structural variants, including GDT lipids containing 4-6 Cp rings 

and GMT lipids containing 1-4 Cp rings, were identified in lipid extracts from 

thermophilic archaea (Chapters 3 and 4). It is currently unclear as to which glycerol 

group is “missing” in the triols with respect to the corresponding GDGT/GMGT 

lipid. It is possible that each GDT/GMT lipid identified in the sediment, soil and 

culture extracts comprises a mixture of isomeric structures in which opposite 

glycerol termini are missing. If this is the case, these isomeric pairs are inseparable 

by LC-MS/MS. 
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The apparent structural similarity in the environmental samples between GDT/GMT 

lipids and GDGT/GMGT lipids containing the same number of rings is unlikely to 

be coincidental, although there are a number of possible ways in which the similarity 

could have arisen. The close structural relationship could be a result of biosynthetic 

steps that are conservative in the pathways to both tetraether and triol lipids. The 

biosynthesis of GDGT lipids is reasonably well understood (see Section 1.2.1 and 

Koga and Morii, 2007). To summarise, GDGT lipids are known to form following 

coupling of terminal carbon atoms found in two diether lipids. The diether precursors 

are formed at an earlier stage in the biosynthetic sequence, by attachment of two 

geranylgeraniol units to glycerol-1-phosphate (Koga and Morii, 2007). There is 

debate as to whether the isoprenoid chains in the diethers are reduced to saturated 

hydrocarbons before the coupling occurs to generate the completed tetraether 

(Nemoto et al., 2003) or whether this reduction occurs afterwards (Eguchi et al., 

2000; 2003). Similarly, it is not known whether incorporation of Cp rings into the 

isoprenoid chains and formation of a cross-link between isoprenoid chains (as found 

in GMGT lipids) occur simultaneous to, or following completion of the coupling 

step (De Rosa et al., 1980c; Weijers et al., 2006a). Given that the carbon termini of 

the diether lipids and geranylgeraniol are the same, it is possible that small amounts 

of the latter may be incorporated into the coupling process. If two molecules of 

geranylgeraniol were co-condensed with one diether molecule, the requisite GDT-

type structure would be established (Scheme 5.1). Further reduction and/or 

dephosphorylation could yield GDT 58. Ring incorporation and/or isoprenoid cross-

linking, either during or after coupling of geranylgeraniol units to the diether may, in 

turn, account for the formation of GDTs 86, 75-79 and 106 and GMTs 90-94. 

 

 

Scheme 5.1. Putative biosynthetic route to formation of GDT 58. Although the GDD 

and geranylgeraniol precursors are shown to be both unsaturated and 

phosphorylated, the coupling could conceivably involve saturated or 

dephosphorylated molecules. 
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An alternative explanation for the presence of GDT and GMT lipids in the ancient 

sediments and in the soil sample is that they represent transformation products of 

tetraether lipids, formed via removal of a C3H4O unit from the end of a GDGT or 

GMGT structure, respectively (Scheme 5.2). This could potentially be effected by 

enzymatic modification of the tetraether lipids in vivo, used purposefully by the 

Archaea to modify the composition of the cellular membranes. Alternatively, the 

transformation could be extracellular, effected by ether-metabolising organisms, that 

have either grazed on the archaeal cells or actively/passively taken up liberated 

tetraether lipids following archaeal cell senescence. A substantial number of 

bacterial species are known to degrade xenobiotic ether-containing compounds 

(White et al., 1996), although glycerol-bound ether lipids are not among the 

substrates currently known to be degraded by microorganisms. In the dogfish 

Squalus acanthius, glycerol alkyl monoethers were observed to be metabolically 

degraded in vivo by oxidative cleavage of the ether bond (Malins, 1968). Likewise, 

in vitro studies utilising enzymes from the livers of albino rats showed similar 

degradation of glycerol monoethers (Tietz et al., 1964). Thus, enzymatic cleavage of 

glycerol ethers does occur in some higher organisms. In simulation studies to model 

the degradation of ether lipids in natural environments, an IPL based on a GDD 1 

core was incubated under aerobic or anaerobic conditions in the presence of active 

sediments from a variety of environments (Harvey et al., 1986). Whereas the lipid 

was rapidly (i.e. in a matter of days) converted to CO2 in each of the standard 

experiments, degradation was completely inhibited if formaldehyde was added to the 

incubation flask or the flask was autoclaved prior to lipid addition. This led the 

authors to suggest that degradation of ether lipids in the natural environment is more 

likely a biotic as opposed to an abiotic process (Harvey et al., 1986). Another 

relevant, compound-specific study has shown that GDGT lipid abundances reduce 

during passage through the digestional tracts of marine decapods, with higher levels 

found in the stomachs of the organisms than in their intestines (Huguet et al., 2006a). 

Since no GDGT lipids were identified in either the livers or the gonads of the 

organisms, this drop is significant and might indicate a metabolic breakdown of the 

tetraethers. As no potential transformation products formed from the tetraether lipids 

were identified during the studies, it is impossible to assess whether GDT lipids may 

have accounted for some or all of the mass deficit. 
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GDT and GMT lipids in the aquatic sediments may, alternatively, have been 

generated by chemical modification of tetraether lipids whilst they reside in the 

water column or within the sediment itself. In particular, long-term oxic degradation 

has been implicated as a possible explanation for the reduction of GDGT 

concentrations in the oxidised sections compared to the anoxic sections of turbidites 

from the Madeira abyssal plain (Huguet et al., 2008; 2009). In addition, sediment 

cores from two proximate locations (50 km apart) in the Arabian Sea show closer 

relative GDGT concentrations between horizons of the same age when those 

horizons were deposited under the same oxidative conditions (i.e. oxic, sub-oxic or 

anoxic) compared with horizons which were deposited under differing conditions at 

the two sites (Damsté et al., 2002a; Schouten et al., 2004). Another study, in which 

anoxic sediments from the Namibian upwelling region were relocated to various 

globally-distributed waters and stored for one year, showed that there was almost no 

difference in the concentrations of extractable GDGTs after this period, irrespective 

of the oxic status of the sites or whether indigenous microbes were allowed to admix 

with the samples throughout the year (Kim et al., 2009c). This would indicate that 

oxic degradation of GDGT lipids is not a short-term process and implies that the 

triols in VDG and Oxford Clay sediments, if formed via this route, are unlikely to 

have been modified in the water column during early diagenesis. Prolonged oxic 

degradation could also account for the presence of GDT 58 in the soil extract (see 

Fig 5.4). The presence of GDT and GMT lipids in extracts from archaeal cellular 

material would appear to support a biogenic origin for these components. Given the 

harsher extraction procedures (i.e. hot acidic methanolysis) used to extract tetraether 

lipid cores from the culture samples and to degrade intact polar lipids in the soil in 

comparison to that used to obtain the lipids from the aquatic sediments (i.e. 

sonication in organic solvents at RT), the possibility that GDT and GMT lipids 

observed in the cultures and/or soil may be artifacts cannot be ruled out. Similarly, 

oxic degradation of lipid extracts from both archaeal cultures and sediments during 

their storage cannot be completely ruled out, although it is perhaps telling that the 

sample exhibiting the greatest relative ratios of GDT:GDGT and GMT:GMGT 

lipids, the Oxford Clay S90-11 shale, was that which had been stored at the lowest 

temperature.  
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Thermal degradation of GDGT lipids has been observed during hydrous pyrolysis of 

VDG sediment at temperatures of up to 330
o
C, in which both extractable residues 

and material assumed to be kerogen-bound were destroyed at 300
o
C (Schouten et al., 

2004). Similarly, flash and hydrous pyrolysis of GDD and GDGT lipids in other 

studies generated a series of alcoholic, carbonylic, acidic and/or aliphatic 

hydrocarbon degradation products formed via ether cleavage and additional 

decomposition of the alkyl chains within the structures (Rowland, 1990; Navale, 

1992; Pease et al., 1998). GDT and GMT lipids could potentially be formed via 

similar thermal cracking of the C-O ether bonds in GDGT and GMGT lipids, 

respectively. This is, however, a highly unlikely origin for the triols identified in the 

environmental samples investigated in the present study given the contemporary age 

of the greenhouse soil and the thermal immaturity of both the VDG (Damsté et al., 

1995) and Oxford Clay (Kenig et al., 2004 and references therein) sediments.  

 

 

 

Scheme 5.2. Putative dissociation pathway of GDGT lipids to their proposed 

transformation products, exemplified using structures which contain no Cp or Ch 

rings. 
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A series of components (112-112’ and 113-113’) identified in the Oxford Clay 

sediment extract exhibit MS spectra indicative of structures representing 

oxidised/hydrated variants of GDGT lipids 2 or 24-24’’ found in the same sample. 

The MS/MS data obtained for 112-112’ and 113-113’ are also consistent with 

structures in which an additional molecule of H2O has been added to the GDGT 

cores. Consequently, 112-112’ and 113-113’ were tentatively assigned as triether 

tetrol lipids, although further work is required to confirm both the suggested 

structure and the nature of the isomerism observed. Should the preliminary 

assignments prove to be correct, the tetrols would almost certainly represent 

intermediate structures in oxidative or hydrolytic breakdown of GDGT to GDT 

lipids whereby one, but not both, of the ether linkages joining the biphytanyl chains 

to an individual glycerol group has been cleaved (Scheme 5.2). 

 

Biphytane diols and biphytanic diacids containing 0-3 rings (i.e. up to two Cp rings 

and one Ch ring) have been found, albeit not necessarily co-occurring, in a variety of 

environmental samples. These include ancient (Schouten et al., 1998; Kuypers et al., 

2002; Pancost et al., 2008) and recent (Hoefs et al., 1997; Schouten et al., 1998; 

Saito and Suzuki, 2010) sediments from marine environments, including mud domes 

(Pancost et al., 2000; 2001b; Stadnitskaia et al., 2003), carbonates (Kinnaman et al., 

2010), tubular concretions (De Boever et al., 2009) and limestones deposited or 

produced in methane seep environments (Birgel et al., 2008a; 2008b) and sediments 

from hydrothermally-influenced environments (Teske et al., 2002; Schouten et al., 

2003a). On account of the presence of the isoprenoid chains in the structures, the 

diols and diacids have been suggested as possible transformation products of GDGT 

lipids (Schouten et al., 1998; 2003a; Pancost et al., 2006). This assertion seems to be 

supported by the identification of both biphytanic diacids and -hydroxybiphytanic 

acids containing 0-3 rings in silica sinters from New Zealand hot springs (Pancost et 

al., 2006). In the sinter extracts, the distributions of both diacids and hydroxy-acids 

were similar with respect to the number of incorporated rings, both to one-another 

and to the distribution of similarly-cyclised biphytanes released following ether 

cleavage of GDGT lipids found in the same samples (Pancost et al., 2006). 

Furthermore, 
13

C values of the biphytanic diacids in sediments from the Guaymas 

Basin approximately match those for biphytanes containing the same number of 
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rings released following ether cleavage of tetraether lipids found in the same samples 

(Schouten et al., 2003a). Again, the distributions of the diacids were similar with 

respect to the number of rings to the liberated biphytanes, consistent with either 

derivation of the diacids from the GDGT precursors or, at the very least, an origin 

from the same set of source organisms. The presence of biphytane diols in surface 

sediments, on the other hand, has led to the alternative suggestion that the diols are 

more likely to be biogenic (Schouten et al., 1998). Furthermore, the distributions of 

biphytane diols found in several surface and sub-surface sediments have been shown 

to be different to those of cyclised biphytanyl chains liberated following ether 

cleavage of intact polar tetraether lipids or tetraether lipid cores present in the same 

samples (Schouten et al., 1998; Saito and Suzuki, 2010), suggesting that the 

biphytane diols are not derived directly from the tetraether lipids. In some sediments, 

the 
13

C values of the biphytanic acids were found to be different to those of the 

ether-cleaved biphytanes (Birgel et al., 2008b), further suggesting that the diacids are 

unlikely to have been formed via transformation of the tetraether lipids in these 

samples. As such, the biphytanic acids may also be biogenic, perhaps being 

synthesised by unknown archaea (Schouten et al., 1998; Birgel et al., 2008b). 

Irrespective of whether biphytane diols, -OH biphytanic acids and biphytanic 

diacids are actively produced by the Archaea or are formed following the death of 

the progenitor archaeal cells, GDT lipids may represent intermediates in the 

degradative transformation of GDGT lipids to these compounds. For example, 

cleavage of one or both of the ether bonds to the remaining glycerol group in the 

GDT would yield one or two molecules of biphytane diol, respectively (Scheme 5.2). 

Subsequent mono- or bis-oxidation of the liberated biphytane diols could potentially 

yield the hydroxyacids and diacids, respectively. Further defunctionalisation of 

either biphytane diols and/or biphytanic acids during thermal maturation could result 

in formation of isoprenoid hydrocarbons or their desmethylated counterparts, as are 

often found in extremely antiquated sediments (e.g. from the Late Archaean; Ventura 

et al., 2007; 2008) and crude oils (e.g. Moldowan and Seifert, 1979). Notably, the 

proposed pathways for degradation of GDGT lipids are in accordance with a similar 

pathway proposed for the degradation of GDD 1 to phytanol, phytanic acid and 

phytane in Dead Sea sediments (Nissenbaum et al., 1972; Anderson et al., 1977). 
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Degradation of GMGT lipids to GMT lipids, followed by further ether cleavage and 

oxidation may account for the isoprenoid tetraacids found in naphthenate deposits 

(Lutnaes et al., 2006; 2007; Smith et al., 2007). This would necessarily require the 

covalent link between isoprenoid chains in the GMGT lipids to be between carbons 

C-15 and C-15’ (see Section 4.2.2.3 for further discussion). It is important to note 

that key intermediates in this process, namely C80 triether tetrols, tetrols and mono- 

or polyhydroxy acids, have yet to be identified in environmental samples. 

Furthermore, the only tetraacid for which potential GMGT and GMT precursors 

have been identified is a structure containing four rings (Lutnaes et al., 2006; 2007; 

Smith et al., 2007), which may be a product of degradation of 94, itself formed from 

31.  

 

GDGT lipids 14-16 and 24’’ are used in the TEX86 index (Section 1.6.1), whereas 

lipid 24 is used in the BIT index (Section 1.4.2). The potential transformation of 

these components to GDT lipids 86, 75-76 and 106 could have serious implications 

for the use of the two indices in palaeoreconstructions, particularly if some of the 

putative GDGT precursors are more readily transformed than others. Huguet et al. 

(2008) have shown that preferential degradation of 24 over non-isoprenoid GDGTs 

in oxidised sections of Madeira abyssal plain turbidites can lead to a substantial 

increase in the measured BIT value. Similarly, degradation of 14-16 and 24’’ in the 

oxidised sections led to TEX86-associated temperatures that differed by up to 6
o
C 

from those determined from sediments in the unoxidised sections (Huguet et al., 

2009). This probably reflects preferential preservation of a matrix-protected subset 

of the these lipids derived from continental soil which carry a different temperature 

signal to those produced in the water column above the neighbouring west African 

shelf (Huguet et al., 2009). Nevertheless, this example illustrates the inherent 

disruption that GDGT degradation can have on TEX86–based reconstructions. Work 

is currently underway to investigate the relative distributions of GDT and GDGT 

lipids in the VDG and Oxford Clay sediments in order to investigate whether GDT 

formation may compromise calculated TEX86 or BIT values in these samples. 
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5.2.4. Isoprenoid lipid homologues 

 

In addition to the isoprenoid lipid structures, a number of novel lipids which 

represent higher homologues of lipids 2, 3, 14-15 and 27 were also detected in the 

base peak chromatograms and in selected reconstructed ion chromatograms for 

several of the extracts. Some of the higher homologues were selected as precursors 

for CID in analysis of at least one sample, allowing structural information to be 

obtained. Others required re-analysis utilising a narrower, more appropriate m/z scan 

range of a sample in which the lipid in question was determined to be sufficiently 

abundant, thus allowing selection of the component for CID. 

 

5.2.4.1. GDGTM lipids 

 

During LC-MS/MS analysis of 2 in the soil extract, the base peak ion at m/z 1301.8 

in the mass spectrum was accompanied by lower intensity peaks for components 

with [M+H]
+
 at approximately 14 (m/z 1315.8; 26), 28 (m/z 1329.8; 66) and 42 (m/z 

1241.7; 114) m/z units higher. Additionally, appropriate reconstructed ion 

chromatograms showed that, although the four lipids partially co-elute, marginally 

earlier retention times are observed as m/z ratio increases (Fig. 5.11). The [M+H]
+
 of 

26 and 66 both accounted for the base peak ion in several scans in the LC-MS/MS 

analysis, allowing CID of each to be performed. The [M+H]
+
 of 114, on the other 

hand, was never the base peak and, consequently, an MS/MS spectrum was not 

recorded during the analysis. All product ions identified in the MS/MS spectrum of 

26 matched those observed following CID of the [M+H]
+
 of homocaldarchaeol, 

(Chapters 2 and 3), supporting the assignment of the lipid to this structure. 

Component 26 was also identified in ion chromatograms for the VDG extracts (see 

Fig. 5.13), although re-analysis of the XI-1b horizon extract by LC-MS/MS using a 

scan range of m/z 1310-1350 was required to obtain an MS/MS spectrum in this 

case. The MS/MS spectrum of 66 shows prominent product ions formed from losses 

of water, C3H4O, [400]
0
 (m/z 771) and [410]

0
 (m/z 757). A combination of [400] and 

[410] hydrocarbon chains in an individual GDGT lipid is inconsistent with the m/z 

ratio observed for the protonated molecule. Interestingly, a weak ion at m/z 743 and a 

more prominent ion at m/z 725 were also observed in the MS/MS spectrum and may 
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reflect neutral losses of [420]
0
 and [420]

1
, respectively. Consequently, 66 may 

comprise a mixture of two isomers, GDGT[410,410] (designated 66) and 

GDGT[400,420] (designated 66*). A similar mixture of isomers was tentatively 

suggested for lipids with the same [M+H]
+
 and relative retention times identified in a 

lipid extract from MTH(ΔH) (see Section 3.2.3.3). Further work will be required 

before the presence and/or structure of the putative isomers can be confirmed. A 

lipid consistent with 66 was also detected in ion chromatograms for the extracts from 

individual VDG horizons (see Fig. 5.13), although an attempt to verify the 

assignment via LC-MS/MS analysis of the XI-1b horizon extract using a scan range 

of m/z 1320-1350 yielded an insufficiently strong MS/MS spectrum for reliable 

interpretation to be made. Although no MS/MS data was obtained for lipid 114, it is 

probable that this lipid represents a higher homologue of 2 containing two additional 

methyl groups on one biphytanyl chain and one additional methyl group on the other 

chain. 

 

Lipids 82 (m/z 1313.7) and 115 (m/z 1327.8) were observed to co-elute with GDGT 

14 in ion chromatograms for the soil extract (Fig. 5.11), with each exhibiting a 

retention time marginally less than that of 14. Similarly, lipids 83 (m/z 1311.7) and 

116 (m/z 1325.8) were observed to co-elute with GDGT 15 in the same 

chromatograms, again exhibiting retention times slightly less than that of 15. 

Although no MS/MS spectra were obtained for these components in the soil extract, 

the retention times of 82 and 83 relative to those of 14 and 15 and the 14 m/z unit 

increase in the [M+H]
+
 of each relative to their co-eluting GDGT counterpart are 

consistent with those observed for GDGTM lipids containing one or two Cp rings in a 

species of Pyrobaculum (Section 4.2.3.1). As such, 82 and 83 are tentatively 

assigned as the C-13 methylated homologues of 14 and 15, respectively. Lipids 115 

and 116 may be higher homologues of 14 and 15 which contain two more carbon 

atoms than the corresponding GDGT lipids. 
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Fig. 5.11. Partial HCT LC-MS ion chromatograms for the lipid extract from a 

greenhouse soil, highlighting the presence of isoprenoid lipid homologues including 

GDGTM and GMGTM lipids. 

 

5.2.4.2. GMGTM lipids 

 

Ion chromatograms for the soil extract also indicated the presence of three higher 

mass species, 62 (m/z 1313.8), 117 (m/z 1327.8) and 118 (m/z 1341.8), which co-

elute with 27 during LC-MS/MS (Fig. 5.11). Components 62 and 117 were also 

identified in ion chromatograms for extracts from the VDG horizons. The retention 

time of 62 is almost identical to that of 27, whereas 117 and 118 have retention times 

which are slightly greater. Lipid 62 was selected for CID during LC-MS/MS of the 

extracts of the soil and the VDG IV-1b sediment and lipid 117 was selected for 

dissociation only during analysis of the soil extract. No MS/MS spectrum for lipid 

118 was obtained during analysis of any of the extracts. The MS/MS spectrum 

(Table 5.1) and retention time of 62 are consistent with those observed during LC-

MS/MS of H-shaped homocaldarchaeol in a lipid extract from MTH(ΔH) (see 

Section 3.2.3.3) allowing assignment to this structure. The MS/MS spectrum of 117 

(Fig. 5.12 and Table 5.1) contains product ions each shifted by +28 m/z units from 

those observed in the spectrum for 27 and by +14 m/z units from those observed in 

the spectrum of 62. Consequently, this lipid is likely to be a GMGTM lipid which 
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contains two carbons more than 27, probably located on the C-13 chain positions of 

the isoprenoid hydrocarbon. The assignments made are supported by the structures 

of C81 and C82 Cp ring-containing naphthenic tetraacids with respect to their C80 

analogues; rigorous structural characterisation showed that they are similarly 

methylated at C-13 chain positions (Lutnaes et al., 2006; 2007; Smith et al., 2007). 

Lipid 118 is probably a higher homologue of GMGT 27 which contains a C83 

hydrocarbon. 

 

 

Fig. 5.12. MS/MS spectrum (HCT) of GMGTM 117 ([M+H]
+
 m/z = 1327.8). As the 

position of the covalent link between the isoprenoid chains and placement of the 

additional methyl group are not known, the structure shown for 117 is based upon 

isoprenoid lipids containing C80 and C82 hydrocarbons reported previously (Morii et 

al., 1998; Lutnaes et al., 2007), but remains tentative nevertheless. 

 

5.2.4.3. Absence of GTGTM and GDDM lipids 

 

No alkyl chain-derived homologues of GTGT 3 were identified in any of the extracts 

investigated. Analyses of the extracts from VDG horizons X-1 and VII-1b using a 

scan range of m/z 50-900 indicated the identity of an early eluting component as 

GDD 1 on the basis of its retention time (see Fig. 5.31), [M+H]
+
 (m/z 653.6) and 

from a product ion at m/z 373 in the MS/MS spectrum (see Section 3.2.3.3). A 

corresponding chain methylated structural variant at nominal m/z 667 was not 

identified in either sediment. 
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5.2.4.4. Glycerol di- and trialkyl homoglycerol lipids 

 

Additional lipid components exhibiting [M+H]
+
 at m/z 1316.4 (119) and 1318.4 

(120) were observed in the base peak chromatograms for several of the VDG horizon 

extracts (e.g. horizon XI-1b; Fig. 5.13). CID of the [M+H]
+
 of 119 generated product 

ions in two regions of the MS/MS spectra, indicating a dialkyl-type tetraether 

structure (Fig. 5.14a). The [M+H]
+
 of lipid 120, on the other hand, produced product 

ions in three regions of the spectrum, confirming a trialkyl core-type structure (Fig. 

5.14b). The MS/MS spectrum of 119 shows product ions formed from losses of 

water (-18 Da; m/z 1297), C3H6O2 (-74 Da; m/z 1241) and [400]
0
 (-558 Da; m/z 757), 

losses also observed for 2, and abundant product ions at m/z 1245 and 1227, arising 

from unprecedented losses of 70 (C4H6O) and 88 Da (C4H6O + H2O) from the 

precursor, respectively. Fragment ions formed from neutral losses of water (m/z 

1297) or 88 Da (m/z 1227) from the [M+H]
+
 are also observed in the MS spectrum of 

119. Interestingly, product ions formed from the 70 and 88 Da losses in MS/MS 

(highlighted in bold in Fig. 5.14a) have m/z values identical to those formed after 

loss of C3H4O and/or a molecule of water from the [M+H]
+
 of 2. This suggests not 

only that 2 and 119 represent an homologous pair of lipids, but that the additional 

carbon atom in 119 is located somewhere on one of the glycerol head groups. CID of 

the [M+H]
+
 of 120 generated product ions formed via losses of an individual 

molecule of phytene (-280 Da; m/z 1037) or loss of this moiety with concerted loss 

of 1-2 molecules of water (-298 Da; m/z 1019 and -316 Da; m/z 1001), a 74 Da 

molecule (-354 Da; m/z 963) or an 88 Da molecule (-368 Da; m/z 949). Other 

product ions attributable to concerted losses of C3H4O, a 70 Da molecule, a second 

molecule of phytene or of biphytadiene from the [M+H]
+
 were also observed. 

Notably, all product ions for which loss of 70 Da or 88 Da molecules are implicated 

(highlighted in bold in Fig. 5.14b) have identical m/z values to ions formed from the 

[M+H]
+
 of 3 during CID. As such, 120 most likely represents a glycerol-modified 

homologue of 3. To distinguish the lipids containing the unusual modified glycerol 

moiety, they are henceforth referred to as homoglycerol tetraether lipids (dialkyl = 

GDHT; trialkyl = GTHT). 
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Fig. 5.13. Partial HCT LC-MS ion chromatograms for the lipid extract from VDG 

horizon VII-1b: a) ion chromatogram selecting for isoprenoid lipids and higher 

homologues; b) ion chromatograms selecting for specific isoprenoid higher 

homologues. 
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Fig. 5.14. MS/MS spectra (HCT) of: a) GDHT 119 ([M+H]
+
 m/z = 1316.4); b) 

GTHT 120 ([M+H]
+
 m/z = 1318.4). Insets show expansions of regions of the spectra. 

Ions in bold face were observed in the MS/MS spectra of GDGT 2 (for a) or GTGT 3 

(for b), whereas other ions are shifted +14 m/z units from ions in these spectra. The 

ion at m/z 711 in a) cannot be assigned into either of these categories. The nature of 

the homoglycerol group shown in the representative structures is unknown. 
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It is important to note that another possible explanation for the 14 Da variation in 

mass between the GDGT/GTGT and GDHT/GTHT lipids could be addition of a 

carbonylic oxygen to a carbon contained within or adjacent to one of the glycerol 

termini in 2 and 3. This possibility is unlikely, as such a modification would increase 

the hydrophilicity of the lipids and should lead to later elution times than for GDGT 

lipids, an effect observed in previous normal phase LC-MS analyses of ether and 

mixed ether/ester lipids in the eubacterial order Thermotogales (Damsté et al., 2007). 

Since 119 and 120 elute significantly earlier than 2 and 3, respectively, the 

modification distinguishing GDGT and GDHT lipids must increase the overall 

hydrophobicity of the molecules substantially. Addition of an extra carbon to the 

polar glycerol group, which is the functional group that undergoes the most 

significant interactions with the modified silanol groups of the normal phase column 

during the LC-MS separation, is consistent with this idea. Furthermore, the APCI 

MS spectra of mixed ether/ester lipids from the Thermotogales gave [M+H-18]
+
 

peaks as the base peak ions, whereas the base peak ion for tetraether lipids was the 

[M+H]
+
 (Damsté et al., 2007). These observations also support a lack of an ester 

functionality in 119-120, which definitively exhibit a clear [M+H]
+ 

in MS. In order 

to provide further evidence that the 14 Da difference relates to an additional CH2 

group as opposed to an additional oxygen atom, 119 was isolated preparatively via 

sequential collections during several consecutive LC-MS/MS analyses of the VDG 

VII-1b sediment extract. The enriched lipid fraction was tested for purity via direct 

infusion into the LCQ mass spectrometer, whereby 119 (m/z 1316.1) was found to be 

the dominant tetraether core component (Fig. 5.15). Subsequent MALDI Qh-FT-ICR 

MS of the isolate gave a mass spectrum containing a variety of peaks, including a 

peak of low abundance at m/z 1338.3181 (Fig. 5.16) and peaks for three higher 

isotopomers of this species. A simulation of the monoisotopic peak expected for a 

species with ionic composition C87H174O6Na
+
 (predicted accurate m/z = 1338.3203) 

shows a close match to the ion at m/z 1338.3181, with an m/z error of only 1.6 ppm 

(i.e. dashed line in Fig. 5.16). Simulation of the peak expected for C86H170O7Na
+
 

(predicted accurate m/z = 1328.2839), on the other hand, shows a poorer match, with 

an m/z error greater than 25 ppm (i.e. dotted line in Fig. 5.16). Similarly, the peaks 

predicted for higher isotopomers of C87H174O6Na
+
 show much closer matches to the 

experimental data measured for the higher isotopomers of the ion at m/z 1338.3181 
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than do the peaks predicted for the higher isotopomers of C86H170O7Na
+
. The FT-

ICR MS signal strength for the ion at m/z 1338.3181 was low, making conclusive 

assignment of its elemental composition difficult. Nevertheless, it is encouraging 

that an ion consistent with a lipid component of molecular formula C87H174O6 (i.e. a 

higher homologue of 2) may be present in the fraction enriched with GDHT 119, 

whereas an ion consistent with a lipid of formula C86H170O7 (i.e. a derivative of 2 

containing an additional carbonylic oxygen) could not be identified. 

 

 

Fig. 5.15. Direct infusion MS (LCQ) spectrum of a fraction enriched in GDHT lipid 

119 ([M+H]
+
 m/z = 1316.1), prepared from the lipid core fraction extracted from 

VDG VII-1b sediment. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.16. Monoistopic peak of a component observed in the Qh-FT-ICR mass 

spectrum of an enriched fraction of GDHT 119, prepared from the lipid core fraction 

extracted from VDG VII-1b sediment. Simulated peaks for C86H170O7Na
+
 and 

C87H174O6Na
+
 also shown. 

1000 1100 1200 1300

m/z

1316.1

979.9

1332.6

993.9965.9

1007.8

952.0

1194.7

1021.8

1035.8

1394.5

1245.9
1231.9

900 1400 1500

%

1000 1100 1200 1300

m/z

1316.1

979.9

1332.6

993.9965.9

1007.8

952.0

1194.7

1021.8

1035.8

1394.5

1245.9
1231.9

900 1400 1500

%

1338.3203
1338.2839

1338.3181

%

1338.34 1338.381338.301338.26

m/z

Measured
Simulated C86H170O7Na+

Simulated C87H174O6Na+

1338.3203
1338.2839

1338.3181

%

1338.34 1338.381338.301338.26

m/z

Measured
Simulated C86H170O7Na+

Simulated C87H174O6Na+



Chapter 5: Lipid core profiles of aquatic sediments and a terrestrial soil 

 
 

 277 

From consideration of the retention time of 119 relative to 2, O-methylation on 

glycerol can be ruled out as a possible source of the additional carbon in GDHT and 

GTHT lipids: lipid 51, a glycerol sn-1 methyl ether of 2 observed in other LC-

MS/MS analyses elutes significantly earlier than 119 (see Section 2.2.4). 

Furthermore, the methyl ether dissociates to lose methanol (-32 Da) during CID, a 

neutral loss that is not observed during dissociation of 119. These observations imply 

that the unique head group in 119 and 120 contains an additional saturated C-C bond 

compared with glycerol. Unfortunately, the precise nature and position of the 

homologation in 119 and 120 cannot easily be ascertained by LC-MS/MS, although 

a product ion at m/z 711, observed in the MS/MS spectrum of 119 (Fig. 5.14a), may 

potentially hold the key to elucidation of the position of the extra carbon within the 

homoglycerol group. This ion cannot be attributed to loss of any combination of 

molecules of water, C3H4O and biphytadiene from the [M+H]
+
 of 119. 

Consequently, it must arise from an unusual dissociation which is not accessible to 

the [M+H]
+
 of GDGT 2 and hence, be provided by dissociation of the only structural 

variation, the homoglycerol group, in 119. Apart from the product ions discussed 

already, no other ions formed from small molecule losses (<70 Da) were observed in 

the MS/MS spectrum of 119, indicating that this unusual homoglycerol scission does 

not, in itself, lead to any mass loss from the precursor, but merely provides 

opportunity for loss of a larger 604 Da fragment. Given that other product ions 

observed in the MS/MS spectrum indicate the presence of biphytanyl chains in the 

structure, the 604 Da molecule may be 1-ethoxy-biphyt-31-ene, lending support for a 

homoglycerol structure which is based on glycerol but with the additional carbon 

attached to an sn-3 carbon. Unfortunately, other structures based on a biphytanyl 

chain could also account for the 604 Da loss observed and, consequently, further 

studies will be required before the nature of the homoglycerol group can be fully 

determined.  

 



Chapter 5: Lipid core profiles of aquatic sediments and a terrestrial soil 

 
 

 278 

 

Fig. 5.17. a) Partial HCT LC-MS ion chromatograms for a lipid extract from a 

greenhouse soil, highlighting the presence of GDHT lipids. A chromatogram for 

GDGT 2 is provided for comparison; b) partial MS/MS spectrum (HCT) of GDHT 

123 ([M+H]
+
 m/z = 1309.8). 

 

GDHT 119 (m/z 1315.8) was also detected in the greenhouse soil, along with a series 

of components, 121 (m/z 1313.8), 122’ (m/z 1311.7), 122 (m/z 1311.8), 123 (m/z 

1309.8) and 124 (m/z 1307.7), which elute slightly later and exhibit [M+H]
+
 at m/z 

values that are approximate multiples of 2 m/z units less than that of 119 (Fig. 

5.17a). The MS/MS spectra of 121-123 and 122’ each show product ions formed 

from neutral losses of water and of 70 and 88 Da, confirming that each structure 

contains a homoglycerol group. The [M+H]
+
 of lipid 124 was not selected as a 

precursor for CID during LC-MS/MS. The MS/MS spectrum of 123 (Fig. 5.17b) was 

of sufficient signal strength to allow the alkyl chains in the structure to be tentatively 

assigned from the product ions observed. Ions at m/z 737 and m/z 735 are most 

probably formed from loss of [402]
1
 (-572 Da) and [401]

1
 (-574 Da) respectively, 

indicating a GDHT[401,402] structure. Although the MS/MS spectra of 121, 122 and 

122’ were of insufficient signal strength for the alkyl chains in these structures to be 

similarly assigned, the differences in retention times and the values of the [M+H]
+
 

compared with those of 119 and 123 indicate that they most likely represent GDHT 

lipids containing one or two Cp rings. Similarly, 124 is probably a GDHT lipid 
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which contains four Cp rings. Lipids 119 and 121-122 were also identified in the 

Oxford Clay extract but, in this case, solely on the basis of retention time and the m/z 

value of the [M+H]
+
 observed for each component. 

 

5.2.4.5. Absence of homoglycerol diether and monoalkyl tetraether lipids 

 

No components consistent with homoglycerol-containing variants of GMGT 27 were 

observed in any of the lipid extracts, either in the base peak chromatograms or in ion 

chromatograms selecting for m/z 1314 or 1328. Likewise, no homoglycerol-modified 

archaeol structures were observed in the analysis of the VII-1b extract using a scan 

range of m/z 50-900, despite this horizon showing the highest summed proportions 

of 119 and 120 of any sample. 

 

5.2.4.6. Higher GDHT homologues 

 

In some extracts, most notably in the VDG horizon III-1b extract, a lipid with a 

[M+H]
+
 at m/z 1330.4 (125) was observed to elute immediately before 119 in the 

LC-MS base peak chromatograms (e.g. Fig. 5.18). Dissociation of the [M+H]
+
 of 

125 generated product ions in two regions of the MS/MS spectrum (Fig. 5.19), 

including ions formed from loss of 0-3 molecules of water (m/z 1311, 1293 and 

1275), loss of 88 Da (m/z 1241) or from neutral loss of 84 Da with simultaneous 

losses of 0-2 molecules of water (m/z 1245, 1227 and 1209). Fragment ions formed 

from loss of water (m/z 1311) or 102 Da (m/z 1227) from the [M+H]
+
 were also 

observed in the MS spectrum of 125. Interestingly, the most favoured loss observed 

in both the MS and MS/MS spectra, that of 102 Da, generates a product with 

equivalent m/z value to that formed via loss of molecules of C3H4O and water from 2 

and of C4H6O and water from 119. Similarly, a product ion at m/z 669 in the 

spectrum of 125 could be attributable to neutral loss of 102 Da coupled with a 

simultaneous loss of 558 Da. This latter loss corresponds to expulsion of 1,31-

biphytadiene, a molecule typically lost from the [M+H]
+
 of 2 and 119 during CID. 

Other product ions generated from the [M+H]
+
 of 125 are also consistent with loss of 

biphytadiene in conjunction with various small molecule losses (i.e. water, C3H4O, 

84 Da fragment) discussed above and support a close structural relationship between 
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2, 119 and 125. The 84 Da neutral loss is most likely elimination of C5H8O which, in 

turn, implies that 125 contains two carbon atoms more than 2, both being located 

within the same modified glycerol group. As was observed following CID of the 

[M+H]
+
 of 119, a product ion at m/z 711 is present in the MS/MS spectrum of 125. 

In the latter case, the ion was found in greater prominence than product ions of 

similar m/z value. The presence of this ion in the MS/MS spectra of both 119 and 

125 suggests that they contain a common structural motif. This may indicate that 125 

loses 1-propoxy-biphyt-31-ene (as opposed to 1-ethoxy-biphyt-31-ene proposed as 

the loss from 119) during formation of the m/z 711 species. Accordingly, the 

tentative conclusion can be drawn that 125 represents a modification to structure 2 in 

which one of the sn-3 glycerol positions has been ethylated or dimethylated, an 

interpretation consistent with the elution order of 125, 119 and 2 in LC-MS. 

Irrespective of the precise structure, 125 is designated as a GDH2T lipid in order to 

clarify that one of the glycerol groups is homologated with two additional carbon 

atoms. 

 

 

Fig. 5.18. Partial HCT LC-MS base peak chromatograms (m/z 900-1500) for the 

lipid extracts from: a) VDG III-1b; b) VDG IV-1.9 sediments, highlighting the 

elution of components 125 and 126. 

 

A second lipid with [M+H]
+
 at m/z 1330.4 (126) elutes between 3 and 119 in the 

base peak chromatograms of some of the VDG lipid extracts, but is most obvious in 

the extract from  horizon IV-1.9 (Fig. 5.18b). During analysis of this extract, a weak 

MS/MS spectrum was obtained for the lipid (not shown). The spectrum shows two 

regions of product ions, and includes ions generated from losses of 1-3 molecules of 
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water (m/z 1311, 1293 and 1275) and of a 70 Da molecule (C4H6O) plus 1-2 

molecules of water (m/z 1241 and 1223). No ions consistent with loss of C3H4O or 

an 84 Da molecule (C5H8O) were observed, either with or without simultaneous 

water loss. Product ions formed from loss of neutral molecules that potentially 

contained one of the ether-bound alkyl chains were too weak to be assigned 

conclusively. The MS/MS data suggest that 126 does not contain an unmodified 

glycerol unit and, consequently, may have one extra carbon on each glycerol group 

than 2. This assignment remains tentative and requires verification. 

 

 

Fig. 5.19. MS/MS spectrum (HCT) of GDH2T 125 ([M+H]
+
 m/z = 1330.4) in the 

extract from VDG horizon III-1b. Inset shows expansion of a region of the spectrum. 

Ions in bold face were observed in the MS/MS spectrum of GDGT 2. Ions in italic or 

in standard font are shifted +14 or +28 m/z units from ions in the spectrum of 2, 

respectively. Ions enclosed in boxes cannot be assigned into any of these three 

categories. 

 

5.2.4.7. Significance 

 

The novel components of the extracts appear to relate to structures in which one, two 

or three extra carbon atoms have been added to previously reported tetraether lipids. 

Furthermore, the MS/MS spectra of some components indicate that these carbon 

atoms can be appendages either to the alkyl chains or glycerol moieties of known 
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isoprenoid tetraether structures. Methylation at a C-13 position of an isoprenoid 

chain at a late stage during biosynthesis was implicated as the source of the 

additional carbon in homocaldarchaeol (Section 3.2.3.6; Galliker et al., 1998). As the 

position of methylation appears to remain saturated throughout biosynthesis of the 

lipid, it is apparent that highly unusual C-methyltransferase enzymes may be utilised 

by some archaea to invoke structural changes to the simple core tetraether lipids 

initially formed during biosynthesis. Lipids 26 and 62 in the VDG extracts show 

retention times and MS/MS data consistent with those observed during analyses of 

MTH(ΔH), suggesting a similar methylation at the C-13 chain position. It is 

noteworthy that other C41 hydrocarbons which appear to be homologous structural 

variants of biphytane have also been identified in samples from environmental 

settings. A 3,7,11,11,15,18,22,26,30-nonamethyldotriacontanyl chain (Fig. 5.20a) 

was liberated following HI-LiAlH4 treatment of a polar lipid fraction isolated from 

an iron sulfide (Blumenberg et al., 2007). Although a GMD containing this 

hydrocarbon was also identified and was probably the main source of the alkyl chain, 

an additional GDGT source could not be discounted. A 3,7,11,15,18,22,26,30-

octamethyltritriacontanyl chain (Fig. 5.20b) has also been identified as a free 

hydrocarbon in Late Archaean sediments (Ventura et al., 2007; 2008). In this case, it 

was suggested that the hydrocarbon was derived as a product of the thermal cracking 

of the C80 hydrocarbon found in GMGT 27 (Ventura et al., 2008). Since substantial 

isomerisation of C40 biphytanes was noted in the same samples, it is also possible 

that the C41 chain found therein represents a rearrangement of an alternative chain 

containing the same number of carbon atoms. As such, the assignment of 26 and 62 

from the environmental extracts as C-13 methylated structures will require further 

supporting evidence, perhaps via direct analysis of the ether-bound hydrocarbon 

chains found within these structures. Structures 66, 114, 117 and 118 are most likely 

further modifications to structures 2 and 27 in which a second and, subsequently, 

third methyl group has been transferred to an isoprenoid hydrocarbon. The elution of 

117 and 118 later than 27 and 114 is noteworthy, as it implies that the di- and 

trimethylated structural variants of 27 are more hydrophilic than the monomethylated 

structure, unusual given that they contain more carbon atoms. Accordingly, the 

assignments remain tentative and further study into the structure of the lipids is 
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necessary. Similarly, structures 82-83 and 115-116, suggested to be ring-containing 

GDGTM lipids, are tentatively assigned and will require further verification.  

 

Isoprenoid chain methylation may also explain the presence of tetramethyl-, 

pentamethyl- and ethyltetramethylicosanes (Fig. 5.20c) in a Lower Albian black 

shale from France (Vink et al., 1998). These hydrocarbons were believed to have 

originated from ether lipids of archaeal origin, although only the pentamethylicosane 

(PMI) chain is formed via isoprenoid biosynthetic pathways known to operate in 

these organisms. The other chains would require some form of further modification, 

such as methylation or demethylation of PMI (Vink et al., 1998). This led the 

authors to conclude that the hydrocarbons may originate from an unsaturated 

tetramethylicosane-containing ether lipid intermediate, which is methylated to give 

PMI or ethyltetramethylicosane chain-containing lipid structures. 

Defunctionalisation of the homologous ether lipids formed during diagenesis would 

then provide the requisite hydrocarbon chains found in the shale. The tetraether lipid 

homologues identified here in the VDG sediments suggest that the chain 

methylations involved in modifications of the PMI chain need not, necessarily, have 

occurred at unsaturated carbons. 

 

 

Fig. 5.20. a) and b) show the structures of methyl-branched C41 alkyl chains 

identified previously in aquatic sediments (Blumenberg et al., 2007; Ventura et al., 

2007; 2008). c) shows the structures of polyalkylated icosanes identified in a Lower 

Albian shale (Vink et al., 1998). 

 

MS/MS evidence suggests that 119-123 are structures in which one of the terminal 

glycerol groups in 2, 3 and 14-16 has been appended with an additional carbon. 

Similarly, the MS/MS spectrum of 125 suggests that a second carbon may have been 
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added to one of the glycerols in 2. The nature of the homologation in the 

GDHT/GTHT lipids (i.e. methylene or methyl group) cannot be determined fully by 

MS/MS analysis and further studies will be required to verify the proposed 

structures. The modification of 2 and 3 to form 119, 120 and 125 via formation of 

saturated C-C bonds following cell senescence in the aquatic and terrestrial 

environments is highly unlikely given the inherent energetic unfavourability of the 

process. Consequently, the homoglycerol groups must be incorporated during lipid 

biosynthesis, or otherwise generated during this process by modification of a 

glycerol group. Unusual lipids based on non-glyceride head groups containing extra 

methylene groups have been observed in some eukaryotes. These include structures 

containing 1,2,4-butanetriol moieties (Vaver et al., 1964) which would be consistent 

with the MS/MS data observed for GDHT/GTHT lipids. Reports of these structures 

are, however, very rare and are unprecedented in archaea, suggesting that they are 

unlikely to be present among the archaeal lipids from the environmental samples. A 

more likely explanation for the unusual trihydric group in 119 and 120 would be an 

enzymatic C-methylation at one of the three carbons of a terminal glycerol group 

following the coupling of the two diether precursors to form 2 and 3. A subsequent 

methylation of 119 at the same end of the molecule could generate 125. 

Alternatively, 125 may be formed by a C-ethylation at one of the glycerols in 2. 

Given that alkyl chain methylation at a saturated lipid carbon may be performed by 

some archaea, similar late-stage modifications of a glycerol group are also plausible. 

The absence of homoglycerol-modified diethers in the VDG horizon VII-1b extract 

suggests that the novel C4 and C5 trihydric head groups in 119, 120 and 125 are not 

introduced into the lipids during the early stages of biosynthesis, although the 

possibility that their absence is the result of complete conversion of the 

homoglycerol diether lipids to 119, 120 and 125 in all of the organisms that express 

these components cannot be ruled out. Tentative MS/MS assignments suggest that 

the alkylations which generate GDHT lipids may occur on a carbon at an sn-3 

position of glycerol. Irrespective of their precise structure and mode of formation, 

the butan- and pentantriol groups found in GDHT lipids provide compelling 

evidence that precursors other than glycerol or calditol are utilised by archaea as 

scaffolds for membrane-spanning lipids. 
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Although the biogenic origin of the isoprenoid homologues is unclear, they probably 

originate from a variety of different archaea, especially considering the identification 

of GDGTM and GDHT lipids in samples from highly distinct environmental settings 

(i.e. sediments of different geological ages from two geographically distinct settings 

and in a modern day terrestrial soil). The identification of the lipid homologues in 

the soil indicates that chain methylation, and possibly glycerol methylation, can be 

utilised by mesophilic archaea as a process to modify tetraether structure. As 

monoalkyl tetraether lipids containing a homoglycerol group were not detected in the 

VDG lipid extracts, it is possible that homoglycerol-containing lipids and monoalkyl 

tetraether lipids are produced by distinct groups of organisms. 

 

A novel tetraether lipid core with [M+H]
+
 at m/z 1315.8 was recently identified in a 

diglycosylated polar lipid isolated from surface sediments in the Peru Margin (Lipp 

and Hinrichs, 2009). The authors assigned the lipid core as a GDGT containing one 

Cp ring and bearing a hydroxyl group at the C-3 position of a biphytanyl chain. 

GDGTM 26 and GDHT 119 in the aquatic sediments investigated in the present study 

both exhibit [M+H]
+
 at the same nominal m/z value as the Peruvian lipid core. As 

such, it is possible that either structure could alternatively be the core of the 

diglycosidic lipid. 

 

5.2.5. Non-isoprenoid tetraether lipids 

 

5.2.5.1. Known non-isoprenoid tetraether lipid components 

 

The LC-MS base peak chromatogram of the lipid extract from the greenhouse soil 

shows a series of abundant peaks relating to lipids which elute after isoprenoid 

GDGT lipids 24 and 27 but before the IPA composition of the eluent exceeds 2% 

(Fig. 5.21a). These include lipids 36 (m/z 1049.7), 35 (m/z 1035.7) and 34 (m/z 

1021.7), which have been reported previously to be GDGT lipids containing the non-

isoprenoid hydrocarbon chains 13,16-dimethyloctacosane ([300]) and/or 5,13,16-

trimethyloctacosane ([310]) (Section 1.3.2; Damsté et al., 2000).  
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The MS/MS spectrum of 35 (Fig. 5.22a) exhibits product ions formed via loss of 1-3 

molecules of water (e.g. m/z 1017 and 999) and/or a molecule of C3H4O (e.g. m/z 

961 and 943), consistent with the losses observed from isoprenoid GDGT lipids 

(Chapters 2 and 3). In addition, product ions at m/z 617 and m/z 603 relate to losses 

of [300]
0
 (-418 Da) and [310]

0
 (-432 Da) from the [M+H]

+
 of 35, respectively, 

consistent with the alkyl chains reported previously for the lipid. The MS/MS 

spectrum of 34 (Fig. 5.22b) exhibits a product ion at m/z 603, relating to loss of 

[300]
0
 (-418 Da), again consistent with the reported structure of the lipid. The 

MS/MS spectrum of 36 (Fig. 5.22c), on the other hand, shows product ions at m/z 

631, 617 and 603, representing losses of, in turn, [300]
0
 (-418 Da), [310]

0
 (-432 Da) 

and [320]
0
 (-446 Da). The product ions observed suggest that 36 (GDGT[310,310]) 

may be accompanied by a second co-eluting isomer (36*; GDGT[300,320]) which is 

also present in the soil extract. 

 

Lipids 38 (m/z 1033.7), 41 (m/z 1031.7), 37 (m/z 1019.7) and 40 (m/z 1017.7) were 

identified in individual ion chromatograms for the soil extract (Fig. 5.21b), 

exhibiting retention times and [M+H]
+
 consistent with GDGT structures containing 

13,16-dimethyloctacosane and/or 5,13,16-trimethyloctacosane chains exhibiting 0-2 

incorporated Cp rings (Section 1.3.2; Schouten et al., 2000; Weijers et al., 2006a). 

Cp ring-containing derivatives of 36 (i.e. 39 and 42), also identified in previous 

analyses of lipid extracts from peats (Weijers et al., 2006a), were not detected in the 

soil sample. The MS/MS spectrum of 37 (Fig. 5.22d) exhibits product ions at m/z 

603 and m/z 601, formed from loss of [301]
0
 (-416 Da) and [300]

0
 (-418 Da), 

respectively. The MS/MS spectrum of 40 (Fig. 5.22e), on the other hand, exhibits a 

product ion at m/z 601 only, indicative of loss of [301]
0
 from the precursor. Both 

spectra are consistent with the structures assigned previously for 37 and 40 (Weijers 

et al., 2006a). Lipids 38 and 41 were concealed by co-elution with more abundant 

lipids 34 and 37, respectively. As a consequence, MS/MS spectra were not obtained 

for these components. 
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Fig. 5.21. HCT LC-MS ion chromatograms for the lipid extract from a greenhouse 

soil; a) base peak chromatogram (m/z 900-1500); b) individual ion chromatograms, 

highlighting the presence of GDGT lipids containing non-isoprenoid hydrocarbon 

chains. 
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Fig. 5.22. (opposite) MS/MS and partial MS/MS spectra (HCT) of GDGT lipids 

containing non-isoprenoid alkyl chains, identified in the lipid extract from a 

greenhouse soil: a) 35 ([M+H]
+
 m/z = 1035.7). Inset shows expansion of a region of 

the spectrum; b) 34 ([M+H]
+
 m/z = 1021.7); c) 36/36* ([M+H]

+
 m/z = 1049.7); d) 37 

([M+H]
+
 m/z = 1019.7); e) 40 ([M+H]

+
 m/z = 1017.7).  
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5.2.5.2. CnH2nO6 & CnH2n+3O5 homologous series of non-isoprenoid ether lipids 

 

A series of components exhibiting [M+H]
+
 values between nominal m/z 965 and 

1273 were observed in the extracts from the VDG samples, most easily visualised in 

chromatograms for the VDG X-1 extract (Fig. 5.23a), where their abundance is high 

and co-occurring isoprenoid tetraether lipid complexity is low. Individual ion 

chromatograms indicate that many of these components lie within two homologous 

series, with molecular formulae of either CnH2nO6 or CnH2n+3O5 (Fig. 5.23b). The 

retention times of components from both series suggest that they may be further 

categorised into a series of eleven structurally distinct classes (Classes A-L). The 

majority of the components provided the base peak ion in an MS scan during 

analysis of at least one VDG horizon extract, allowing MS/MS spectra to be 

obtained. Other components, concealed under co-occuring, more abundant 

isoprenoid lipids were selected during LC-MS/MS analysis of the extract from the 

X-1 horizon using a truncated MS scan range of m/z 900-1270, chosen to exclude the 

majority of the isoprenoid lipid components. Some components were still not 

selected using the modified scan range and, consequently, are categorised solely on 

the basis of [M+H]
+
 and relative retention time. The classification system is 

supported by the MS/MS data obtained, which show that components from each 

class, where selected for CID, undergo some common and some unique neutral 

losses, confirming that each represents a tetraether or modified tetraether structure 

containing non-isoprenoid alkyl chains. These characteristic losses are summarised 

in Tables 5.2 and 5.4 and are discussed individually. 
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Fig. 5.23. HCT LC-MS ion chromatograms for a lipid extract from VDG horizon X-

1, highlighting non-isoprenoid lipids with elemental composition CnH2nO6 or 

CnH2n+3O5: a) ion chromatogram (m/z 900-1275) selected to exclude the majority of 

isoprenoid lipid components. The elution times of GTGT 3, GDGTs 2 and 24 and 

GDT 58 are included for comparison; b) individual ion chromatograms. Components 

labelled in a box were not observed in the chromatogram for the X-1 horizon, but 

were observed in those for other horizons from the VDG evaporitic sequence. 
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Table 5.4. Product ions
a
 observed in the MS/MS spectra obtained for lipids in 

Classes A-J identified in VDG sediment. 

 

   
Class A 

(Methyl ether) 
 

Class C 

(GDH2T) 

 
Class D 

(GDHT) 

   2 3 4+4* 5 6  2 3 4 5  2 3 4 5 6 

Molecules lost 
Loss 
(Da) 

[M
+

H
]+

 

(n
o

m
in

al
) 

1
2
3
1
 

1
2
1
7
 

1
2
0
3
 

1
1
9
9
 

1
1
7
5
 

 

1
2
5
9
 

1
2
4
5
 

1
2
3
1
 

1
2
1
7
 

 

1
2
4
5
 

1
2
3
1
 

1
2
1
7
 

1
2
0
3
 

1
1
8
9
 

H2O -18  +a + + + +  + + + +  + + + + + 

MeOH -32  + + + + +            

2H2O -36        + + + +  + + + + + 

MeOH + H2O -50  + + + + +            

3H2O -54        + + + +  + + + +  

C3H4O -56  + + + + +            

MeOH + 2H2O -68   + + +             

C4H6O -70             + + +   

4H2O? -72        + + + +       

C3H4O + H2O -74  + + + + +       + + + +  

C5H8O -84        + + + +       

C3H4O + MeOH -88  + + + + +            

C4H6O + H2O -88             + + + + + 

C3H4O + 2H2O -92                  

C5H8O + H2O -102        +b + + +       

? -102             + + +   

? -104        + + + +       

C3H6O2 + MeOH -106  + + + + +            

C4H6O + 2H2O -106             + + + +  

C3H4O + 3H2O? -110        + + + +       

C5H8O + 2H2O -120        + + + +       

[300]
0 -418                  

[310]
0 -432                  

[320]
0 -446                  

[330]
0 -460                  

[340]
0 -474                  

[350]
0 -488    + + +            

[360]
0 -502   + + +     x x    x x  

[370]
0 -516  + + +    x x x   x x x   

[380]
0         x     x     

 

 

a (+) = Product ion observed in the MS/MS spectrum; (x) = Product ion not observed, but same alkyl chain composition 

inferred from other product ions in the MS/MS spectrum. 

b Product ions shaded grey (where shown) represent the ion consistently observed as the base peak ion in MS/MS. 
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Table 5.4. (cont.) 
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5.2.5.2.1. Class J  – GDGT lipids containing C29 to C35 alkyl chains 

 

Three components identified in the ion chromatograms for the VDG extracts, J8-

J10, elute with retention times, and exhibit [M+H]
+ 

consistent with non-isoprenoid 

tetraether lipids 34-36 (Fig. 5.23b). The MS/MS spectrum of J8 contains the same 

product ions as were observed during CID of the [M+H]
+
 of 36 and co-eluting 

isomer 36* (Fig. 5.22c) indicating that J8 may comprise the same mixture of isomers 

(i.e. J8 = 36; J8* = 36*). By contrast, the MS/MS spectrum of J9 (e.g. from the 

VDG IV-1.9 sample; Fig. 5.24a) is different to that obtained from the [M+H]
+
 of 35 

(greenhouse soil; Fig. 5.22a). The [M+H]
+
 of J9 (m/z 1036.1) dissociates to lose 

[300]
0
 (-418 Da; m/z 617) and [310]

0
 (-432 Da; m/z 603), losses also observed from 

the [M+H]
+
 of 35. In addition, several other ions were also observed in the MS/MS 

spectrum of J9 which cannot have originated from the [M+H]
+
 of 35 given its 

reported structure. As such, J9 (GDGT[300,310]) appears to be accompanied by a co-

eluting isomer of unknown structure. Similarly, the MS/MS spectrum of J10 (e.g. 

from the Oxford Clay sample; Fig. 5.24b) contains product ions formed from losses 

of [300]
0
 (-418 Da; m/z 603), [300]

1
 (-436 Da; m/z 585) and [300]

2
 (-454 Da; m/z 567) 

as were observed in the spectrum of 34 (Fig. 5.22b), but also contains other ions that 

were absent from the latter, presumably originating from a co-eluting isobar. 

 

Fig. 5.24. Partial MS/MS spectra (HCT) of: a) J9 (VDG IV-1.9; [M+H]
+
 m/z = 

1036.1); b) J10 (Oxford Clay S90-11; [M+H]
+
 m/z = 1022.1). 
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On the basis of the relative retention times of the components, J8-J10 appear to lie 

within a continuous homologous series of lipids which includes components J1-J7 

and J11-J12 (Fig. 5.23b). All other components within this series for which MS/MS 

spectra could be obtained generated product ions formed from loss of 1-3 molecules 

of water and/or a molecule of C3H4O, with particular alkyl chains also lost as dienes 

in each case (Table 5.4). The MS/MS spectral evidence indicates that J2-J10 are 

GDGT lipids containing C30-C34 alkyl chains. By proxy, J1 presumably has a 

GDGT[340,350] structure. Likewise, J11 and J12 probably have GDGT[290,300] and 

GDGT[290,290] structures, respectively. The MS/MS spectrum obtained for J4 

([M+H]
+
 m/z = 1106.1) indicates losses of [320]

0
, [330]

0
 and [340]

0
 during CID 

(Table 5.4), suggesting that the component has a GDGT[330,330] structure and has a 

co-eluting isomer (designated J4*) with a GDGT[320,340] structure. An ion 

chromatogram which selects for J4 and J4* in the extract from the VDG IV-1.9 

horizon shows an earlier eluting species with the same nominal m/z (Fig. 5.25), 

possibly representing a third isomer, although no MS/MS spectrum was obtained for 

this component. 

 

 

 

 

 

 

 

Fig. 5.25. Partial HCT ion chromatogram for a lipid extract from VDG horizon IV-

1.9, indicating the presence of an isomer of J4 and J4* ([M+H]
+
 m/z = 1106.1). 

 

5.2.5.2.2. Classes G and H  – GDGT lipids containing C34 to C38 alkyl chains 

 

Two other classes of components, Class G (G1-G6) and Class H (H1-H7), were 

identified in the ion chromatograms for the VDG extracts (Fig. 5.23b). The 

components for which MS/MS spectra were obtained show losses of 1-3 molecules 

of water and/or a molecule of C3H4O and also lose specific alkyl chains as dienes 

(Table 5.4). The sole exception, H7, gave a very weak MS/MS spectrum in which 

Relative retention time

m/z 1105.5-1106.5

J4 + J4*

3rd isomer?
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product ions formed from loss of water with or without simultaneous loss of C3H6O2 

are the only ions which can be interpreted reliably. These data indicate that the Class 

G and H components are GDGT lipids containing C34-C37 alkyl chains. By way of 

example, the MS/MS spectrum (Fig. 5.26) of G3 ([M+H]
+
 m/z = 1204.3) contains 

product ions at m/z 701 and m/z 687, formed from loss of [360]
0
 (-502 Da) and [370]

0
 

(-516 Da), respectively. Consequently, G3 is assigned to a GDGT[360,370] structure.  

 

 

Fig. 5.26. MS/MS spectrum (HCT) of G3 (VDG X-1; [M+H]
+
 m/z = 1204.3). Inset 

shows expansion of a region of the spectrum.  

 

The MS/MS spectrum (Fig. 5.27a) of component G4 ([M+H]
+
 m/z = 1190.2) shows 

product ions at m/z 701 and 673 formed from losses of [350]
0
 (-488 Da) and [370]

0
 (-

516 Da) alkyl chains, respectively. This would indicate a GDGT[350,370] structure 

for the lipid, consistent with GDGT 50, which has been identified previously in 

VDG sediment (Schouten et al., 2000). The MS/MS spectrum (Fig. 5.27b) of 

isobaric lipid H3 ([M+H]
+
 m/z = 1190.3) shows a product ion at m/z 687 formed 

from loss of [360]
0
 (-502 Da), indicating that it has a GDGT[360,360] structure. At 

first sight, product ions at m/z 687 and m/z 669 in the MS/MS spectrum of G4 

suggest loss of [360]
0
 and [360]

1
 (-520 Da) from the [M+H]

+
 of the lipid. On the 

contrary, these ions are probably attributable to a contribution from ions formed 

from the [M+H]
+
 of H3, on account of the lack of full chromatographic resolution of 

H3 from G4 during LC-MS/MS.  
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Fig. 5.27. Partial MS/MS spectra (HCT) of: a) G4 (VDG IV-1.1; [M+H]
+
 m/z = 

1190.2); b) H3 (VDG X-1; [M+H]
+
 m/z = 1190.3).  

 

Individual ion chromatograms (m/z 1189.5-1190.5) for some of the extracts from the 

VDG horizons indicate that, in addition to G4 and H3, a third isobar eluting 

marginally before G4 may also be present (e.g. VDG horizon IV-1.2; Fig. 5.28). 

Although no supporting MS/MS spectra was obtained for this lipid, it may represent 

an isomeric GDGT structure. 

 

 

 

 

 

 

 

Fig. 5.28. Partial HCT ion chromatogram for a lipid extract from VDG horizon IV-

1.2, indicating the presence of a possible additional isomer of G4 and H3 ([M+H]
+
 

m/z = 1190.2). 

 

5.2.5.2.3. Classes A and B – GDGT methyl ethers 

 

Class A and B components elute significantly before GTGT 3 during LC-MS/MS 

(Fig. 5.23b). Components within each class exhibit poor chromatographic resolution, 

although the two classes are well resolved from one-another. MS/MS spectra were 
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obtained for A2-A6 but spectra obtained for Class B components were invariably too 

weak to be used for structural assignment. The MS/MS spectra of A2-A6 (Table 5.4) 

contain product ions in two distinct spectral regions and include those formed from 

loss of methanol (-32 Da). These data suggest dialkyl-type tetraether core structures 

for the Class A components, with the terminal hydroxyl in one glycerol moiety 

modified as a methyl ether and the other glycerol moiety unchanged. Furthermore, 

the early elution times of these components relative to the native structure are 

consistent with those observed for 51, an artificial methyl ether of 2 (Section 2.2.4).  

 

Peaks A2-A6 also show product ions in MS/MS formed from losses of C35-C37 alkyl 

chains as dienes (Table 5.4). Interestingly, the alkyl chains in each structure are the 

same as those identified in Class G and H GDGT components which contain, in 

total, one carbon atom less. This suggests that the Class A components are probably 

methyl etherified derivatives of the Class G and H components. On the basis of the 

[M+H]
+
 and relative retention times of Class B components in relation to Class J 

components, they most likely represent the methyl etherified derivatives of J3-J10. 

 

5.2.5.2.4. Classes D and F  – GDHT lipids 

 

Components in Classes D and F exhibit retention times suggestive of an intermediate 

polarity to Class A-B and Class G-J components (Fig. 5.23b). Class F components 

were concealed via co-elution with members of Class G, resulting in an absence of 

accumulated MS/MS data for this compound class, even following the re-analysis of 

the VDG X-1 horizon extract using a restricted MS scan range. MS/MS spectra for 

all Class D components apart from D1 were obtained (Table 5.4). CID of the 

[M+H]
+
 of D2-D6 resulted in product ions in two distinct regions of the MS/MS 

spectra, suggesting dialkyl-type core structures. Typically, the protonated molecules 

of Class D components expelled a 70 Da molecule, with additional losses of one (88 

Da) or two (106 Da) molecules of water, amongst other molecules lost during CID. 

These losses are identical to those observed from the [M+H]
+
 of GDHT 119 (Section 

5.2.4.4), indicating that Class D components are GDHT lipids. Product ions formed 

from loss of 102 Da were also observed in the MS/MS spectra of some Class D 

lipids, a loss which was not observed from the [M+H]
+
 of 119 during CID. Fragment 
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ions formed from the loss of water and 88 Da are also observed in the MS spectrum 

of each Class D GDHT lipid. The MS ion currents obtained for the [M+H]
+
 of Class 

F components were too weak for similar fragment ions to be confirmed. 

 

Product ions relating to neutral losses of [N0]
0
 and being consistent with the [M+H]

+
 

of each lipid were absent from the MS/MS spectra of Class D components, making 

assignment of the alkyl chains difficult. The lowest m/z value at which a prominent 

product ion is observed in the MS/MS spectrum of GDHT 119 is m/z 557 (Fig. 

5.14a). This ion is also observed in the MS/MS spectrum of GDGT 2, where it was 

assigned as C40H77
+
 (Fig. 2.6 and Section 2.2.9.5). Considering that a [400] chain was 

identified in GDHT 119 (Section 5.2.4.4), the ion at m/z 557 in the MS/MS spectrum 

of the isoprenoid GDHT lipid is, most likely, also C40H77
+
. As this low m/z ion 

signifies the number of carbons in the constituent alkyl chains within GDHT 119, the 

two prominent product ions at lowest m/z in the MS/MS spectra of D2-D5 can allow 

tentative identification of the two alkyl chains within each Class D component. For 

example, the two lowest m/z ratios for prominent ions observed in the MS/MS 

spectrum of D2 are at m/z 515 and 529; 42 and 28 m/z units less than m/z 557. This 

indicates that one alkyl chain in D2 contains 37 carbon atoms, whilst the other 

contains 38 carbon atoms, indicating a possible GDHT[370,380] structure. Similar 

assignment of D3-D5 indicates that they represent GDHT lipids containing alkyl 

chains comprising 36 or 37 carbon atoms (Table 5.4). Interestingly, with the 

exception of D1, the [M+H]
+
 of each Class D component is shifted +14 m/z units 

from components in Classes G and H which contain the same alkyl chains. It is 

possible, therefore, that D2-D6 represent the GDHT analogues of the Class G or H 

GDGT components. Given the retention times of Class F components relative to 

Class J components, they may represent GDHT analogues of J3-J6. 

 

5.2.5.2.5. Classes C and E – GDH2T lipids 

 

Components in Classes C and E elute marginally earlier during LC-MS/MS of the 

VDG extracts than isobaric components in Classes D and F, respectively (Fig. 

5.23b).  Component C1 (nominal m/z 1273) was identified in some horizons but was 

absent in horizon X-1, explaining its absence in the chromatograms shown in Fig. 
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5.23b. Tandem MS spectra for C2-C5 were obtained in conventional LC-MS/MS 

analyses. By contrast, peaks for Class E components lie under those of isoprenoid 

GDGT lipids and required re-analysis (MS scan range m/z 900-1270) of the X-1 

horizon extract to obtain spectra for E1-E3. In nearly all cases, CID of the [M+H]
+
 

of Class C or E components gave rise to loss of an individual 84 Da molecule, with 

one (102 Da) or two (120 Da) additional molecules of water also being lost (Table 

5.4). Fragment ions formed from loss of water or 102 Da are also observed in the 

MS spectrum of each component. Loss of 84 and 102 Da, characteristic losses 

observed during CID of the [M+H]
+
 of GDH2T lipid 125 (Section 5.2.4.6), indicate 

that Class C and E components are non-isoprenoid GDH2T lipids. 

 

As noted for Class D lipids, no product ions consistent with loss of [N0]
0
 were 

observed in the MS/MS spectra of Class C and E components. Given that the 

MS/MS spectrum of GDH2T 125 (Fig. 5.19) contains a product ion at m/z 557, most 

likely corresponding to a C40H77
+
 ion, the nature of the alkyl chains in C2-C5 was 

inferred from the two lowest m/z values of prominent product ions in the MS/MS 

spectrum of each, as outlined in Section 5.2.5.2.4. For example, low m/z product ions 

in the spectrum of C3 are observed at m/z 515 and m/z 533. The former is 42 m/z 

units less than m/z 557, suggestive of an ion containing 37 carbon atoms, and the 

latter is +18 m/z greater than the former, indicating that the ion formally contains an 

additional molecule of water. These ions suggest that C3 contains two alkyl chains 

with 37 carbon atoms and, consequently, suggests that C3 has a GDH2T[370,370] 

structure. Similarly, C2 and C4-C5 are assigned to structures with alkyl chains 

containing 36-38 carbon atoms, and E1-E3 to structures with chains containing 32-

33 carbons (Table 5.4). 

 

Components within Class C for which alkyl chains could be assigned exhibit 

[M+H]
+
 shifted by +28 m/z units from those of components in Classes G and H 

containing the same alkyl chains. This strongly suggests that the Class C components 

may be GDH2T homologues of Class G or H GDGT lipids. The only possible 

exception is C1, for which a GDGT analogue was not identified in any of the VDG 

horizons examined. Class E components, likewise, are most probably GDH2T 

homologues of Class J GDGT lipids. 
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5.2.5.2.6. Classes K and L – GDT lipids 

 

A number of components of the homologous series elute in the ion chromatograms 

for the VDG extracts later than GDT 58 (Fig. 5.23b). Many of the late eluting 

compounds are chromatographically resolved into two apparent classes (Classes K 

and L). The MS/MS spectra of components in each class (Table 5.2) show product 

ions formed from losses of 1-2 molecules of water but do not show ions formed from 

loss of [N0]
0
. Interestingly, losses of [N0]

1
 were observed from the [M+H]

+
 of each 

lipid for which a reliable MS/MS spectrum could be obtained, indicating that they 

can all lose a hydroxylated alkenyl chain. Furthermore, the number of carbon atoms 

in the chains lost from each Class K or L lipid were found to be the same as those 

lost as [N0]
0
 from lipids within Classes G-J, which exhibit [M+H]

+
 values 56 m/z 

units greater. This relationship mirrors that observed between GDGT 2 and GDT 58, 

which have [M+H]
+
 which differ by 56 m/z units and lose biphytadiene and 1-ene-

biphtyan-32-ol, respectively, as the smallest biphytanyl chain-bearing molecules 

during CID (see Sections 2.2.5.2 and 5.2.3.2). The relative retention times of Class K 

and L components and their Class G-J relatives also compare favourably with those 

of GDT 58 and GDGT 2. Consequently, Class K and L lipids probably represent 

GDT counterparts of GDGT lipids in Classes G-J. Although nearly all spectra for 

Class K and L lipids are consistent with this assignment, the spectrum of K3 shows 

product ions formed from loss of [360]
1
. On the basis of MS/MS evidence, the C36 

alkyl chain implicated by this loss is absent in G4, the most likely GDGT structural 

relative. Similarly, the MS/MS spectrum of L3 contains product ions formed from 

loss of [350]
1
 and [370]

1
 during CID, both of which represent alkyl chains that are not 

lost from the [M+H]
+
 of H3, its most likely GDGT relative. Until these anomalies 

can be better explained, the assignment of Class K and L components remains 

tentative. 
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5.2.5.3. CnH2n-2O6 & CnH2n+1O5 homologous series of non-isoprenoid ether lipids 

 

Other components, with molecular formulae of CnH2n-2O6 or CnH2n+1O5 form third 

and fourth, albeit more limited, homologous series within the VDG sediment 

extracts. The components appear to be distributed temporally into three classes 

(Classes R-T) and are most easily visualised in ion chromatograms for the horizon 

III-1b extract (Fig. 5.29). MS/MS spectra for many of the components were obtained 

during LC-MS/MS analysis of the extract of at least one VDG horizon (Tables 5.1 

and 5.2). The distinct spectral features of each class are discussed individually. 

 

5.2.5.3.1. Class R – GDGT lipids containing one Cp ring 

 

Ion chromatograms at 2 m/z units less than the [M+H]
+
 of identified Class G-J 

components (Fig. 5.29b) revealed two components, R1 and R2, in several of the 

VDG extracts. Lipid R1 elutes immediately after J9 and exhibits a [M+H]
+
 at 2 m/z 

units less. Similarly, lipid R2 elutes slightly later than J10 and also shows a [M+H]
+
 

two m/z units lower than the Class J component. The retention times and [M+H]
+ 

of 

R1 and R2 are consistent with those of GDGTs 38 and 37, respectively. 

Furthermore, the MS/MS spectrum of R2 exhibits product ions formed from loss of 

[300]
0
 and [301]

0
, also consistent with that of 37 (Fig. 5.22d). Thus, Class R 

comprises a set of GDGT lipids containing one cyclopentyl ring, located on one of 

the alkyl chains. 
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Fig. 5.29. HCT LC-MS ion chromatograms for a lipid extract from VDG horizon III-

1b: a) ion chromatogram (m/z 900-1275) selected to exclude the majority of 

isoprenoid lipid components. The elution times of GTGT 3, GDGTs 2 and 24 and 

GDT 58 are included for comparison; b-d) individual ion chromatograms 

highlighting the presence of non-isoprenoid lipid components with elemental 

composition CnH2n-2O6 or CnH2n+1O5 (b), CnH2n-4O6 (c) or CnH2n+2O6 (d). 
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5.2.5.3.2. Class S – GMGT lipids 

 

Class S components begin to elute as the proportion of IPA in the eluent approaches 

2%, with the majority eluting at higher elutropic compositions (Fig. 5.29b). Eight 

components (S1-S8) within this class were identified in the VDG extracts, with 

horizon III-1b extract showing the highest relative levels of the Class S components. 

As was observed for components in Class R, lipids S1-S8 similarly exhibit [M+H]
+
 

at approximately 2 m/z units less than components of Class J, suggesting that they 

are also dehydrogenated counterparts. The MS/MS spectra of five Class S 

components (S1-S4 and S8) were obtained during LC-MS/MS analysis of the VDG 

extracts, with the spectra for S7-S8 also being obtained from the analysis of the 

greenhouse soil extract (Table 5.1). Each spectrum (e.g. S8; Fig. 5.30) shows product 

ions formed from losses of 0-4 molecules of water and/or 1-2 molecules of C3H4O 

and via other neutral losses, many of which cannot currently be attributed to specific 

molecules. Additional product ions formed from losses of 148, 150, 152, 154 and 

186 Da were also observed following CID of each component, but are omitted from 

Table 5.1 in the interests of simplicity. No product ions consistent with losses of C30-

C38 alkene or diene molecules from the precursor were observed in any case. Such 

extensive loss of small neutral molecules from the precursors, coupled with the 

inability to lose an alkyl chain following CID is indicative of a GMGT core type (see 

Sections 2.2.4.2.4 and 4.2.2.1). Thus, Class S components are most likely structural 

variants of Class J lipids in which the two composite alkyl chains have been 

conjoined by a covalent bond, generating C60-C61 (S7-S8) or C64-C69 (S1-S6) 

hydrocarbons. Structural appendage of this nature would account for the requisite 

reduction in the m/z values of the [M+H]
+
 and explain the observed increases in the 

retention times of Class S components compared with Class J components; both 

effects were noted previously for isoprenoid GMGT lipids and their GDGT 

counterparts (Chapters 2-4 and Schouten et al., 2008a; 2008b). It is important to note 

that lipids S1 and S2 could also be related to Class H components, H6 and H7, 

respectively, given the [M+H]
+
 observed for the latter pair. In all VDG samples, the 

S1:S2 ratio (calculated from LC-MS peak areas) more closely resembles the J1:J2 

ratio than the H6:H7 ratio, suggesting that S1 and S2 are more likely derived from or 

related to Class J lipids. An additional component with [M+H]
+
 at m/z 1047.6, which 
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elutes immediately before S7, was also observed in an ion chromatogram for the soil 

extract, hinting that a GMGT structural relative of GDGT J8 may also be present in 

the sample. Unfortunately, no MS/MS spectrum was obtained for this component. 

 

 

Fig. 5.30. MS/MS spectrum (HCT) of S8 (VDG III-1b; [M+H]
+
 m/z = 1020.1). 

 

5.2.5.3.3. Class T – GMT lipids 

 

Five very late eluting components, T1-T4 and T4’, were identified in the ion 

chromatograms for some of the VDG extracts (Fig. 5.29b) and also in the S90-11 

Oxford Clay extract (Fig. 5.9). MS/MS spectra obtained during analysis of the 

Oxford Clay extract indicates that the components typically lose up to four 

molecules of water and/or a molecule of C3H4O during CID of their [M+H]
+
 (Table 

5.2). Product ions formed from additional neutral losses of 94, 96, 112 and 114 Da 

were also observed for some of the Class T components. Not all of the neutral losses 

were observed in the MS/MS spectrum of each component, probably on account of 

the relatively low MS/MS ion currents obtained for each. Nevertheless, the neutral 

losses observed are consistent with those observed from the [M+H]
+
 of GMT lipids 

90-94 (see Sections 4.2.4.1 and 5.2.3.2). Furthermore, each Class T component has a 

[M+H]
+
 at 56 m/z units less than a component in Class S, consistent with the 

difference in m/z values between GMGT lipids 27-31 and structurally related GMT 

lipids 90-94 (Chapter 4 and Section 5.2.3.2). The strong retention of Class T 

components, which elute after GMT 90, is also consistent with the elution of non-
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isoprenoid GMGT lipids (Class S) later than isoprenoid GMGT lipid 27. 

Consequently, Class T components appear to represent GMT lipids comprising C66-

C68 (T1-T3 inclusive) or C60 (T4 and T4’) non-isoprenoid alkyl chains. The latter 

pair of lipids probably represent isomeric GMTs, each structurally related to GMGT 

S8, although the nature of the isomerism is unclear on the basis of the MS/MS 

evidence obtained. 

 

5.2.5.4. CnH2n-4O6 & CnH2n+2O6 homologous series of non-isoprenoid ether lipids 

 

Components belonging to a fifth and a sixth homologous series, with molecular 

formulae CnH2n-4O6 and CnH2n+2O6, respectively, were observed in the 

chromatograms for the VDG sediments (e.g. horizon III-1b;  Fig. 5.29c-d) and 

categorised into two further classes (Class U and V). Unfortunately, no reliable 

MS/MS spectra were obtained for components in either class using either a 

conventional MS scan range (m/z 900-1500) or a truncated scan range (m/z 900-

1200) specifically chosen to isolate Class V components for CID. 

 

5.2.5.4.1. Class U – GDGT lipids containing two Cp rings 

 

Ion chromatograms selecting for ions with [M+H]
+ 

at 4 m/z units less than those
 
of 

J9-J10 indicated the presence of U1 and U2 in the VDG extracts (Fig. 5.29c), at 

retention times and [M+H]
+
 consistent with GDGT lipids 41 and 40, respectively. 

Consequently, the two components are tentatively assigned to these structures. 

 

5.2.5.4.2. Class V – GTGT lipids 

 

Ion chromatograms for m/z values at two units greater than those of the [M+H]
+
 of 

J6-J12 exhibited a number of peaks relating to components V1-V7. The latter elute 

significantly earlier than the Class J components and were obscured beneath the 

peaks for isoprenoid lipids 2 and 14 in the extracts examined (Fig. 5.29d). Notably, 

each Class V component eluted later than GTGT 3. The retention times of the Class 

V components relative to 3 and Class J components, coupled with the [M+H]
+
 

observed for each suggest that they may represent GTGT lipids, structurally related 

to non-isoprenoid GDGT lipids J6-J12, and are assigned accordingly. 
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5.2.5.5. Other non-isoprenoid lipids 

 

Although there are a number of other components that may relate to tetraether lipids 

or close structural relatives containing non-isoprenoid alkyl chains in the ion 

chromatograms from VDG sediments, Oxford Clay sediments and from the 

greenhouse soil, the majority are not discussed in the interests of brevity. Three 

additional series of structurally relevant components identified in the samples, as 

exceptions, warrant further discussion. 

 

5.2.5.5.1. Non-isoprenoid GDD lipids in VDG sediment 

 

Extracts of two horizons from the VDG sequence, X-1 and VII-1b, were analysed 

via LC-MS/MS using a scan range of m/z 50-900 in order to identify potential GDD 

lipids. In addition to 1 (see Section 5.2.4.3), an homologous series (CnH2n+2O3) of 

lipids with [M+H]
+
 at nominal m/z 485-597 were also observed in each 

chromatogram, eluting a few minutes after the isoprenoid lipid (e.g. VDG X-1; Fig. 

5.31). The components were most prominent relative to 1, in the chromatogram for 

horizon X-1. Given the early elution of the components and the [M+H]
+
 observed in 

each case, the components most likely represent GDD lipids containing a summed 

total of 28-36 carbons within the alkyl chains. Unfortunately, the MS/MS spectra of 

the components were invariably weak and no firm conclusions regarding the number 

of carbons on each specific alkyl chain within the structures could be drawn. The 

presence of GDD lipids in extracts from the other environmental samples was not 

investigated. 
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Fig. 5.31. Partial HCT LC-MS ion chromatograms for a lipid extract from VDG 

horizon X-1: a) base peak chromatogram; b) individual ion chromatograms, 

highlighting the presence of archaeol (1) and a series of non-isoprenoid GDD lipids 

(127-135). 

 

5.2.5.5.2. Non-isoprenoid triether tetrols in Oxford Clay sediment 

 

Components 136 (m/z 1096.1), 137 (m/z 1082.1), 138 (m/z 1068.1), 139 (m/z 1054.1) 

and 140 (m/z 1040.0) in the base peak chromatogram for the extract from S90-11 

Oxford Clay sediment elute immediately after putative isoprenoid triether tetrols 

113’ and 113 (Fig. 5.9). Each was also accompanied by an early eluting isomer, 

136’-140’. Lipids 136-140 and their isomers exhibit [M+H]
+
 shifted by +18 m/z units 

from non-isoprenoid lipids J6-J10, also observed in ion chromatograms for the S90-

11 sample. This mirrors the difference in m/z values observed between the [M+H]
+
 

of isoprenoid triether tetrols 112/112’ and 113/113’ and their proposed GDGT 

counterparts 2 and 24/24’/24’’. Weak MS/MS spectra were obtained for each 

component, in which each lipid is observed to lose 1-3 molecules of water and/or 

C3H4O during CID of the [M+H]
+
. Unfortunately, MS/MS ion currents were 

insufficient for assignment of the alkyl chains to be made. On the basis of the 
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retention times and [M+H]
+
 observed, 136-140 and 136’-140’ are tentatively 

assigned as non-isoprenoid triether tetrols, potentially derived from GDGT lipids J6-

J10. 

 

5.2.5.5.3. Polar non-isoprenoid lipids in greenhouse soil 

 

Several prominent components were observed to elute after the IPA composition of 

the eluent had exceeded 2% during LC-MS/MS analysis of the lipid extract from the 

greenhouse soil (Fig. 5.32). These include components 141 (m/z 1035.7), 142 (m/z 

1021.7), 143 (m/z 1081.7) and 144 (m/z 1067.7) which were not observed in the 

extracts from aquatic sediments. Although the nature of these components is unclear, 

the MS/MS spectra of each (Table 5.5) hints at an ether lipid structure based on a 

non-isoprenoid carbon backbone. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.32. Partial HCT base peak chromatogram (m/z 900-1500) of the lipid extract 

from a greenhouse soil, highlighting components eluting after the proportion of IPA 

in the mobile phase had exceeded 2%. 
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Table 5.5. HCT MS data (measured [M+H]
+
 m/z values) and MS/MS data (nominal 

m/z values of product ions) of novel polar lipids in the lipid extract from the 

greenhouse soil. 

 

Lipid   [M+H]
+ 

Product ions observed in MS/MS 
a 

141 1035.7 
1017,999,981,963,945,943,925,923,907,905,889; 

563,549,545,531,527,525,513,511,509,507,505,493,491,489,475,473,471,457,449,431,417 

142 1021.7 1003,985,967,949,931,929,911,909,893,891,875; 549,531,529,513,511,495,493,491,475,473,457,435,417 

143 1081.7 1063,1049,1031,1013,1007,989,975,957; 617,603,599,595,585,581,539,525,521,507,489 

144 1067.7 1049,1035,1017,999,993,975,961,943; 603,585,581,567,525,507,493,475,465,433 

 
a Product ions listed in bold face represent the base peak in MS/MS. 

 

5.2.5.6. GC and GC-MS of ether-cleaved hydrocarbons 

 

In order to attempt to obtain more information regarding the structures of the non-

isoprenoid components in the VDG sediments, the polar lipid extract from the VDG 

horizon in which these components were most prominent, VDG X-1, was subjected 

to ether cleavage with HI-LiAlH4. The hydrocarbon fraction liberated was 

subsequently examined by GC and GC-MS. The chromatograms for each exhibit a 

number of peaks relating to hydrocarbons containing 14-40 carbon atoms (e.g. GC-

MS chromatogram; Fig. 5.33). These include an extensive series of n-alkanes, iso- 

and anteiso-branched C15 and iso-branched C16 chains, 7-methylhexadecane (7Me-

C16), 1-cyclohexylundecane (Ch-C17), squalene, phytane (I) and acyclic biphytane 

(II). A C14:1 chain containing a double bond or ring was also tentatively identified. 

An n-C29 chain was the only discernable chain in the chromatograms to contain 

between 29-38 carbon atoms. 
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Fig. 5.33. a) GC-MS total ion chromatogram of the hydrocarbon fraction generated 

following treatment of a lipid core extract from VDG X-1 sediment with HI-LiAlH4; 

b) shows an expansion of a region of the chromatogram. In both cases, only 

unambiguously assigned alkanes and alkenes are labelled. Sq. = squalene. 

 

5.2.5.7. Significance 

 

Non-isoprenoid GDGT lipids 34-38 and 40-41 were identified as components of all 

of the aquatic sediments, but were particularly prominent in the greenhouse soil 

extract. These observations are in accordance with previous studies in which 34-38 

and 40-41 have been identified in marine (Schouten et al., 2000; Hopmans et al., 

2004), lacustrine (Schouten et al., 2000; Blaga et al., 2009; 2010; Damsté et al., 

2009) and river (Herfort et al., 2006b; Kim et al., 2006; 2007) sediments but are 

typically found to be most prominent in samples from continental soils (Hopmans et 

al., 2004; Weijers et al., 2006b; 2007c) and peats (Schouten et al., 2000; Weijers et 

al., 2006a). Lipids 39 and 42 have also been identified in similar environments but 

are typically minor contributors to the total GDGT lipid (Weijers et al., 2010), 

perhaps explaining their absence in any of the LC-MS/MS chromatograms generated 

in the present study. The MS/MS spectra of 34-35, 37 and 40, as isolated from the 

greenhouse soil, are consistent with their reported structures (Damsté et al., 2000; 

Weijers et al., 2006a). The MS/MS spectra obtained for 34-35 from the aquatic 
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sediments, on the other hand, show additional peaks which cannot be attributed to 

the proposed parent structures, possibly indicative of co-eluting isobars. It is 

important that these isobars are identified given that 34 and 35 are used in both BIT 

and MBT/CBT indices for palaeoenvironmental reconstruction (see Sections 1.4.2 

and 1.6.2). If other isomers of 34 and 35 are present in aquatic sediments that are not 

indigenous components of soil, both BIT and MAAT reconstructions made via 

interpretations of the lipids in the sediment could be biased. 

 

In addition to 36, which has a GDGT[310,310] structure, a co-eluting isomer, 36*, 

with a GDGT[300,320] structure was identified in the MS/MS spectrum obtained 

from [M+H]
+
 at m/z 1049.7 in the greenhouse soil. Similar observations were made 

during LC-MS/MS of the aquatic sediments (i.e. the MS/MS spectra of J8 and J8* 

from the VDG samples). In the original characterisation of lipids 34-36, the 

structures of GDGTs 34 and 35 were confirmed by 
13

C and 
1
H NMR and supported 

by GC-MS analyses of the liberated hydrocarbon chains, with methyl-branched C30 

and C31 chains being identified (Damsté et al., 2000). No hydrocarbon containing 32 

carbon atoms was reported following GC-MS analysis of the ether cleavage products 

generated from the soil and peat lipid extracts initially used (Damsté et al., 2000; 

Schouten et al., 2000). As such, GDGT 36 was suggested to contain two C31 chains 

solely by association from the m/z value of its [M+H]
+
 and LC-MS retention time 

relative to those of 34-35. Recently, HI-LiAlH4 degradation of a GDGT-enriched 

extract from a peat generated the C30 and C31 hydrocarbons assigned for GDGTs 34-

36, but also yielded a C32 chain, 5,13,16,24-tetramethyloctacosane (Fig. 5.34a; 

Weijers et al., 2010). It was suggested that the latter component may originate from 

a GDGT lipid containing this chain and a 13,16-dimethyloctacosane as its ether-

bound hydrocarbons, an assignment supported here by the identification of 36*, 

which is tentatively assigned the same structure (Fig. 5.34b). The presence of a 

second isomer may explain the broad and/or asymmetric peak shapes observed for 

36 in previous LC-MS studies (Tierney et al., 2009; Weijers et al., 2010). The 

assignment of 36* may also have implications for GDGT lipids 39 and 42, originally 

assumed to contain two C31 chains; it is possible that these structures have isomeric 

forms which contain one C30 and one C32 chain. 
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Fig. 5.34. a) The structure of a C32 methyl-branched hydrocarbon isolated from a 

GDGT-enriched fraction of a lipid extract from a peat (Weijers et al., 2010); b) the 

tentative structure of GDGT 36*/J8*. 

 

A myriad of other non-isoprenoid lipids were detected via LC-MS analyses of the 

environmental extracts, particularly in the VDG extracts. These include a series of 

GDGT lipids, classified into five categories (Classes G-J, R and U) on the basis of 

the retention times and the molecular formulae inferred from the [M+H]
+
 observed in 

each case. Many of the GDGT components were confirmed to contain C30-C37 alkyl 

chains by LC-MS/MS, with others tentatively suggested to contain C29 or C38 chains 

on the basis of the elution order and their [M+H]
+
 m/z values. Apart from 34-38 and 

40-41, the presence of which has already been addressed, only three other GDGT 

lipids containing non-isoprenoid alkyl chains have previously been identified; 44, 45 

and 50 (see Section 1.3.2). Components 44 (GDGT[300,320]) and 45 

(GDGT[320,320]) have only been identified in the thermophilic eubacterium 

Thermotoga maritima (Damsté et al., 2007). Structure 44 could, in principle, account 

for some or all of component J8* (along with/instead of 36*) observed in the 

chromatograms and 45 could similarly account for component J6. Given, however, 

that the ambient temperature at which the soil was collected and the probable 

temperature of northern Italy during the Messinian (Fauquette et al., 2006) are both 

substantially lower than the viable growth range of T. maritima (55-90
o
C; Huber et 

al., 1986), an alternative, mesophilic source for 44 and 45 would be required. Lipid 

50, which has a GDGT[350,370] structure, has been observed previously in extracts 

from VDG sediment (Schouten et al., 2000) and, consequently, accounts for 

component G4. This lipid is of particular significance on account of its mixed 

archaeal-eubacterial structural features (see Section 1.3.2 and discussion below). 

 

It has been suggested that non-isoprenoid GDGT lipids are most probably formed 

from the coupling of two diether lipids in analogous fashion to the coupling of units 

of GDD 1 to make GDGT 2 in the Archaea (Schouten et al., 2000; Weijers et al., 
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2006a; Damsté et al., 2007). If this were to be the case, the lipid cores of the GDD 

precursors might also be present in the VDG lipid extracts. By utilising LC-MS/MS 

with an extended scan range, ten GDD lipid cores were identified in the VDG 

horizon X-1 extract. These consisted of archaeol (1) and lipids 127-135, which 

contain 4-12 fewer carbon atoms. The complete set of possible pair-wise 

combinations of the GDD components which were identified is sufficient to account 

for all Class G-J GDGT lipids present in the extract. Components G1-G3 and H1-

H2 cannot be formed by combination of any two of 127-135, implicating 1 as one of 

the GDD coupling partners in each case. Coupling of 1 with each of 128-135 would, 

in turn, account for all Class G-H components. Interestingly, the GDD series is 

truncated at 135, which contains a total of 28 carbon atoms in the etherified chains. 

Coupling of this lipid to 1 would generate a GDGT lipid containing 68 chain carbon 

atoms in total, corresponding to the inferred number of chain carbon atoms at which 

Series H truncates (i.e. in H7). These observations provide preliminary evidence that 

each Class G and H lipid may be formed via the coupling of 1 with a non-isoprenoid 

GDD lipid and supports the structure of 50 shown in Fig. 1.9 with respect to the 

orientation of the alkyl chains. This would, by inference, imply that 50 is formed via 

coupling of archaeol to a GDD lipid containing i-C15 and i-C17 chains (Scheme 5.3). 

A GDD with the latter structure has yet to be conclusively identified in 

environmental samples or in eubacterial cultures (see Table 1.1). The [M+H]
+
 of 

components J3-J12 indicate that these lipids could not have originated from a 

coupling of 1 to any of 127-135, but that they could have been formed by coupling 

of two of the non-isoprenoid GDD lipids. While J1 and J2 could be formed from 1 

as one of the coupling partners, this is not a pre-requisite. As such, Class J 

components are tentatively suggested to form from coupling of two of 127-135, in 

agreement with the route to 34 (i.e. J8) proposed previously (see Section 1.3.2; 

Weijers et al., 2006a). Although it should be appreciated that the assignments made 

for Class G-J components are tentative, on the premise that the GDGT lipids can 

only be formed from GDD lipids identified in the fractions, Class G and H 

components would both exhibit some isoprenoid character, whereas Class J lipids 

would have none. This distinction may explain the greater chromatographic 

resolution of Class H from Class J components than of Class G from Class H 

components. The assignments, if correct, would also have important implications for 
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lipid biosynthesis given that the structures imply that lipids containing archaeol, the 

definitive archaeal lipid core, can be coupled to a number of different lipids which 

have an inferred eubacterial origin (Schouten et al., 2000). 

 

 

Scheme 5.3. Putative biosynthetic route to formation of GDGT 50 (G4). Although 

the GDD precursors are shown to be saturated and dephosphorylated, the coupling 

could conceivably involve unsaturated and/or phosphorylated molecules. 

 

In order to attempt to further elucidate the structures of the GDD and GDGT lipids, 

the ether-bound alkyl chains within the structures were liberated and the resultant 

hydrocarbons investigated via GC-MS analysis. Many of the smaller hydrocarbons 

(C14-C20) identified in the degradation mixture have been found previously as 

component chains in non-isoprenoid GDD and GMM lipids (see Table 1.1; Section 

1.3.2). Of the previously identified GDD structures, those which contain only the 

C14-C20 chains could account for all but one of the GDD lipids reported for the X-1 

extract. The sole exception, GDD 128, is inferred to contain a total of 35 carbon 

atoms in the two component ether-bound chains. This lipid may conceivably 

comprise a hitherto unreported combination of the liberated chains, such as a n-C18 

chain plus a n-C17/7-Me-C16 chain or a n-C19 chain plus a i-C16/n-C16 chain. Given 

the previous identification of GDD 49 (see Section 1.3.2), which contains one 

isoprenoid and one n-alkyl chain, it is also possible that 128 could comprise a 

combination of a phytanyl plus an n-C15/i-C15/ai-C15 chain. Notably, an i-C17 chain, 

expected given the requirement for a GDD precursor containing this chain in the 

proposed route to 50 outlined in Scheme 5.3, was not identified among the 

degradates.  

 

Apart from a general restriction to the hydrocarbons identified during GC-MS, no 

firm conclusions regarding the likely combination of these chains in GDDs 127-135 

can be drawn. Firstly, the number of possible combinations which could account for 

127-135 is too great to allow for specificity in assignment of any of the components. 
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Secondly, some of the hydrocarbons in the mixture may possibly have originated 

from degradation of GMM lipids as opposed to from 127-135. No GDD lipids 

containing double bond equivalents were identified in the VDG X-1 lipid extract in 

the initial 10 min section of the LC-MS ion chromatogram, although it is possible 

that such components may elute later and have been overlooked. Nevertheless, it is 

distinctly possible that the Ch-C17 chain and putative C14:1 chains identified among 

the degradates may not originate from GDD lipids. GMM lipids containing either 

hydrocarbon have not been identified previously, although a fatty acid containing an 

Ch-C17 chain has been identified in environmental settings associated with 

methanotrophic consortia (e.g. Blumenberg et al., 2004; Krüger et al., 2008). The 

C14:1 chain could also potentially originate from a fatty acid (e.g. Blumenberg et al., 

2004). Similarly, an origin for other hydrocarbons identified in the GC-MS 

chromatograms from related fatty acid structures, as identified previously in methane 

seeps (e.g. Hinrichs et al., 2000), cannot be discounted. Phytane (I; C20) is one of the 

ether-bound components of 1 and 3, both of which occur in the VDG X-1 sample. 

Although I in the mixture of degradates is probably sourced from these lipids, is not 

clear if other GDD lipids provide an additional source. Unfortunately, the ether 

cleavage of the polar extract yielded no discernable alkyl chains of length C29-C38 

apart from n-C29, which is most likely generated via degradation of the 

corresponding n-alkanol or 1,n-alkanediol during the reaction (Weijers et al., 2010). 

Despite the elevated relative proportion of non-isoprenoid GDGT components in the 

X-1 extract by comparison to extracts from the other marls, GDGT 2 is the dominant 

tetraether core, with this lipid consequently being the major source of II during ether 

cleavage. Given the small peak observed for II in the GC-MS ion chromatogram, it 

is likely that the C29-C38 alkanes, if present, would be at concentrations too low to 

allow their identification. Weijers et al. (2010) have suggested that hydrocarbons 

cleaved from ether lipids are often swamped by those formed from alcohols also 

present in the polar lipid fractions unless these fractions are cleaned up via further 

preparatory steps. Given the presence of the extended series of n-alkanes identified 

in the mixture of degradates from the X-1 polar lipid extract, this seems to be the 

case in the present study. As such, the precise structures of the chains in the Class G-

J components, apart from those in 34-36 (J8-J10) and 50 (G4), remain elusive. 
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Other compound classes (Classes A-F, K-L and S-T) assigned by LC-MS/MS for the 

VDG extracts appear, for the most part, to be structurally related to the non-

isoprenoid GDGT lipids, often containing the same combinations of alkyl chains. 

Furthermore, most of the different classes (Classes A and B apart) mirror the 

differences in the isoprenoid lipid core types (as discussed in Sections 5.2.3 and 

5.2.4), with non-isoprenoid GDHT, GDH2T, GMGT, GDT and GMT lipids all 

having been identified. Non-isoprenoid GTGT lipids (Class V) were also tentatively 

identified in the VDG extracts. The complete set of lipid structures identified in the 

VDG sediments appear to indicate that both archaeol and non-isoprenoid GDD lipids 

are being forced through the same biosynthetic pathways, initially yielding GDGT 

lipids (probably via GTGT lipid intermediates) which are, perhaps, subsequently 

appended to the other structural classes. There are several potential scenarios that 

may account for these observations:  

 

Eubacterial progenitor(s) – it possible that one or more mesophilic eubacterium may 

have inherited or acquired the ability to produce lipid features typical of the Archaea. 

Such behaviour has already been established for some eubacterial isolates, which 

produce GMM, GDD and GDGT lipids (see Section 1.3). It is interesting to note that 

many of species in which lipids of this nature have been identified belong to orders 

which are thought to be deep-rooted within the eubacteria (e.g. the Thermotogales or 

Aquificales; De Rosa et al., 1988b; Huber et al. 1992; 1996; Jahnke et al., 2001; 

Damsté et al., 2007). It is tempting to suggest that this indicates an evolutionary 

conservation of archaeal-type biosynthetic features in these eubacteria, inherited 

from the last common ancestor shared with the Archaea. The possibility, however, of 

lateral transfer of the genes responsible for ether lipid formation between the 

archaeal and eubacterial domains must also be considered. The genome sequence for 

T. maritima (Nelson et al., 1999), one of the deep-rooted organisms which produces 

ether lipids (De Rosa et al., 1988b; Damsté et al., 2007), contains a significant 

number of archaeal-like genes, believed to have been acquired by lateral gene 

transfer events between the two domains as opposed to an ancestral inheritance. 

Lateral gene transfer may also explain why species from other, less basally branched 

eubacterial phyla (e.g. the Planctomycetes or Proteobacteria; Damsté et al., 2002c; 

2005; Rütters et al., 2001; Ring et al., 2006) can also produce ether lipids. 
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Irrespective of how the archaeal-like genes were acquired, a mesophilic eubacterium 

possessing these genes could, in principle, be capable of producing the Class J 

GDGT lipids and structurally-related lipids in other classes which were identified in 

the VDG sediment. 

 

Archaeal progenitors – it is also possible that one of more mesophilic archaeon may 

have acquired the ability to synthesise non-isoprenoid chains. The hyperthermophilic 

archaeon Pyrococcus furiosus is known to produce straight chain, branched and 

unsaturated C12-C26 fatty acids and C16-C22 α,-diacids containing mostly even but 

also sometimes odd numbers of carbon atoms (Carballeira et al., 1997). The 

components were not identified in free acid form during the studies of the organism, 

indicating their esterification into complex lipids. In addition, n-hexadecanol and n-

octadecanol have also been identified as free alcohols in the neutral lipid fraction of 

P. furiosus (Nishihara et al., 2000) and are possibly derived from the corresponding 

fatty acids. Straight chain fatty acids and alkanes were similarly identified in M. 

thermautotrophicus (Tornabene et al., 1978). Although the variety in the carbon 

chains observed in these organisms are not sufficient to account for the variety of 

structures found in the VDG sediment, it is apparent that some archaea may have the 

ability to produce chains based on acetate units in addition to those based on 

isoprene units. 

 

Precursor uptake - if some species of archaea were capable of passive or active 

uptake of non-isoprenoid precursors such as GDD lipids 127-135 from the natural 

environment, these precursors may be scrambled into an early stage of isoprenoid 

lipid biosynthesis and carried right through the process to generate the other lipid 

classes. Encouragingly, this would explain the unusual condensation of archaeol with 

non-isoprenoid GDD lipids, the apparent route to Class G-H components. 

Unfortunately, it is harder to reconcile this suggestion with the apparent absence of 

GMGT structures relating to Class G-H components in the VDG sediments.  

 

Thus, it remains to be seen which, if any, of these routes to the non-isoprenoid ether 

lipids may have been in operation in the VDG basin although each hypothesis should 

be testable in the future (see Chapter 6). 
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Class A and B components appear to be methyl-etherified derivatives of Class G-H 

and Class J components, respectively. Although 51, the methyl-etherified derivative 

of 2 described for MTH(ΔH) is an artifact (Section 2.2.4.2.5), its formation was 

attributable to nucleophilic substitution of a terminal hydroxyl with MeOH during 

harsh acidic methanolytic extraction of Methanothermobacter cellular material. The 

milder conditions utilised during extraction of the VDG sediment are unlikely to 

invoke similar substitution of the terminal hydroxyls in the non-isoprenoid GDGT 

lipids. More importantly, although 51 was found as a trace component in some of the 

VDG horizons (Section 5.2.3.4), no methyl etherified derivatives of any of the other 

prominent isoprenoid lipids were identified. Consequently, Class A and B lipids are 

almost certainly non-artificial and represent genuine components found within the 

sediment. 

 

Non-isoprenoid GDT and GMT lipids and the tentatively assigned triether tetrols 

present in the aquatic sediments may be derived from GDGT or GMGT lipids in 

Classes G-J via removal of a C3H4O portion of a terminal glycerol group as 

discussed for the isoprenoid lipids in Section 5.2.3.5. Interestingly, whereas 

isoprenoid GDT 58 was identified in the soil extract, non-isoprenoid GDT lipids 

were not present in this sample. This is at odds with the prominence of GDGTs 34-

36 with respect to 2 in the base peak chromatogram of the extract. Clearly, the 

controls on isoprenoid and non-isoprenoid GDT formation in the soil were different. 

 

5.3. Conclusions 

 

In these preliminary studies, which examined the ether lipids present in ancient 

aquatic sediments and in a soil, a huge variety of components were unveiled, the 

majority of which are novel. It is probable that a significant number have been 

overlooked during LC-MS analyses of similar environmental samples attempted in 

the past, either because they could not be confirmed as ether lipids using a single 

stage of mass spectrometric analysis, or were not detected in analyses that employed 

single ion monitoring to screen for reported tetraether lipid cores only (see Schouten 

et al., 2007b). While there has been a steady supply of novel structures reported from 

contemporary samples, the laborious and time-consuming nature of the purification 
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and degradative processes necessary to determine structure have no doubt proved a 

hindrance to new structural elucidations. Furthermore, novel components found in 

trace quantities could be difficult to characterise via this route without extraction of a 

substantial mass of sediment. The low limit of detection and ability to provide 

structural information during separation which are afforded from analysis by LC-

MS/MS has allowed the suite of novel lipids to be reported for the first time using 

conservative amounts of sediment (less than 35 g). 

 

Isoprenoid GDD, GTGT, GDGT and GMGT lipids, including those containing 

cyclopentyl and cyclohexyl rings, were identified in each of the environmental 

samples, generating MS/MS spectra consistent with their reported structures. This 

included three GDGT isomers containing two Cp rings, one of which would have 

been overlooked had LC-MS analysis (i.e. without online MS/MS) been employed. 

Additional isoprenoid structures to be identified were GDT lipids and a GMT lipid, 

assigned to be triolic structural variants of known tetraether lipids in which part of a 

terminal glycerol group is absent. Although several possible routes to the triols were 

considered, including biogenesis, intra- or extracellular enzymatic modification, oxic 

degradation and thermal degradation, their origin remains unclear. A series of 

components which represent potential intermediates in degradation of GDGT to 

GDT lipids, denoted glycerol triether tetrols, were tentatively identified and hint at a 

hydrolytic or oxidative cleavage of the tetraethers. Since the GDT and GMT lipids 

were found to be minor components in the lipid extracts from thermophilic archaea 

described in Chapters 2-4, a biosynthetic origin is also possible. Further work is 

required to confirm the structures of these lipids and to constrain their origins. To 

this end, studies using contemporary soils and sediments, in which the redox 

potential, temperature and microbiological diversity of the samples can all be 

directly monitored, should prove more enlightening. GDT lipids which are 

structurally related to ring-containing GDGT lipids used in both the TEX86 and BIT 

indices were identified. As such, if the triols do represent products of GDGT 

degradation, their identification could potentially have severe ramifications for the 

palaeoenvironmental reconstructions made using these indices previously. 
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Higher homologues of known isoprenoid GTGT, GDGT and GMGT lipids were 

identified in the extracts from the environmental samples, including structures 

appended with up to three additional carbon atoms, added to either the ether-bound 

chains or a glycerol moiety. It is difficult to assess the potential origin of such 

components at the current time, given that chain-methylation was noted for members 

of both the Euryarchaeota and Crenarchaeota in Chapters 3 and 4. Furthermore, 

additional work is required to provide more rigorous characterisation of the 

components. Nevertheless, the identification of these lipids could be of 

chemotaxonomic value in future palaeoecological reconstructions. Given that a 

potential link between temperature and chain methylation was noted in Chapter 3, 

the possibility that the tetraether homologues provide a record of in situ temperature 

should also be investigated. 

 

The structural variety in non-isoprenoid GMM and GDD lipid cores identified in the 

past is extensive, whereas only twelve non-isoprenoid GDGT lipid cores have been 

noted previously (see Section 1.3.2). The LC-MS/MS analyses of the environmental 

samples described here have allowed over 100 non-isoprenoid tetraether lipids or 

related structures to be identified. Although the assignment of specific structural 

features remains tentative, this highlights the wealth of ether lipids of potential value 

as biomarkers which have yet to be characterised fully. Preliminary evidence based 

on the GDD lipids identified suggests that some GDGT components of the VDG 

sediment may have been formed via coupling of an archaeal GDD lipid with a non-

isoprenoid GDD lipid, with precedent for the occurrence of the latter only existing in 

eubacteria. This identification implies a highly unusual biosynthetic pathway that 

may involve representatives from one or both of the domains. A more in depth 

profile of the lipids of the VDG, including a more thorough investigation of GDD 

lipids within the distinct sediment horizons may be necessary if these unusual lipids 

are to be understood. 

 

LC-MS/MS analysis of the Oxford Clay sediment using HPLC method B was 

insufficient to elute all ether lipid components from the analytical column in 90 min. 

Although use of method C led to elution of additional components within 105 min, 

this method may still be inadequate; it is possible that other polar ether lipid cores of 
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environmental significance are still retained despite the increased polarity of the 

elution program employed. As such, the set of ether lipid structures reported should 

be considered to represent the minimum variety that may be found in such samples. 
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6.1. General conclusions 

 

The primary aims of the work presented in this thesis were to develop LC-MS/MS 

methodology for identification of tetraether lipid cores and to investigate the 

feasibility of the technique for use in detailed lipid profiling. The results presented 

were segregated into three key areas; method development (Chapter 2), application 

of the method to lipids extracted from archaeal cellular material (Chapters 3 and 4) 

and subsequent application to those extracted from environmental samples (Chapter 

5). 

 

MS/MS analysis was incorporated into LC-MS methodology developed previously 

(Hopmans et al., 2000) and was tested using lipids extracted from the archaeon M. 

thermautotrophicus (strain H), which contains a relatively simple membrane lipid 

profile, in the place of an authentic isoprenoid tetraether lipid standard. Tetraether 

core lipids in the extract were dissociated effectively during CID, leading to the 

formation of several product ions for each lipid. Attempts to obtain reliable 

multistage tandem mass spectra of the lipid cores were, on the whole, unsuccessful. 

Even in cases where MS
3
 spectra were obtained, little additional information 

regarding structure was gleaned over that inferred from the MS/MS spectra. This 

suggests that there is little potential value in attempting to extend LC-MS/MS to 

further stages of tandem mass spectrometric analysis in the future. MS/MS spectra 

were generated on both ion trap and Qh-FT-ICR instruments, suggesting that the 

technique, either used in a standalone fashion or coupled to HPLC, should be 

adaptable to other tandem instruments. 

 

Product ions formed from losses of water and simultaneous loss of C3H4O (most 

likely representing a molecule of propenal) were amongst those observed in the 

MS/MS spectra. These ions are identical to fragment ions observed in conventional 

APCI MS spectra of the tetraether lipids (Hopmans et al., 2000) which have been 

used as characteristic ions for lipids of this structural type. The extra ions observed 

in the MS/MS spectra prove to be of further characteristic value, particularly those 

formed from losses of an alkene or diene, which carry information regarding the 

number of carbon atoms and number of double bond equivalents in the ether-bound 
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alkyl chains. The general distribution of product ions in the MS/MS spectra is also 

characteristic for the type of lipid core dissociated. Consequently, LC-MS/MS 

analysis retains the advantageous low limits of detection and relatively high 

throughput afforded by LC-MS, but simultaneously provides specific information 

regarding structure that would previously have required isolation of each component 

and chemical degradation. 

 

In-source CID MS and PAN MS/MS were both identified as alternative procedures 

for generating an extensive array of product ions from tetraether lipid core structures. 

Although these techniques allowed identification of additional ions to those observed 

in the conventional MS/MS experiments, the extra ions formed are currently of little 

characteristic value. Nevertheless, the identification of these low m/z ions indicates 

that both C-C bonds and C-O bonds can be broken during CID of the tetraether 

cores. The dissociation events which lead to both types of bond cleavages remain 

unclear, although it is apparent that distinct events can lead to product ions of the 

same m/z. In particular, some product ions may be formed by loss of an individual 

neutral molecule (e.g. 1-hydroxybiphyt-31-ene) or via simultaneous loss of two or 

more smaller molecules (1,31-biphytadiene and H2O). 

 

Application of LC-MS/MS to the lipid extracts obtained from thermophilic archaeal 

cellular material proved to be largely successful, with lipid cores identified 

previously being similarly identified using this method. Additionally, a number of 

novel archaeal isolates were also profiled for the first time using LC-MS/MS. The 

MS/MS spectra of the majority of the lipids are consistent with the structures 

reported for the components previously, confirming, in particular, that the technique 

can differentiate ether-bound chains containing differing numbers of Cp rings. The 

MS/MS spectra obtained for some lipids, on the other hand, suggest concealed lipid 

core isomerism. Although lipid isomerism in thermophilic archaea has been alluded 

to previously (e.g. Hopmans et al., 2000; Pitcher et al., 2010), the data obtained 

herein has both reinforced and extended these initial observations, with the nature of 

the structural isomerism for each component being constrained by the MS/MS 

spectra obtained. In addition, structures containing homologated isoprenoid chains 

(i.e. C41 or C81 chains) were identified for the first time. Preliminary data suggest that 
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these lipids are formed at a late stage during tetraether lipid biosynthesis, possibly by 

an unprecedented methylation at a saturated carbon atom. Although the functional 

role of the methylated tetraether lipid cores within the archaeal membrane remains 

enigmatic, results are presented that suggest expression of these lipids may be 

growth temperature dependent. The methylated components have been identified 

throughout the archaeal domain indicating that they represent a widely occurring 

modification to GDGT lipids. Although the GDGTM lipid cores may have limited 

use as phylum-specific biomarkers, they may be indicative of particular growth 

conditions. A number of other rarely reported and novel lipid cores were identified 

within the suite of organisms investigated, some of which were exclusive to a single 

organism. Encouragingly, these observations imply a potential role of the source-

specific lipids as chemotaxonomic markers for the progenitor species. 

 

Lipid extracts from environmental samples are inherently more complex than those 

from the microbes, with some samples containing over 100 ether lipid cores. These 

include an array of lipids inferred to be of archaeal origin and an even greater variety 

which may originate from eubacterial organisms. The variety identified far exceeds 

the ether lipid variety reported previously for organisms from either domain, 

indicating that only a narrow subset of the lipids of this nature produced in natural 

environments have been fully characterised to date. The lipids identified were 

classified on the basis of relative retention time, the [M+H]
+
 observed in MS and by 

characteristic product ions identified in the MS/MS spectra. Components which may 

represent transformation products of tetraether lipids were identified among the 

environmental lipid set, although the precise route to their formation remains 

unclear. Nevertheless, their formation could have implications for the use of TEX86 

and BIT indices to reconstruct palaeoenvironments from ancient sediments. 

Isoprenoid tetraether lipid isomerism and homologation were again noted in the 

environmental samples, indicating that mesophilic organisms can also vary their 

membrane lipid cores in this manner. Although the results presented in this thesis do 

not confirm the full structures of any of the new components, particular structural 

features of each lipid were determined from the LC-MS/MS data, allowing 

reasonable structures which are consistent with the data to be postulated. More 
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importantly, this initial screening highlights the need for further exploration of the 

lipid diversity in the natural environment.  

 

To summarise, LC-MS/MS is a useful tool for characterisation of ether lipid cores, 

providing multi-dimensional data which can be used to gain insight into the 

fragmentation behaviour of known lipids or to contribute to the characterisation of 

novel lipid structures. 
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6.2.  Conclusions regarding structural identification of ether lipid 

cores 

 

Although full structural identification is not provided by LC-MS/MS, the studies 

described in this thesis, supported by the body of literature describing LC-MS 

profiles of the lipids from other archaea, eubacteria or environmental settings, 

provide a number of rules of thumb that can aid in identification of ether lipid 

structural features (classifications exemplified in Fig. 6.1). 

 

 

Fig. 6.1. Structural classifications of ether lipids discussed in the text (exemplified 

using structures which contain no rings) and their characteristic neutral losses. 
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6.2.1. Rules for relative retention time 

 

1) The number of free hydroxyl groups in the structure is the dominant factor which 

influences retention time (Chapters 3 and 5). In general, the greater the number of 

free hydroxyl groups, the longer the retention; the retention time of polyols (GDCT) 

> tetrols (triether tetrols) > triols (GMT; GDT) > diols (GDGT; GTGT; GDHT; 

GDH2T) > mono-ols (GDD), although other structural modifications can lead to 

some crossover of different lipid classes with respect to retention time. 

 

2) Modifications to the polar termini in the lipids also lead to substantial changes in 

retention time. Appendages which increase the polarity of the moiety lead to later 

elution, while those that reduce the polarity lead to earlier elution. Adding a carbon 

atom (GDHT) or two carbon atoms (GDH2T) to the propyl backbone of a glycerol 

group leads to earlier elution (Section 5.2.4), while adding an alkyl (i.e. Sections 

2.2.4.2.5 and 5.2.5.2.3) or acyl (Section 3.2.3.3) group to the free hydroxyl in a 

glycerol leads to significantly earlier elution. Adding a carbonylic oxygen to convert 

an ether linkage into an ester linkage leads to later elution (Damsté et al., 2007). 

 

3) The degree of conformational freedom of the etherified alkyl chains also appears 

to affect retention time; less constrained lipids elute earlier. Thus, GTGT lipids (not 

macrocyclic) elute before GDGT lipids (macrocyclic) which, in turn, elute before 

GMGT lipids (bridged macrocyclic) (Sections 2.2.4.1, 5.2.5.2 and 5.2.5.3) and GDT 

lipids (not macrocyclic) elute before GMT lipids (bridged) (Sections 5.2.3.2, 5.2.5.2 

and 5.2.5.3). 

 

4) The nature of the etherified alkyl chains also influences retention time although,  

as a systematic change (i.e. one ring or one carbon atom different), this is a lesser 

effect. Structures modified with more incorporated Cp rings elute later (Sections 

3.2.4.2, 4.2.2.1, 5.2.3.1 and 5.2.5; Hopmans et al., 2000; Schouten et al., 2000). 

Incorporation of a Ch ring has less of an effect on retention time (Section 5.2.3.1; 

Weijers et al., 2004; Pitcher et al., 2010). Structures containing more carbon atoms 

in the etherified chains, in general, elute earlier (Sections 3.2.3.3, 3.2.4.2, 4.2.3.1, 

5.2.4 and 5.2.5). 
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6.2.2. Rules for APCI MS spectra 

 

1) For di- and tetraether lipids, the [M+H]
+
 is the base peak ion (Section 2.2.3.1 and 

Hopmans et al., 2000). For mixed ether-ester (i.e. triether-monoester, diether-diester 

or monoether-triester) lipids, the [M+H-18]
+
 fragment ion is the base peak ion 

(Damsté et al., 2007). 

 

2) Tetraether lipids produce fragment ions at [M+H-18]
+
 and [M+H-74]

+
 in MS 

(Hopmans et al., 2000), although the relative prominence of these may, to some 

extent, be instrument dependent (Section 2.2.3.1). 

 

3) GDHT lipids produce fragment ions at [M+H-18]
+
 and [M+H-88]

+
 in MS 

(Sections 5.2.4.4 and 5.2.5.2.4). GDH2T lipids produce fragment ions at [M+H-18]
+
 

and [M+H-102]
+
 in MS (Sections 5.2.4.6 and 5.2.5.2.5). 

 

4) GDCT lipids may produce a number of fragment ions during MS, including 

[M+H-162]
+
 (Section 3.2.4.3). 

 

6.2.3. Rules for MS/MS spectra 

 

1) During tandem MS, GMGT, GDGT and GTGT lipid cores produce product ions 

in one, two and three regions of the MS/MS spectra, respectively (Section 2.2.4.2). It 

is important to note that, while the number of regions is a characteristic spectral 

feature of each core type, the number of regions observed in the spectrum of an 

unknown lipid remains a necessary but not sufficient condition for assignment of a 

particular core type; the m/z values of all product ions observed must also be 

consistent with the proposed assignment. For example, while GTGT lipids 

categorically dissociate to give three major regions of product ions in the MS/MS 

spectra, identification of three regions of product ions in the MS/MS spectrum of an 

unknown does not necessarily confirm a GTGT structure for the lipid. 

 

2) GDGT lipids can lose 1-3 molecules of water and/or 0-1 molecules of C3H4O 

from the glycerol termini without loss of an alkyl chain (Sections 2.2.4.2 and 
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2.2.5.2). GTGT lipids can lose 1-2 molecules of water without loss of an alkyl chain, 

depending on both the instrument used and lipid structure (Sections 2.2.4.2 and 

2.2.5.3). GMGT lipids lose an extensive array of small molecules, including 1-4 

molecules of water and/or 0-2 molecules of C3H4O from the glycerol termini 

(Sections 2.2.4.2 and  2.2.5.4). For dialkyl and trialkyl tetraether lipids, product ions 

formed from loss of mono-etherified chains as alkenes or di-etherified chains as 

dienes (i.e. [NP+H]
0
) are those most useful for assignment of the structures of the 

etherified chains. The two etherified alkyl chains in an individual GDGT lipid can 

eliminate as [NP+H]
0
 with differing favourabilities during CID (Section 3.2.4.4). 

 

3) Characteristic neutral losses from other lipid classes include: 

 

GDD = -[alkene] (Section 3.2.3.3)  

GDT = -18 Da; -36 Da; [NP+H]
1
 as the smallest molecule to 

bear an ether-bound alkyl chain (Sections 5.2.3.2 and 

5.2.5.2.6) 

GMT = -72 Da; -128 Da as the heaviest favourable neutral loss 

(Sections 5.2.3.2 and 5.2.5.3.3) 

Triether tetrol = -18 Da; -74 Da; [NP+H]
1
 as the smallest molecule to 

bear an ether-bound alkyl chain (Section 5.2.3.3) 

GDHT  =  -70 Da; -88 Da (Sections 5.2.4.4 and 5.2.5.2.4) 

GDH2T   =  -84 Da; -102 Da; -104 Da (Sections 5.2.4.6 and 

    5.2.5.2.5) 

GTHT  =  -[alkene]; -[alkene] + [-88 Da] (Section 5.2.4.4) 

Methyl ethers  =  -32 Da; -50 Da (Sections 2.2.4.2.5 and 5.2.5.2.3) 

Silyl ethers = -90 Da; -146 Da; [NP+H]
0
 as the smallest molecule to 

bear an ether-bound alkyl chain (Section 2.2.10.2) 

Acetates  =  -42 Da; -60 Da; -116 Da; [NP+H]
1
 as the smallest 

molecule to bear an ether-bound alkyl chain (Sections 

2.2.10.3 and 3.2.3.3) 

 

The structural cleavages which result in these losses are highlighted for the ether 

lipids in Figure 6.1. 
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6.3. Future work 

 

6.3.1. Relating to results presented in Chapter 2 

 

One of the principle limitations of the LC-MS/MS methodology used is the lack of 

reproducibility between analyses with respect to component retention times (both 

absolute and relative). Although attempts were made to minimise this effect, 

variability between consecutive analyses was not fully eradicated. The use of the 

Dionex rapid separation 3000 liquid chromatograph led to less significant variation, 

suggesting that some of the variance relates to operational factors (e.g. the accuracy 

of solvent proportioning by the liquid chromatograph). On account of the differences 

in polarity between hexane and IPA, small inaccuracies in the proportioning of 

solvents could lead to substantial differences in retention time. One possible 

modification which may limit this problem would be the use of pre-mixed solvents 

(Peterse et al., 2009a), consisting of the hexane:IPA proportions at the onset (99:1) 

and end (98:2) of HPLC method A. The differences in polarity between each of the 

pre-mixed solvents is significantly less than the difference between hexane and IPA, 

leading to a less significant influence of proportioning errors on retention time. 

Alternatively, a change in the solvents and/or column chemistry used during LC-

MS/MS could help to reduce or eliminate retention time drift. In particular, use of a 

more polar column chemistry, such as a non-modified silica or a diol column may 

allow for use of a more polar eluent, overcoming the reliance on high hexane eluent 

compositions. Separation by reversed-phase HPLC may also prove to be a prudent 

choice for future development. In any case, more robust retention times should lead 

to improved confidence in characterisation of ether lipid components.  

 

Other potential areas for improvement to the methodology lie in the precursor 

selectivity for CID and the robustness of MS/MS product ion currents in both 

conventional and PAN MS/MS. The 3 m/z unit window utilised during each 

procedure leads to complication of the MS/MS product ion distribution due to the 

simultaneous trapping and subsequent CID of higher isotopomers and species with 

similar m/z to the intended precursor. Reduction in the size of this window should 

simplify the resultant MS/MS spectra although, currently, any attempt to reduce the 
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isolation width leads to the complete lack of selection of any precursor ions. If this 

problem is to be overcome, an understanding is needed as to why the threshold 

isolation width required for these components is necessary. The variation in relative 

abundances of product ions in MS/MS and PAN MS/MS spectra of individual 

components in consecutive LC-MS/MS analyses reduces the potential for use of the 

MS/MS spectra in selective structural characterisation. It is unclear as to why this 

occurs and, consequently, is difficult to remedy. In the case of PAN MS/MS, the 

variation may be the result of inappropriate choices made during optimisation of the 

“Activation” and  “Decay” parameters for CID, which were selected to provide 

maximum MS/MS ion current for ions with m/z < 400. An alternative optimisation 

which focuses on reproducibility may prove to be more useful in future. Should the 

reproducibility of the MS/MS ion currents for conventional CID be improved, 

quantification of co-eluting isobars which dissociate to yield different product ions 

may be possible from the ions unique to each precursor. Should the reproducibility 

of PAN MS/MS be improved, on the other hand, more specific information 

regarding the composition of the ether-bound alkyl chains may be obtainable via a 

statistical approach which accounts for all product ions with m/z < 400. 

 

It will also be important to investigate the mechanisms in operation during CID of 

tetraether lipids in further detail in order to provide a better understanding of the 

formation of the product ions observed. Use of synthetic or semi-synthetic tetraether 

standards containing modified glycerol groups, incorporated 
2
H, 

13
C or 

18
O isotopic 

labels and/or alkyl chains of various length and containing various degrees of methyl 

branching may allow some of the product ions formed to be characterised more fully. 

This, in turn, may facilitate more specific inference of structural features on the basis 

of the product ions observed in the MS/MS spectra of unknown lipid cores. 

 

6.3.2. Relating to results presented in Chapters 3 and 4 

 

Given that novel lipid cores were identified in MTH(ΔH) and species of Sulfolobus 

which were not identified during previous lipid profiles of these organisms, it is 

evident that some lipid structures of potential taxonomic value may have been 

overlooked in the past. In order, therefore, to assess the potential of novel structures 
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identified in the thesis for use as biomarkers, a much larger census of the Archaea is 

required. Although each novel lipid identified will require further structural analysis 

to ascertain the full structure, this does not preclude the use of the lipids as 

biomarkers. Some of the assignments made (e.g. of isomers to known Cp ring-

containing tetraether lipid cores) could be consolidated by preparation of each 

individual lipid, followed by degradative analysis. Other components were identified 

at levels that may be too low for this approach to be effective. Consequently, further 

characterisation of such components may require development of more informative 

mass spectrometric methods with respect to structural elucidation. In any case, an 

appreciation as to whether further isomeric forms of some of the structures are also 

produced is required. For example, whether each organism produces distinct 

regioisomers with the glycerol groups aligned either syn or anti to one-another, or 

produces isomers in which the incorporated Cp rings are located in alternative 

positions along the isoprenoid chains is of particular importance. 

 

Three prominent hydrocarbons were detected during GC and GC-MS analyses of the 

ether cleavage products obtained from the lipid extracts from MTH(H) and were 

assigned as phytane, biphytane and 13-methylbiphytane. Whilst phytane was 

assigned using both the molecular ion and characteristic fragment ions observed in 

the EI mass spectrum, the equivalent spectra for biphytane and 13-methylbiphytane 

were each devoid of the molecular ion expected for the chain. Consequently, 

assignment of the two components was made by comparison of fragment ions in the 

spectra to those noted for the hydrocarbons previously. Given the atypical elution 

order of the two hydrocarbons during GC, determination of the molecular mass of 

each would allow for more definitive assignment. Chemical ionisation (CI) is a 

technique often used to produce ions that have less residual energy than those 

produced by EI (de Hoffmann and Stroobant, 2002). As such, CI often leads to a 

lesser degree of ion fragmentation and, consequently, affords easier recognition of 

the molecular species. Use of this ionisation technique during GC-MS analysis of the 

ether-cleaved hydrocarbons may, therefore, be more appropriate for determination of 

their molecular masses. Alternatively, it has been shown that methyl thioethers 

formed from biphytane diiodides, themselves liberated via treatment of tetraether 

lipid extracts with HI, produce more prominent molecular ions in EI mass spectra 
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than are observed in the spectra for structurally-related biphytanes, generated using 

the same ionisation technique (Schouten et al., 1998). Consequently, treatment of the 

biphytane diiodides formed from the MTH(H) lipid extracts with NaSMe as 

opposed to LiAlH4 may provide derivatives of the hydrocarbons that prove to be of 

greater use in the determination of their molecular masses. 

 

More needs to be learnt regarding the biosynthesis of tetraether lipids; in particular, 

how caldarchaeol is formed from lipids containing an archaeol core, how Cp rings 

and additional methyl groups are incorporated into the isoprenoid chains and how the 

isoprenoid chains may be conjoined during formation of GMGT lipids. As more and 

more full archaeal genome sequences become available, the potential for identifying 

and targeting the genes responsible for lipid biosynthesis is increasing. Lipid 

profiling of mutant archaeal strains in which genes have been knocked out may 

allow the genes responsible for the different biosynthetic modifications to be 

identified. MTH(ΔH), S. acidocaldarius and I. aggregans each have full or draft 

genomes available and, between them, express nearly all of the lipid core types 

identified. Consequently, these three organisms may be the most suitable archaea for 

generating knockout mutations in the interests of investigation of lipid biosynthesis 

in the future. 

 

The physicochemical role fulfilled by incorporation of Cp rings has been widely 

documented and attributed to adaptation of the membrane in response to thermal or 

pH related stress. The roles fulfilled by GDGTM, GMGT and GMGTM lipids, on the 

other hand, remain speculative, particularly given that some of these components 

also contain Cp rings. Future studies in which model organisms (e.g. I. aggregans 

for GMGT lipids, Pyrobaculum sp. AQ1.S2 for GDGTM lipids and MTH(ΔH) for 

GMGTM lipids) are grown under controlled conditions of varying temperature, pH 

and nutrient availability may help to shed light on why the structural modifications 

to caldarchaeol are incorporated. Biological replication in such studies will also be a 

prerequisite if stress-induced variation in the lipid core production is to be extricated 

from any natural variability between batch cultures grown under identical conditions. 
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The need for greater sample throughput is also evident from the studies described in 

Chapters 3 and 4. LC-MS/MS analysis using method B takes 115 min per sample, 

leading to a current throughput of 10-12 samples per day. LC-MS methods proposed 

by Schouten et al. (2007b) and Escala et al. (2007; 2009) both have significantly 

higher throughput, but do not screen for more polar lipid cores. An LC-MS/MS 

method which provides more rapid profiling of the lipids but does not sacrifice the 

detection of the more polar components or the quality of the MS/MS spectra 

obtained should prove to be advantageous, particularly during profiling of large 

numbers of samples. A move to cyano column chemistry and a smaller column 

particle size than that of the amino column used in the present study would be 

expected to lead to earlier elution of the tetraether components with little to no 

sacrificial loss in resolution. Consequently, use of a column containing a sorbent of 

this nature may be a good starting point for future developments. The necessity for 

column backflushing between analyses is a feature of the current analytical protocol 

that prolongs each analysis and which could be targeted during further method 

development. 

 

GDCT lipids were retained on the HPLC column for the duration of LC-MS/MS 

analyses of lipid extracts from species of Sulfolobus which were performed using 

HPLC method B, with these components only being removed during the column 

backflushing procedure. These examples indicate that, although LC-MS/MS method 

B does allow for identification of polar components missed in previous LC-MS 

analyses, it does not allow for identification of all tetraether components. Clearly, the 

highly polar components either need to be separated from other tetraether lipids by 

flash column chromatography prior to LC-MS/MS or, otherwise, the LC-MS/MS 

method must be altered to include an additional polar flush which facilitates their 

elution. Notably, and as a further incentive for method development, no instrumental 

method which can separate and detect GDCT lipid cores containing differing number 

of Cp rings has been developed to date. Given the recent recognition of GDCT cores 

in sediments deposited at moderate temperatures (Sturt et al., 2004; Biddle et al., 

2006; Lipp et al., 2008; 2009) and peats (Liu et al., 2010), such a development may 

be of importance for higher resolution lipid profiling for samples of this nature. 
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6.3.3. Relating to results presented in Chapter 5 

 

As noted for the thermophilic archaeal lipid extracts, LC-MS/MS method B does not 

allow for detection of all tetraether lipid cores in extracts from environmental 

samples; some of the triether tetrols were not eluted using this method. Although 

LC-MS/MS method C did allow for identification of additional components, there is 

no guarantee that other polar lipid cores do not remain fully retained on-column 

following use of this method. Again, this highlights the need for further LC-MS/MS 

method development. 

 

It would be desirable to screen for the components identified in the VDG and Oxford 

Clay sediments in contemporary environments in which molecular genetic studies 

can be employed simultaneously. This may allow the origins of particular 

components to be better constrained to certain phylogenetic clades. Furthermore, the 

conditions conducive to formation of the lipids, such as temperature, pH and redox 

potential can be readily measured in contemporary environments. 

 

GDGT lipids which appear to contain ether-bound hydrocarbons which may 

represent a hybrid between those typical of archaea and those typical of eubacteria 

are highly unusual and warrant further investigation. Three hypotheses which may 

explain the formation of these components were outlined in Section 5.2.5.7. Each 

could potentially be tested by determination of the glycerol stereochemistry in the 

lipids. If the lipids are sourced from an archaeon, they may be expected to have an 

sn-2,3 stereochemistry at each glycerol terminus. If they are sourced from a 

eubacterium, they may be expected to, instead, have sn-1,2 glycerol stereochemistry 

at each end. If, on the other hand, the formation of the GDGT lipids is via uptake of 

a eubacterial diether precursor by an archaeon, followed by coupling with a lipid 

containing archaeol as the lipid core, the two glycerol groups in the structure may be 

expected to have opposite stereochemistries. 

 

 

 

 



Chapter 6: Conclusions and future work 

 
 

 338 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 7 

 

Experimental and analytical 

procedures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7: Experimental and analytical procedures 

 
 

 340 

7.1. General procedures 

 

7.1.1. Solvents and reagents 

 

All solvents used were analytical grade or higher (Fisher, Loughborough, UK). 

HPLC grade hexane obtained from this supplier contained a number of contaminants 

which are amenable to APCI MS and can complicate mass spectra obtained. 

Prominent ions which relate to the contaminants are typically found at nominal m/z 

1325, 663, 647 and 603 in the spectra. Where necessary, the contaminants can be 

removed from the hexane either by distillation (70-72
o
C at 1 atm) or by passing the 

solvent through a column of activated alumina. All reagents used were obtained from 

Aldrich (Gillingham, UK) unless otherwise stated. Cotton wool used for filtrations 

was defatted via Soxhlet extraction with DCM for 72 h and dried prior to use. 

 

7.1.2. Glassware 

 

In order to reduce the risk of cross-contamination, all of the glassware used was 

rinsed with laboratory grade acetone followed by deionised water, before being 

soaked in a 1% solution of Decon-90 (Decon; Hove, UK) for 12-24 h. Glassware 

washed in this manner was subsequently subjected to extensive rinsing with water, 

deionised water and laboratory grade acetone and subjected to a final rinse with 

analytical grade acetone before use. 

 

7.1.3. Sample storage 

 

In general, and where possible, archaeal cellular material was stored at -20
o
C prior to 

extraction. Harvested S. acidocaldarius cellular material was stored at room 

temperature as a pellet-supernatant pair for approximately 1 year. Cell pellets of the 

New Zealand hot spring isolates (Chapter 4) were thawed for a period of 

approximately 1 week during transport to the UK, but were immediately refrozen 

upon arrival. VDG sediments and the soil sample were stored at room temperature 

prior to extraction, whereas Oxford Clay sediment was stored at -20
o
C. Extracted 

lipid core material (and derivatives and degradates thereof) were stored at +4
o
C. 
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7.2. Preparation of lipid extracts from archaeal cellular material 

 

7.2.1. Growth of organisms 

 

MTH(H) (DSM 1053) was grown at 45
o
C or 70

o
C in mineral salt media (at pH 6) 

by James Chong (University of York, UK) as described previously (Guy et al., 

2004), with cells aerobically harvested and frozen as described above.  

 

Sulfolobus acidocaldarius MR31 (Reilly et al., 2001) was grown aerobically at 75
o
C 

in Brock's medium (Brock et al., 1972), supplemented with 0.1% tryptone, 0.2% 

xylose and 20 g/mL uracil, by Charlotte Nunn (University of Bath, UK). The pH 

was adjusted to 3.0-3.5 with sulfuric acid. The resultant broth was lyophilised and 

stored as described above. Sulfolobus shibatae (DSM 5389) and Sulfolobus 

solfataricus P2 (DSM 1617) were grown at approximately 75
o
C in basal salt media 

(Brock et al., 1972), adjusted to pH 3.5 and containing (per litre) 0.28 g KH2PO4, 

1.30 g (NH4)2SO4, 0.25 g MgSO4.7H2O, 0.25 g CaCl2.7H2O. The medium also 

contained a 1% trace element solution comprising: 20.0 mg FeCl3.6H2O, 4.5 mg 

Na2B4O7.10H2O, 1.8 mg MnCl2.4H2O, 0.22 mg ZnSO4.7H2O, 0.05 mg CuCl2.2H2O, 

0.03 mg Na2MoO4.4H2O, 0.03 mg VOSO4.2H2O and 0.01 mg CoSO4.7H2O, 0.05% 

yeast extract and 0.2% glucose. Cultured cells were harvested and stored as 

described above. 

 

The New Zealand (NZ) hot spring isolates are maintained in a collection at the 

Thermophile Research Unit (University of Waikato, Hamilton, NZ). Cells were 

inoculated into an appropriate growth medium, with all media at pH 6. Ignisphaera 

aggregans AQ1.S1
T
 was grown at 95

o
C, Ignisphaera sp. Tok37.S1 at 90

o
C and 

Pyrobaculum sp. AQ1.S2 at 90
o
C, by Hugh Morgan and Christine Tan (University 

og Waikato, NZ) as described previously (Niederberger et al., 2006; 2008). 

Desulfurococcus sp. Ket10.S1 was grown at 90
o
C as described previously (Patel et 

al., 1986). In each case, cells were aerobically harvested and stored as described 

above. 
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7.2.2. Extraction of IPLs 

 

Cellular material (approx. 0.1-0.8 g) for the three species of Sulfolobus were thawed 

(where necessary) and extracted via a modified Bligh-Dyer technique (Nishihara and 

Koga, 1987a), whereby each was suspended in MeOH (20 mL) before chloroform 

(10 mL) and aqueous trichloroacetic acid (4 mL; 10% w:v) were added and the 

resultant mixture stirred for 2 h at room temperature. The solvent composition was 

then altered by addition of chloroform (10 mL) and water (10 mL) and the resultant 

biphasic mixture allowed to settle into layers over 1 h prior to isolation of the 

chloroform layer. The aqueous/methanol layer was further extracted with chloroform 

(2  20 mL) and the combined organic layers were reduced to dryness in vacuo.  

 

7.2.3. Direct extraction or formation of ether lipid cores 

 

Polar lipid extracts (from Sulfolobus species) or thawed cellular material (from 

MTH(H) and the NZ isolates; approx. 0.1-1 g) were subjected to methanolysis by 

heating in methanolic HCl (4.8 M; prepared from aqueous HCl and MeOH) under 

reflux or in sealed vials in order to remove phosphatidyl and/or glycosyl polar head 

groups. In each case, the resulting solution was cooled and extracted with 

dichloromethane (DCM). Extracts were then combined, dried by passage through a 

small column of anhydrous MgSO4 or Na2SO4 and reduced in vacuo. For acidic 

ethanolysis of MTH(H) material grown at 70
o
C (Section 2.2.4.2.5), ethanolic HCl 

(4.8 M) as opposed to methanolic HCl was used during extraction. 

 

7.2.4. Flash column chromatography 

 

The lipid core extracts from MTH(H), S. acidocaldarius and the NZ isolates were 

dissolved in a minimal amount of DCM and loaded onto columns of activated 

alumina (5 mm x 50 mm) pre-washed with hexane:DCM (9:1
†
). Apolar components 

were removed via washing with three bed volumes of hexane:DCM (9:1). A polar 

fraction, containing ether lipid cores, was eluted in each case using three bed 

volumes of DCM:MeOH (1:1; Schouten et al., 2007b), with the exception of S. 

                                                 
†
 All solvent compositions are given as volume:volume ratios unless otherwise stated. 
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acidocaldarius, where a polar fraction was instead eluted using chloroform:MeOH 

(9:1; Nicolaus et al., 1990). Residual solvent in each case was removed under a 

stream of N2. The core lipids of S. shibatae and S. solfataricus were not similarly 

purified.  

 

7.2.5. Preparation of a sample for confirmation of GMGT 27 in I. aggregans 

 

A small portion of the purified lipid cores extracted from I. aggregans AQ1.S1
T
 

were dissolved in DCM, added to a portion of the cores extracted from MTH(H) 

cellular material grown at 70
o
C and the solvent subsequently removed under a 

stream of N2. The resulting residue was used to confirm the presence of GMGT 27 in 

I. aggregans, as described in Section 4.2.2.1. 

 

7.3. Preparation of lipid extracts from sediment and soil samples 

 

7.3.1. Collection and preparation of ancient sediments and greenhouse soil 

 

Approximately 3 g of each of a series of homogenised sediments from the Messinian 

VDG basin, Northern Italy were used in the studies. These included horizons II-T1, 

III-1b, IV-1b, IV-1.1, IV-1.2, IV-1.5, IV-1.7, IV-1.8, IV-1.9, IV-1.10, V-1b, VI-1b, 

VII-1b, VIII-1b, IX-1b, X-1 and XI-1b (as designated in Damsté et al., 1995; Keely 

et al., 1995). 20 g of a sample of Jurassic shale from the Stewartby member of the 

Oxford Clay formation, UK (sample S90-11; Kenig et al., 1994) was homogenised 

by gentle pulverisation prior to extraction. 32.6 g of a fine composted soil was 

collected (collection date February 2010) from a domestic greenhouse (Norton, 

North Yorkshire, UK). The measured air temperature inside the greenhouse during 

collection of the sample was approximately 5
o
C. 

  

7.3.2. Extraction of ether lipid cores from aquatic sediments 

 

Sediments were extracted via sonication (10 min), centrifugation (10 min, 2000 rpm) 

and filtration of the resultant supernatant using a three solvent program comprising 

MeOH, followed by MeOH:DCM (1:1) and finally DCM (Hopmans et al., 2000). 
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The supernatants from each stage were combined and the solvent removed in vacuo. 

Core lipids were further purified by flash column chromatography as outlined for the 

lipid extracts from MTH(ΔH) in Section 7.2.4. 

 

7.3.3. Extraction and degradation of polar lipids from soils 

 

The greenhouse soil was sonicated (10 min) in 200 mL of MeOH:DCM:5% (w:v) 

aqueous trichloroacetic acid (2:1:0.8). Following centrifugation (10 min, 2000 rpm), 

the supernatant was collected, filtered and modified to a composition of 

MeOH:DCM:aqueous trichloroacetic acid (1:1:0.9) by addition of DCM and 

dionised H2O. The modified supernatant was subjected to centrifugation (5 min, 

2000 rpm) and the bottom (i.e. DCM) layer of the resultant biphasic mixture 

collected via pipette. The entire extraction procedure was repeated using the residual 

soil, with the DCM layers from both extractions collected, combined and reduced in 

vacuo. As the residue potentially contained both IPL and core lipid material, it was 

subjected to acidic methanolysis as outlined in Section 7.2.3. Liberated lipid cores 

were purified by flash column chromatography as outlined for the lipid extract from 

MTH(ΔH) in Section 7.2.4. 

 

7.4. Derivatisation and degradation of ether lipid cores 

 

7.4.1. Silylation 

 

The silyl ethers described in Section 2.2.10.2 were formed from purified tetraether 

lipid cores extracted from MTH(ΔH) cellular material grown at 45
o
C. The lipids 

were dissolved in 100 μL of BSTFA containing 1% TMS chloride, pyridine (3 

drops) was added and the sample was heated at 60
o
C for 1 h. Following the reaction, 

excess reagent was removed in vacuo and the derivatisation products reconstituted in 

hexane:IPA (99:1) prior to direct infusion MS. 
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7.4.2. Acetylation of lipid cores from MTH(ΔH) 

 

The acetates described in Section 2.2.10.3 were also formed from purified tetraether 

lipid cores extracted from MTH(ΔH) cellular material grown at 45
o
C using 

modifications to a previous method (Morii et al., 1998). The lipids were dissolved in 

500 μL of acetic anhydride:pyridine (1:1) and the sample left at room temperature 

for 24 h. Following the reaction, excess solvent was removed in vacuo at 45
o
C and 

the derivatisation products dissolved in hexane:IPA (99:1) prior to direct infusion 

MS. 

 

The synthetic monoacetate described in Section 3.2.3.3 was formed from the purified 

tetraether lipid cores extracted from MTH(ΔH) cellular material using a method 

derived from that of Ogawa et al. (1998). The lipid material was dissolved in DCM 

and ~200 mg of silica added, with the solvent subsequently removed in vacuo. The 

adsorbed lipid preparation was suspended in 3 mL hexane under N2, a drop of acetyl 

chloride was added and the suspension was heated at 60
o
C for 2 h, with agitation 

every 30 min. The suspension was filtered and the filtrand washed with portions of 

DCM and MeOH, which were collected, combined with the initial filtrate and 

reduced to dryness. The residue was taken up in MeOH and the precipitate formed 

collected via filtration and washed with hexane, with the washings collected, reduced 

to dryness and dissolved in hexane:IPA (99:1) prior to direct infusion MS. 

 

7.4.3. Acetylation/fractionation of lipid cores from the Oxford Clay S90-11 

sample 

 

Purified lipid cores extracted from the Oxford Clay S90-11 sample were acetylated 

(Section 5.2.3.2) via refluxing at 105
o
C in 6 mL of acetic anhydride:pyridine (1:2) 

for 24 h. Excess solvent was removed in vacuo, after which the residue was 

reconstituted in the minimum amount of DCM and loaded onto a column of 

activated alumina (5 mm x 50 mm), pre-washed with hexane:DCM (9:1). Three 

fractions of varying polarity were eluted from the column; fraction 1 was eluted 

using three bed volumes of hexane:DCM (9:1), fraction 2 subsequently eluted using 

three bed volumes of DCM and, finally, fraction 3 eluted using three bed volumes of 
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DCM:MeOH (1:1). Residual solvent was removed under streams of N2 and each 

fraction reconstituted in DCM:MeOH (1:1) prior to reversed-phase LC-MS/MS. 

 

7.4.4. Formation of ether-cleaved hydrocarbons 

 

Polar column fractions containing ether lipid cores extracted from MTH(ΔH) cells 

grown at 45
o
C and 70

o
C (Section 3.2.3.5) and from sediment of VDG horizon X-1 

(Section 5.2.5.6) were heated for 4 h at 120-130
o
C in 2 mL of HI (57% aq.) to 

facilitate cleavage of the ether lipid cores to alkyl iodides (Koga and Morii, 2006). In 

each case, the reaction vessel was cooled and the solution extracted with 3 x 5 mL 

hexane. The organic layers were washed with saturated NaHCO3 solution (10 mL) 

followed by 10% sodium thiosulfate solution (10 mL) and H2O (10 mL), before 

being reduced in vacuo, flushed through small columns of MgSO4 and reduced to 

dryness under a stream of N2. The alkyl iodides generated from the MTH(ΔH) 70
o
C 

sample were subjected to an additional purification step, whereby they were 

dissolved in hexane:DCM (9:1), passed through a column of activated alumina (5 

mm x 50 mm) using four bed volumes of the same solvent and dried under N2. 

 

Alkyl iodides were reduced to hydrocarbons by reaction with 2 mL of LiAlH4 (2M  

solution in tetrahydrofuran) for 2-14 h at 70
o
C (Hoefs et al., 1997; DeLong et al., 

1998). The solutions were cooled in ice and ethyl acetate (5 mL) was added 

cautiously to each, followed by addition of 5% NaCl solution (2 mL). The biphasic 

mixtures were agitated, allowed to settle and the ethyl acetate layers siphoned from 

the top. The remnant aqueous suspensions were each extracted with ethyl acetate (2 

x 5 mL) and the organic layers from each round of extractions combined, reduced in 

vacuo and filtered through a column of MgSO4 before being reduced to dryness. The 

residues from the MTH(ΔH) 45
o
C and the VDG X-1 sample were reconstituted in 

hexane:DCM (9:1), whereas that from the MTH(ΔH) 70
o
C sample was dissolved in 

hexane. Each was subsequently passed through a column of activated alumina (5 mm 

x 50 mm) using three bed volumes of the solvent used for dissolution and reduced to 

dryness under N2. 
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An alternative method proved equally effective for the reduction of alkyl iodides 

generated from the MTH(ΔH) 45
o
C sample (Panganamala et al., 1971; Koga and 

Morii, 2006). The alkyl iodide preparation was dissolved in 2 mL acetic acid, 200 

mg of zinc powder was added and the resulting suspension heated at 120
o
C for 2 h, 

following which the reaction vessel was cooled in ice before acetic acid (2 mL) and 

H2O (5 mL) were added. The suspension was extracted with hexane (3 x 5 mL), with 

the organic layers subsequently washed with saturated NaHCO3 solution (2 x 10 mL) 

and H2O (5 mL), before being reduced in vacuo, filtered through a column of MgSO4 

and taken to dryness. The residue was further purified as described for the LiAlH4 

reduction procedure. 

 

7.5. Mass spectrometric analyses 

 

7.5.1. Ion trap MS 

 

Direct infusion APCI positive ion mass spectra were recorded either on a Finnigan 

MAT LCQ (Thermo-Finnigan; San Jose, CA) or HCTultra ETD II (Bruker 

Daltonics; Coventry, UK) ion trap mass spectrometer, operated in both cases with 

scan range m/z 50-2000 unless otherwise stated. The LCQ operational parameters 

were set at: vaporiser temperature 450
o
C; sheath gas (N2) pressure 30 (arb. units); 

auxiliary gas (N2) pressure 0; capillary temperature 150
o
C; capillary voltage 47.8 

kV; corona discharge current 5 μA; corona discharge voltage 5 kV. The HCT 

operational parameters were set at: nebuliser gas (N2) pressure 15 psi; drying gas 

(N2) flow 4 Lmin
-1

; drying gas temperature 300
o
C; vaporiser temperature 450

o
C; 

capillary voltage -3500 V. 

 

Solutions which were directly infused into the ion trap mass spectrometers were 

delivered by syringe injection at 20 μLmin
-1

 into a makeup flow of an additional 

solvent pumped at 0.3 mLmin
-1

. Where hexane:IPA (99:1) was used for delivery, it 

was also used as the makeup flow. Where DCM or DCM:MeOH (1:1) was used for 

delivery, methanol was used as the makeup flow unless otherwise stated.  
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7.5.2. Instrument tuning 

 

Ion optic parameters for each instrument were optimised for tetraether lipids via 

tuning on the [M+H]
+ 

of GDGT 2 (nominal m/z 1301), as found in a direct infusion 

of a portion of the lipid extracts from MTH(ΔH) grown at either 45
o
C or 70

o
C. 

 

7.5.3. Ion trap MS
n
 

 

MS/MS and MS
n
 spectra, as described in Section 2.2.6 and Section 3.2.3.3 (in the 

latter case, for synthetic lipid 59 only), were recorded using the LCQ ion trap mass 

spectrometer during direct infusion. The isolation width was set to 3 m/z units in 

each case. The collision energy used to generate MS/MS spectra was 41%, whereas 

the collision energies used to generate MS
3
 spectra, given explicitly in Fig. 2.7, 

differed depending on the selected precursor ion. 

 

MS/MS spectra described in Sections 2.2.10 were recorded using the HCT ion trap 

mass spectrometer during direct infusion. Attempts to manually select precursors for 

MS/MS were unsuccessful using this instrument and, consequently, the spectra were 

recorded using the Auto MS
n
 feature, which automatically selects the base peak ion 

in a preliminary mass spectral scan for CID. To select for precursors that were not 

the base peak ion in the mass spectrum, the MS scan range was modified and set to 

encompass a narrow width of 5-20 m/z units, centred around the m/z value of the 

desired precursor. In each case, the isolation width was set to a 3 m/z unit window, 

with the maximum accumulation time set at 40 ms and fragmentation amplitude 

fixed at 2.0 V (SmartFrag not activated). 

 

7.5.4. sCID MS 

 

The sCID MS spectra described in Section 2.2.7 were recorded using the LCQ ion 

trap mass spectrometer during direct infusion. The source CID collision energies 

were set to the specific values described in Sections 2.2.7.2, 2.2.7.3 and 2..2.7.4. The 

MS/MS spectra recorded with sCID activated were obtained as described in Section 

7.5.3. 
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7.5.5. Direct infusion PAN MS/MS 

 

The PAN MS/MS spectrum described in Section 2.2.8.2 was recorded using the 

HCT ion trap mass spectrometer during direct infusion. Auto MS
n
 was used to 

acquire the spectrum, with PAN MS/MS activated and the PAN parameters set as: 

low CID 27%; min. frag. m/z 60; activation 100%; decay 50%; tickle 1000%.  

 

7.5.6. ESI Qh-FT-ICR MS and MS/MS 

 

High mass accuracy mass and tandem mass spectra of purified lipid cores extracted 

from MTH(ΔH) grown at 45
o
C, as described in Section 2.2.9, were acquired using 

an 9.4 T Apex ultra Qh-FT-ICR hybrid instrument (Bruker Daltonics; Coventry, 

UK). The lipid cores were first dissolved in acetonitrile:IPA (80:20) before being 

further diluted by a factor of 25 into acetonitrile:IPA (80:20) containing 0.2% formic 

acid. The solution was directly infused into the instrument, with ionisation effected 

via an Apollo II dual source with ESI operated in positive ion mode. The ESI 

parameters were set at: nebuliser gas (N2) flow 0.8 Lmin
-1

; drying gas (N2) flow 5.0 

Lmin
-1

; drying gas temperature 190
o
C; capillary voltage 4.2 kV. The MS scan range 

was set to m/z 200-3000. During MS/MS, the precursor ion was selected for CID 

using a Q1 resolution of 20 m/z units. The hexapole collision energy was set to 32.5 

eV, with Ar used as the collision gas.  

 

7.5.7. MALDI Qh-FT-ICR MS 

 

The high mass accuracy mass spectrum of a preparation enriched in GDHT 119, as 

described in Section 5.2.4.4, was also acquired on the Apex ultra Qh-FT-ICR 

instrument, with ionisation effected by MALDI. The lipid preparation was dissolved 

in acetonitrile:IPA (80:20) and premixed with an α-cyano-4-hydroxycinnamic acid 

matrix. 1.5 μL of the resulting solution was subsequently spotted onto a MALDI 

plate and allowed to dry. The mass spectrum was acquired from 16 consecutive 

scans, each of 200 laser shots. The MS scan range was set to m/z 300-5000. 
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7.6. LC-MS/MS 

 

7.6.1. Normal-phase LC-MS/MS 

 

Purified lipid core extracts were reconstituted in hexane:isopropanol (99:1) via 

sonication for 2 min in preparation for LC-MS/MS analysis. LC-MS/MS was 

performed using either a Finnigan system comprising a Thermo Separations AS3000 

autosampler, P4000 gradient pump and the LCQ ion trap mass spectrometer 

(Thermo-Finnigan; San Jose, CA, USA) or, otherwise, using an Ultimate 3000 rapid 

separation liquid chromatograph (Dionex; Sunnyvale, USA) coupled to the HCT ion 

trap mass spectrometer.  

 

Separation was achieved on a Waters Spherisorb S5-NH2 column (4.6 x 250 mm, 5 

μm; Elstree, UK) using a binary solvent system, operated at a flow rate of 1 mLmin
-1

 

and comprising hexane:IPA as the eluent. Three different gradient programs were 

utilised, all representing minor adjustments to the program suggested in a previous 

literature method (Hopmans et al., 2000). Each program comprises a period of 

elution in the conventional flow direction for the column followed by a period of 

backflushing, in which the direction of eluent flow through the column is reversed 

and finally, a reconditioning of the column in the conventional direction with the 

initial eluent composition (Table 7.1). Method A was used during acquisition of data 

presented in Chapter 2, whereas method B was used to generate results presented in 

Chapters 3-5. Method C was used in one specific case, as described in Section 

5.2.3.3. The injection volume in each case was 5 μL. 

 

In all cases, ionisation was facilitated via an APCI source, operated in positive ion 

mode. For the LCQ instrument, the APCI parameters were identical to those given 

for direct infusion MS in Section 7.5.1. For the HCT instrument, all parameters were 

similarly identical to those given in Section 7.5.1 apart from the drying gas flow and 

temperature, which were increased to 8 Lmin
-1

 and 325
o
C, respectively, for LC-

MS/MS analyses. Unless otherwise stated, the MS scan range was fixed at m/z 900-

1500. MS/MS spectra were recorded automatically by selection and CID of the base 

peak ion in the preceding MS scan. MS/MS settings were identical to those 
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described in Section 7.5.3. The dwell time was set to 100 ms for the LCQ 

instrument. The maximum accumulation time for the HCT instrument was set to 40 

ms. 

 

Table 7.1. Normal-phase LC-MS/MS binary gradient programs, with the percentage 

compositions of IPA in the eluent shown. 

 

 Time Method 

 (min)    A  B  C 

E
lu

ti
o

n
  

0 1  1  1 

5 1  1  1 

61.25 2  2  2 

90 -  15  15 

105 -  -  15 

B
ac

k
fl

u
sh

 

10 min 10  25  - 

15 min -  -  25 

R
ec

o
n

d
it

io
n
 

15 min 1  1  1 

 

 

7.6.2. Studies into normal-phase LC-MS/MS retention time drift 

 

The studies investigating retention time drift during normal-phase LC-MS/MS 

analyses, as described in Section 2.2.4.1.3, each utilised lipid core material from 

MTH(ΔH) grown at 45
o
C. Regulation of column temperature was achieved using a 

Shimadzu CTO-10Avp column oven (Shimadzu UK, Milton Keynes), set at 30
o
C. 

The column with alternative cyano chemistry utilised was a Waters Spherisorb S3-

CN column (4.6 x 150 mm, 3 μm; Elstree, UK). For the study in which part of the 

IPA in the eluent was replaced with DCM, an isocratic eluent composition of 

hexane:DCM:IPA (79.7:20:0.3) was used instead of gradient method A. Cholesterol 

used as a retention time marker was added to the lipid material as a solution in DCM, 

with the DCM removed under a stream of N2 prior to analysis. 
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7.6.3. PAN LC-MS/MS 

 

The PAN LC-MS/MS analyses described in Sections 2.2.8.3, 3.2.3.4, 3.2.4.6 and 

4.2.2.2 were achieved via lipid separation and ionisation as discussed in Section 

7.6.1, but with PAN MS/MS activated. PAN parameters were identical to those 

described in Section 7.5.5. 

 

7.6.4. Reversed-phase LC-MS/MS 

 

Reversed-phase LC-MS/MS analyses of the acetates of the Oxford Clay S90-11 lipid 

core extract, as described in Section 5.2.3.2, were performed using an Ultimate 3000 

liquid chromatograph (Dionex; Sunnyvale, USA) coupled to the HCT ion trap mass 

spectrometer. Separation was achieved on a Waters XTerra RP18 column (4.6 x 100 

mm, 3.5 μm; Elstree, UK) using an isocratic eluent flow comprising 

DCM:acetonitrile:MeOH (5:5:90) at a rate of 1 mLmin
-1

. Ionisation was via APCI, 

with the APCI parameters identical to those described for normal-phase LC-MS/MS 

in Section 7.6.1. The MS scan range was set to m/z 50-2000 during preliminary 

screening of the samples, but was modified to m/z 1361.5-1372.5 during re-analysis 

of column fraction 2. MS/MS spectra were recorded using settings identical to those 

described in Section 7.5.3. 

 

7.7. GC and GC-MS 

 

7.7.1. Sample preparation 

 

Both hexane and ethyl acetate proved to be effective as delivery solvents for GC-FID 

and GC-MS analyses of the hydrocarbon preparations.  

 

7.7.2 GC-FID analysis of ether-cleaved hydrocarbons from MTH(ΔH) 

 

GC-FID analyses of the hydrocarbons liberated from the lipid cores of MTH(ΔH) 

grown at 45
o
C or 70

o
C (Section 3.2.3.5) were performed using a Trace GC Ultra gas 

chromatograph (Thermo Scientific; Hemel Hempsted, UK) equipped with a DB-1 
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fused silica column (60 m, ID 0.32 mm, Film thickness 1.0 μm; J&W 

Scientific/Agilent Technologies, Stockport, UK). H2 was used as the carrier gas. 

Samples were introduced by on-column injection of a plug of 1 μL of the delivery 

solution. The temperature program involved injection at 70
o
C followed by an 

immediate ramp to 270
o
C at 20

o
C min

-1
, a subsequent ramp to 320

o
C at 1

o
C min

-1
 

and a 20 min isothermal period in which the temperature was held at 320
o
C. The 

detector temperature was held at 350
o
C throughout. 

 

7.7.3. GC-FID analysis of ether-cleaved hydrocarbons from VDG horizon X-1 

 

GC-FID analysis of the hydrocarbons liberated from the lipid cores of the VDG X-1 

horizon (Section 5.2.5.6) was achieved using a Carlo Erba HRGC5300 Mega gas 

chromatograph (Carlo Erba Instruments, Milan, Italy) equipped with a HP-5 fused 

silica column (25 m, ID 0.32 mm, film thickness 1.05 μm; Hewlett Packard). H2 was 

used as the carrier gas. Samples were, again, introduced by on-column injection of a 

plug of 1 μL of the delivery solution. The temperature program was identical to that 

used previously by Schouten et al. (2008b); the oven temperature at injection was 

70
o
C, which was increased to 130

o
C at 20

o
C min

-1
 and then to 320

o
C at 4

o
C min

-1
, 

after which the temperature was held at 320
o
C for 20 min. The detector temperature 

was held at 320
o
C. 

 

7.7.4. GC-MS analysis of ether-cleaved hydrocarbons 

 

GC-MS analyses of all ether-cleaved hydrocarbons were performed using an Agilent 

7890A gas chromatograph (Agilent Technologies, Stockport, UK) coupled to a 

Waters GCT Premier (Micromass UK LTD; Wythenshawe, UK) mass spectrometer. 

Separation was achieved on an Equity-5 fused silica column (30 m, ID 0.25 mm, 

Film thickness 0.25 μm; Supelco, Bellefonte) with He used as the carrier gas. 

Samples were introduced by split/splitless injection (split ratio 50:1) of a plug of 1 

μL of the delivery solution. The column oven temperature program was based on 

that of Schouten et al. (2008b) with minor modifications; the initial oven 

temperature during injection was 50
o
C, which was held for 1 min before an initial 

ramp to 130
o
C at 20

o
C min

-1
, followed by a secondary ramp to 320

o
C at 4

o
C min

-1
, 
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after which the temperature was held at 320
o
C for 20 min. The mass spectrometer 

scanned the range m/z 30-850 with the ionisation energy fixed at 70 eV. 

 

7.8. Data processing and analytical considerations 

 

7.8.1. LC-MS chromatograms and integration 

 

In order to allow for the sub-unit resolution of the ion trap instruments employed, 

reconstructed ion chromatograms for LC-MS were generated by selecting all ions 

within ±0.5 m/z units of the target m/z value. Lipid relative abundances were 

calculated from individual ion chromatogram LC-MS peak areas, with ionisation 

efficiencies assumed to be constant for all of the lipids. 

 

7.8.2. Analytical replication 

 

Where analytical replicates were obtained, quantitative values are given as the mean 

of the repeat measurements. Errors quoted for such values represent one standard 

deviation (±) from the mean in each case. The number of replicates performed (n) 

is also provided in each case. 

 

7.8.3. Mass and tandem mass spectra 

 

All ions identified in ion trap mass spectra are reported with their m/z value as 

measured on the ion trap instrument used, unless otherwise explicitly stated. Product 

ions in ion trap tandem mass spectra (i.e. MS/MS, MS
n
, sCID MS, PAN MS/MS) are 

typically reported with their nominal m/z value, with the exception of those labelled 

in Fig. 2.4, where the average value measured for each during 12 replicate LC-MS 

analyses is shown. Ions in mass and tandem mass spectra recorded using the Qh-FT-

ICR instrument are reported with their high mass accuracy m/z values. 
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Structural representations 

 

Provided in this appendix are representative structures for the ether lipid cores and 

hydrocarbons described in the preceding text. Although the structures of some of the 

lipids have been reported previously, often following rigorous structural analysis, 

many others are reported for the first time. For these latter lipid cores, the structures 

provided were reconstructed following consideration of both the LC-MS/MS data 

obtained and a priori knowledge of the limited structural variety within known 

archaeal lipids (e.g. the Cp rings are incorporated at specific positions). 

Nevertheless, the structures shown are provided for illustrative purposes only and 

should be treated as such. Most notably, the positions of cyclopentyl or cyclohexyl 

rings, methyl branching groups and/or hydroxyl groups in the etherified alkyl chains, 

the positions of covalent cross-links between etherified chains and the orientation of 

each chain with respect to the sn-2 and sn-3 carbinols of the two capping glycerol 

groups in each lipid may differ from those shown. Likewise, 2a/2b and 26a/26b 

aside, all tetraether structures are presented solely as isomers in which the glycerol 

groups are arranged anti to one-another. Isomers of each lipid in which the glycerol 

groups have a syn arrangement should also be considered as potential structural 

variants. 

 

Hydrocarbons 
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Ether lipid cores 
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122’ = GDHT containing 2 Cp rings

122 = GDHT containing 2 Cp rings

124 = GDHT containing 4 Cp rings
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127 = GDD lipid; 36 chain carbon atoms

121 = GDHT containing 1 Cp ring

128 = GDD lipid; 35 chain carbon atoms

129 = GDD lipid; 34 chain carbon atoms 130 = GDD lipid; 33 chain carbon atoms

131 = GDD lipid; 32 chain carbon atoms 132 = GDD lipid; 31 chain carbon atoms

133 = GDD lipid; 30 chain carbon atoms 134 = GDD lipid; 29 chain carbon atoms

135 = GDD lipid; 28 chain carbon atoms

137 = Triether tetrol; 63 chain carbon atoms 138 = Triether tetrol; 62 chain carbon atoms

139 = Triether tetrol; 61 chain carbon atoms 140 = Triether tetrol; 60 chain carbon atoms

136 = Triether tetrol; 64 chain carbon atoms

141 = Unknown non-isoprenoid lipid 142 = Unknown non-isoprenoid lipid

143 = Unknown non-isoprenoid lipid 144 = Unknown non-isoprenoid lipid
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A1 = GDGT[370,380] methyl ether?

A2 = GDGT[370,370] methyl ether

A3 = GDGT[360,370] methyl ether

A4 = GDGT[350,370] methyl ether

A4* = GDGT[360,360] methyl ether

A5 = GDGT[350,360] methyl ether

A6 = GDGT[350,350] methyl ether

A7 = GDGT[340,350] methyl ether?

B1 = GDGT[330,340] methyl ether?

B2 = GDGT[330,330] methyl ether?

B3 = GDGT[320,330] methyl ether?

B4 = GDGT[320,320] methyl ether?

B5 = GDGT[310,320] methyl ether?

B6 = GDGT[310,310] methyl ether?

B7 = GDGT[300,310] methyl ether?

B8 = GDGT[300,300] methyl ether?

C1 = GDH2T[380,380]?

C2 = GDH2T[370,380]

C3 = GDH2T[370,370]

C4 = GDH2T[360,370]

C5 = GDH2T[360,360]

C6 = GDH2T[350,360]?

C7 = GDH2T[350,350]?

D1 = GDHT[380,380]?

D2 = GDHT[370,380]

D3 = GDHT[370,370]

D4 = GDHT[360,370]

D5 = GDHT[360,360]

D6 = GDHT[350,360]?

E1 = GDH2T[330,330]?

E2 = GDH2T[320,330]

E3 = GDH2T[320,320]

F1 = GDHT[330,340]?

F2 = GDHT[330,330]?

F3 = GDHT[320,330]?

F4 = GDHT[320,320]?

G1 = GDGT[370,380]?

G2 = GDGT[370,370]

G3 = GDGT[360,370]

G4 = 50 = GDGT[350,370]

G5 = GDGT[350,360]?

G6 = GDGT[350,350]?

H1 = GDGT[370,370]

H2 = GDGT[360,370]

H3 = GDGT[360,360]

H4 = GDGT[350,360]

H5 = GDGT[350,350]

H6 = GDGT[340,350]

H7 = GDGT[340,340]?

J1 = GDGT[340,350]?

J2 = GDGT[340,340]

J3 = GDGT[330,340]

J4 = GDGT[330,330]

J4* = GDGT[320,340]

J5 = GDGT[320,330]

J6 = GDGT[320,320]

J7 = GDGT[310,320]

J8 = 36 = GDGT[310,310]

J8* = 36* = GDGT[300,320]

J9 = 35 = GDGT[300,310]

J10 = 34 = GDGT[300,300]

J11 = GDGT[290,300]?

J12 = GDGT[290,290]?

K1 = GDT[370,370]

K2 = GDT[360,370]

K3 = GDT[360,360]

K4 = GDT[350,360]?

K5 = GDT[350,350]?

A1 = GDGT[370,380] methyl ether?

A2 = GDGT[370,370] methyl ether

A3 = GDGT[360,370] methyl ether

A4 = GDGT[350,370] methyl ether

A4* = GDGT[360,360] methyl ether

A5 = GDGT[350,360] methyl ether

A6 = GDGT[350,350] methyl ether

A7 = GDGT[340,350] methyl ether?

B1 = GDGT[330,340] methyl ether?

B2 = GDGT[330,330] methyl ether?

B3 = GDGT[320,330] methyl ether?

B4 = GDGT[320,320] methyl ether?

B5 = GDGT[310,320] methyl ether?

B6 = GDGT[310,310] methyl ether?
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C2 = GDH2T[370,380]
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G4 = 50 = GDGT[350,370]
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H3 = GDGT[360,360]

H4 = GDGT[350,360]
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H7 = GDGT[340,340]?
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J2 = GDGT[340,340]

J3 = GDGT[330,340]
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J4* = GDGT[320,340]

J5 = GDGT[320,330]
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J7 = GDGT[310,320]

J8 = 36 = GDGT[310,310]

J8* = 36* = GDGT[300,320]

J9 = 35 = GDGT[300,310]

J10 = 34 = GDGT[300,300]

J11 = GDGT[290,300]?

J12 = GDGT[290,290]?
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R1 = 38 = GDGT[301,310]

R2 = 37 = GDGT[300,301]

L1 = GDT[370,370]

L2 = GDT[360,370]

L3 = GDT[350,370]

L3* = GDT[360,360]

L4 = GDT[350,360]?

L5 = GDT[350,350]?

L6 = GDT[340,350]?

L7 = GDT[340,340]

L8 = GDT[330,340]?

L9 = GDT[330,330]

L10 = GDT[320,330]

L11 = GDT[320,320]

L12 = GDT[310,320]?

L13 = GDT[310,310]

L13* = GDT[300,320]

L14 = GDT[300,310]

L15 = GDT[300,300]

S1 = GMGT containing C69 chain?

S2 = GMGT containing C68 chain

S3 = GMGT containing C67 chain

S4 = GMGT containing C66 chain

S5 = GMGT containing C65 chain?

S6 = GMGT containing C64 chain?

S7 = GMGT containing C61 chain

S8 = GMGT containing C60 chain

T1 = GMT containing C68 chain

T2 = GMT containing C67 chain

T3 = GMT containing C66 chain

T4’ = GMT containing C60 chain

T4 = GMT containing C60 chain

U1 = 41 = GDGT[301,311]

U2 = 40 = GDGT[301,301]

V1 = GTGT containing 64 chain C atoms? 

V2 = GTGT containing 63 chain C atoms?

V3 = GTGT containing 62 chain C atoms?

V4 = GTGT containing 61 chain C atoms?

V5 = GTGT containing 60 chain C atoms?

V6 = GTGT containing 59 chain C atoms?

V7 = GTGT containing 58 chain C atoms?

R1 = 38 = GDGT[301,310]

R2 = 37 = GDGT[300,301]

L1 = GDT[370,370]

L2 = GDT[360,370]

L3 = GDT[350,370]

L3* = GDT[360,360]

L4 = GDT[350,360]?

L5 = GDT[350,350]?

L6 = GDT[340,350]?

L7 = GDT[340,340]

L8 = GDT[330,340]?

L9 = GDT[330,330]

L10 = GDT[320,330]

L11 = GDT[320,320]

L12 = GDT[310,320]?

L13 = GDT[310,310]

L13* = GDT[300,320]

L14 = GDT[300,310]

L15 = GDT[300,300]

S1 = GMGT containing C69 chain?

S2 = GMGT containing C68 chain

S3 = GMGT containing C67 chain

S4 = GMGT containing C66 chain

S5 = GMGT containing C65 chain?

S6 = GMGT containing C64 chain?

S7 = GMGT containing C61 chain

S8 = GMGT containing C60 chain

T1 = GMT containing C68 chain

T2 = GMT containing C67 chain

T3 = GMT containing C66 chain

T4’ = GMT containing C60 chain

T4 = GMT containing C60 chain

U1 = 41 = GDGT[301,311]

U2 = 40 = GDGT[301,301]

V1 = GTGT containing 64 chain C atoms? 

V2 = GTGT containing 63 chain C atoms?

V3 = GTGT containing 62 chain C atoms?

V4 = GTGT containing 61 chain C atoms?

V5 = GTGT containing 60 chain C atoms?

V6 = GTGT containing 59 chain C atoms?

V7 = GTGT containing 58 chain C atoms?
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