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ABSTRACT

RATIONALE: Glycerol-based alkyl ether lipids are ubiquitous components in marine
sediments. In order to explore their structural diversity and biological sources, marine
sediment samples from diverse environments were analyzed and the mass spectra of
widely distributed, novel glycerol di- and tetraethers were examined systematically.
METHODS: Lipid extracts of twelve globally distributed marine subsurface sediments
were analyzed with atmospheric pressure chemical ionization mass spectrometry
(APCI/MS). Tandem mass spectra (MS/MS) of compounds were obtained with a
quadrupole time-of-flight (qTOF) mass spectrometer.

RESULTS: In addition to the well established isoprenoidal glycerol dialkyl glycerol
tetraether (isoprenoidal GDGT) and branched GDGT, suites of novel lipids were detected
in all studied samples. These lipids include the following classes of tentatively identified
compounds: isoprenoidal glycerol dialkanol diether (isoprenoidal GDD), hydroxylated
isoprenoidal GDGT (OH-GDGT), hybrid isoprenoidal/branched GDGT (IB-GDGT),
hydroxylated isoprenoidal GDD (OH-GDD), overly branched GDGT (OB-GDGT),
sparsely branched GDGT (SB-GDGT) and an abundant H-shaped GDGT with the
[M+H]" ion of m/z: 1020 (H-1020).

CONCLUSIONS: Characteristic MS/MS fragmentation patterns provided mass spectral
‘fingerprints’ for the recognition of diverse and prominent glycerol ether lipids. The
ubiquitous distribution and substantial abundance of these glycerol ethers, as well as their
structural variability, suggest a significant ecological role of their source organisms in

various marine environments.
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INTRODUCTION

Isoprenoidal glycerol ethers are characteristic membrane lipids of Archaea, which
were initially observed in cultivated extremophiles !'*! and methanogens. !
Phylogenetic analysis based on ribosomal RNA and DNA first revealed the prevalence of
non-extremophilic archaea in the marine water column and underlying sediments. *’
Likewise archaeal ether lipids were discovered to be widespread in marine environments

19131 The most

with mesophilic crenarchaeota proposed as the major biological source.
commonly detected isoprenoidal ether lipids are glycerol diphytanyl diether (archaeol)
and glycerol dialkyl glycerol tetraethers (isoprenoidal GDGTs), with both groups often
being utilized as archaeal biomarkers in modern and geological samples. For example,
based on the detection of archaeol and hydroxy-archaeol with anomalously low stable
carbon isotopic compositions, Hinrichs et al. ' identified the presence of methane-
oxidizing archaea in marine sediments at methane seeps. Assuming that isoprenoidal
GDGTs in sediments are primarily derived from planktonic archaea in the upper water
column, the sea surface temperature proxy TEXge, defined by the ratio of isoprenoidal
GDGTs with different number of cyclopentane and cyclohexane rings, was established.
5] On the other hand, non-isoprenoidal glycerol ethers, such as branched GDGTs are
also common lipid components in sediments. Based on the dominant distribution of
branched GDGTs in soils, they are used for assessing soil inputs into marine

environments. "%
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During the past decade, the traditional indirect analysis with gas chromatography-
mass spectrometry (GC/MS) on ether cleavage products of nonvolatile glycerol ethers
has been complemented by high-performance liquid chromatography-mass spectrometry
(HPLC/MS) methods capable of analyzing the intact GDGTs, including the intact polar
lipid precursors. !'"'*1 Although the increased utilization of HPLC/MS resulted in a
expansion of the known structural diversity of isoprenoidal and non-isoprenoidal glycerol
ether lipids in organisms and natural settings, [¢ *! the range of glycerol based ether
lipids has been limited to five major series: isoprenoidal diethers, GDGTs, H-shaped
GDGTs, glycerol trialkyl glycerol tetraether (GTGT) and branched GDGTs. Ion trap and
quadrupole time-of-flight (qTOF) mass spectrometers, which provide additional benefits
that come with MS/MS data and accurate mass measurements have, thus, enabled us to
conduct the present survey of glycerol ether lipids across a diverse set of marine
sediments. These newly recognized classes of lipids and the details of their distributions

will provide new information on the microbial inhabitants of these environments.

EXPERIMENTAL

Sample collection and preparation

Twelve globally distributed marine sediments from various environmental
settings (Fig. 1) were prepared for analysis as described previously. ' All sediment
samples were freeze-dried and extracted with modified Bligh and Dyer protocol as
described by Sturt et al. (%1 11 addition, two archaeal cultures, i.e., Methanococcus

thermolithotrophicus, (DSM 2095) and Methanopyrus kandleri, (DSM 6324), and one
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peat bog sample were also analyzed to aid specific lipid characterization (details in SI

Text).

HPLC/atmospheric pressure chemical ionization/MS analysis

One aliquot of each sample was dissolved in 200 puL hexane/isopropanol [99:1,
v/v] for HPLC/MS analysis. Compounds were separated on a Prevail Cyano column
(2.1x150 mm, 3 um; Grace, Deerfield, IL, USA) maintained at 35 °C in an Agilent 1200
series HPLC (Agilent Technologies, Waldbronn, Germany). Using a flow rate of 0.25 mL
min”', the gradient of mobile phase was first held for 5 min with 100% of eluent A (n-
hexane/isopropanol, 99:1 [v/v]), followed by a linear gradient to 90% of A and 10% B (n-
hexane/isopropanol, 90:10 [v/v]) in 20 min, followed by a linear gradient to 100% B at
35 min, after hold at 100% B for 5 min. The column was re-equilibrated with 100%
eluent A at a flow rate of 0.6 mL min™' for 5 min before the next injection.

MS? spectra of most of the lipids were generated using an Agilent 6520 qTOF
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) in combination with an
Agilent 1200 series HPLC system and an atmospheric pressure chemical ionization
(APCI) interface. APCI was set in positive ion mode with nebulizer gas (N,) pressure 60
psi, vaporizer temperature 250°C and drying gas (N) temperature 350°C and a flow of
4 L min™. qTOF settings are capillary voltage 1 kV, corona current 5 uA, fragmentor
voltage 150 V, skimmer 65 V and octopole 750 V. With an auto MS/MS scanning mode
MS' records the protonated ions of m/z 500-2000. In each cycle three protonated
molecules with highest intensity were selected as precursor ions for further MS?

experiments, recorded mass range is m/z 100-2000. MS* spectra of GTGT-0 and
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branched GDDs were generated with a ThermoFinnigan LCQ Deca XP Plus ion trap
mass spectrometer (ThermoFinnigan, San Jose, CA, USA); APCI settings were as
follows: capillary temperature 200 °C, source heater temperature 400 °C, sheath gas
flow 30 arbitrary units, source current 5 pA, MS! mass range m/z 500-1500.
Quantification of lipids was achieved with an Agilent 6130 MSD single
quadrupole mass spectrometer (Agilent Technologies, Waldbronn, Germany), coupled to
an Agilent 1200 series HPLC via multimode ion source set in positive APCI mode. Due
to the lack of proper standards, the relative abundance of compounds was calculated
based on peak areas without considering their different response factors; relative
distributions of compound classes should therefore be viewed semi-quantitative. APCI
settings followed the parameters of qTOF, but drying gas (N,) was at 200°C with a flow
of 6 L min™', capillary voltage 2 kV, and corona current 5 pA. The detector was set using
Chemstation software (Agilent, v. B.04.03.54) for selective ion monitoring (SIM) of
[M+H]" ions (m/z: 1304, 1302, 1300, 1298, 1296, 1292, 1246, 1244, 1242, 1240, 1236,
1218, 1204, 1190, 1176, 1162, 1148, 1134, 1120, 1106, 1092, 1078, 1064, 1050, 1036,

1022, 1020, 1008, 994, 980, 966, 653 and with a fragmentor voltage 190 V).

RESULTS AND DISCUSSION

More than forty distinct glycerol ether lipids, visualized via LC/MS
chromatograms (Fig. 2 and S1), comprising both previously known and newly recognized
structures, were present in all twelve samples (Fig. 1). Tentative structural identifications
of novel lipids were achieved on the basis of mass spectral data and retention time. The

overall distribution of ether lipids is demonstrated by the relative abundance of the 11
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distinct structural groups identified in the sediments (Fig. 1). Their characteristic MS/MS
fragmentation patterns, natural distributions and our ecological interpretations are

discussed as follows.

Previously known glycerol ethers: Archaeol, GTGT-0, isoprenoidal GDGTs,
isoprenoidal H-shaped GDGTs and branched GDGTs

We start with briefly describing the range of known components in order to
establish the chromatographic and mass spectrometric context for the subsequent
discussion of novel components. Under normal-phase LC conditions, archaeol (Ar) is the
first eluting glycerol ether lipid with the [M+H]" ion of m/z 653 and a characteristic
product ion of m/z 373 formed through loss of one phytanyl chain (Fig. S3). The
abundance of archaeol in the analyzed marine sediments, as estimated by its response
relative to other compounds, is less than 1% of total ether lipids (Fig. 1 and Table S1).
Its occurrence in marine sediment is usually attributed to the presence of methanogenic or
methanotrophic archaea ****! but other sources are conceivable.

GTGT-0 containing one biphytanyl and two phytanyl chains as its alkyl units
elutes directly after archaeol in normal phase LC (Fig. 2). Because of its special trialkyl
tetraether structure, GTGT gives distinctive fragmentation pattern in its MS” mass

[e£-24] characterized by a [M+H]" ion of m/z 1304 and product ions of m/z 373,

spectrum,
931 and 1023 (Fig. S4). The relative abundance of GTGT-O0 is rather low, on average, 0.1%
of the total suite of glycerol ethers described here (Fig. 1).

Accounting for around 55% of total ether lipids (Fig. 1), isoprenoidal GDGTs

usually comprise GDGTs with 0-3 cyclopentane rings, the cyclohexane-bearing
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13131 (Fig. S5A). Their MS® spectra are characterized

crenarchaeol and its regioisomer
by the protonated molecular ion ((M+H]") and product ions resulting from loss of one
H,O ([M+H-18]"), one glycerol ((M+H-74]") and one biphytane unit (Fig. S5B). It has
been suggested that isoprenoidal GDGTs preserved in marine sediments are primarily
derived from planktonic archaea, but in situ contribution of benthic archaea has also been
proposed. %2>

Isoprenoidal H-shaped GDGT is an informal designation for GDGT whose two
alkyl chains are bridged through a covalent C-C bond. This compound, in our sample set
present as H-GDGT-0 in low abundance (~ 0.4% of the total ethers) only in sample
ODP201-1229A-22H]1 from the Peru margin, has distinctive MS® behavior under
LC/APCI/MS [°# 2 that differs from GDGTs in that there are only product ions
corresponding to loss of H,O and a glycerol unit; no ions resulting from the loss of a
single alkyl chain (Fig. S6).

Branched GDGTs are non-isoprenoidal glycerol tetraethers with 13,16-dimethyl
or 5,13,16-trimethyl octacosanyl moieties. The 1,2-di-O-alkyl-sn-glycerol configuration
of branched GDGTs implies a bacterial rather than archaeal origin. ****) The branched
GDGTs account for ~10% of the total glycerol ether lipids in our samples (Fig. 1). Three
branched GDGTs are prominent in both marine and terrestrial environments !'®>*! and
comprise homologs with [M+H]" of m/z 1022, 1036 and 1050 that differ in their degree

of methylation rather than alkyl chain length (see molecular structures in Figs. 2 & S1

and Figs. 3 & S2).

OB- and SB-GDGTs
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Detailed evaluation of the mass spectra of the branched GDGTs has exposed two
related series of compounds that are also interpreted to be based on octacosanyl chains
but in comparison to the branched GDGTs with either higher (overly branched, OB-
GDGTs) or lower degrees (sparsely branched, SB-GDGTs) of methylation (Fig. 3 and
Fig. S2). OB- and SB-GDGTs were present in all samples with a relative abundance of ~
3% on average. Their glycerol tetraether skeleton yields characteristic product ions in
MS? through loss of H,0, glycerol and one alkyl unit (Fig. 3 and S2). The product ions
resulting from loss of a single alkyl chain provide clues to the carbon number of each
alkyl moiety of the OB- and SB-GDGTs. Although exact methylation patterns remain to
be elucidated, the mass spectral evidence of the compound series strongly suggests that
methylation occurred successively on alternative alkyl moieties, from the smallest
branched GDGT ([M+H]" of m/z 1022) to the largest OB-GDGT ([M+H]" of m/z 1134)
(Fig. 3 and Fig. S2). GC/MS analysis of the hydrocarbons released by ether cleavage and
subsequent reduction (SI Text) indicates that structural complexity is due to multiple sites
of methylation along the carbon chains (Fig. 4 and S7). Based on the evidence at hand,
we tentatively illustrate the OB- and SB-GDGTs (Fig. 2 and 3) as homologues in which
successive methylations result in partially isoprenoidal structures (see structures in Figs.
2 & S1 and Figs. 3 & S2). Verification of exact structures of these components will

1321y Biological sources of

require their isolation and NMR analysis (cf. Liu et al., 2012
OB- and SB-GDGTs and the biosynthetic mechanisms for methylation or demethylation

of alkyl moieties are currently unknown. However, the observed relationships between

the degree of methylation of the branched GDGTs in soil, mean annual air temperature
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and soil pH P! imply that environmental factors may influence the distribution of OB-

and SB-GDGTs in the marine realm.

IB-GDGTs

Tentatively identified hybrid isoprenoidal/branched (IB)-GDGTs possess alkyl
chains that combine widely considered attributes characteristic of both archaea (phytanyl
moiety) and bacteria (methylated-alkyl moiety). IB-GDGTs co-elute with isoprenoidal
GDGT-3 and crenarchaeol (Fig. 2). Based on interpretation of methylation patterns and
relative retention time, we tentatively assign a triacontanyl chain with various degrees of
methylation to this class. Indeed, the presence of one compound ([M+H]", m/z 1190) of
this series was previously reported for multiple depositional settings. "> Detailed analysis
of our LC/MS data reveals additional IB-GDGT analogues with both higher and lower
degrees of methylation. In total, seven IB-GDGTs have been detected (Fig. 3 and S2).
The lowest molecular weight IB-GDGT has the same protonated molecular ion ((M+H]",
m/z 1134) as the largest OB-GDGT, while they are chromatographically distinct (Fig. 3
and S2), consistent with different alkyl chain lengths and methylation patterns. As for the
OB-GDGTs, the precise structures of the IB-GDGTs remain unresolved although the
differences within each series must lie in the patterns of methylation. Under LC/MS/MS,
the product ions resulting from loss of a single alkyl chain of IB-, OB- and branched
GDGTs show that increasing degrees of methylation occurs on alternate alkyl chains. In
other words, if one compound possesses two more methyl groups than another compound
within the series of IB-GDGTs, it carries one additional methyl group at each alkyl

moiety. One exception is the IB-GDGT with [M+H]" of m/z 1190. For this compound

10
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the two product ions formed by the alkyl chains differ by 28 m/z (i.e., m/z 673.651 and
701.683, of IB-GDGT 1190 in Fig. 3 and S2). This could either reflect a difference in
alkyl chain length as suggested previously by Schouten et al. for a related compound !'*!,
or two more methyl groups on one alkyl moiety.

IB-GDGTs were detected in all samples at an average abundance of ~1.6% of
total ether lipids. Isolation of IB-GDGTs via preparative LC and subsequent NMR
analyses are expected to reveal their exact structures in the future. To date, the biological

source of IB-GDGT remains elusive.

OH-GDGTs

Hydroxylated analogues of known isoprenoidal GDGTs were detected in all
sediments with the average abundance of ~ 3% of total ether lipids (Fig. 1); the
distributions and detailed structural analysis of the mono-hydroxyl derivatives have been
described in a separate report. 2 The additional hydroxyl groups of OH-GDGTs result in
increased polarity and later elution under normal phase LC conditions compared to the
isoprenoidal GDGTs (Fig. 2). Under APCI conditions, OH-GDGTs readily dehydrate
yielding [M+H-18]" ions for monohydroxylated and [M+H-36]" ions for dihydroxylated
GDGTs (Fig. 5). The fragmentation patterns evident in the MS? spectra of GDGT-0,
OH-GDGT-0 and 20H-GDGT-0 (Fig. S9) all confirm that hydroxylated biphytanes are
preferentially lost and that for 20H-GDGT, both hydroxyl groups are located at the same
biphytane moiety.

OH-GDGTs are present in all analyzed samples. They have ring distributions

distinct from those of the co-occurring isoprenoidal GDGTs. **! Isomerism in the OH-

11
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GDGTs, identified on the basis of the distribution and retention times of products in acid
hydrolyzed TLE of a Methanococcus thermolithotrophicus culture (Fig. S10) confirms
that the mono- and dihydroxyl GDGTs that normally occur in marine sediments are
compounds (2) and (5). However, other isomers present in the lipids of M.
thermolithotrophicus are not detected in sediments. Further, their IPL precursors,

including 2Gly-OH-GDGT, are detected with remarkable abundance in the anoxic Black

[33] [34] [27,32] -

Sea water column, “** at methane seep sites, = - in subsurface sediments; in these
previous studies they were designated as H341-GDGT or 2Gly-GDGT+18. Diglycosidic
OH-GDGTs were also found in the planktonic crenarchaeote Candidatus Nitrosopumilus
maritimus P> (designated as unknown intact isoprenoidal GDGT with one hexose plus
180 Da head group) and the euryarchacote Methanococcus thermolithotrophicus, !
indicating that they are not limited to one archaeal kingdom. Their substantial abundance
in marine environments suggests that OH-GDGTs may harbor potential as taxonomic

biomarkers and geobiological proxies.

GDDs

GDDs appear to be derivatives of GDGTs lacking one glycerol moiety. %! Here
we introduce OH-GDDs and branched GDDs as relatives of the previously described
ubiquitous series of isoprenoidal GDDs. *® Isoprenoidal GDDs and OH-GDDs co-occur
with their corresponding isoprenoidal GDGTs and OH-GDGTs in all samples (Fig. 5).
Likewise, branched GDDs (Fig. S11) are detected in settings where branched GDGTs are
abundant. GDDs are more polar than the corresponding GDGTs (Fig. 2) and are usually

less abundant (Fig. 1). Characteristic product ions in the MS* spectra of GDD-

12
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crenarchaeol, GDD-0, OH-GDD-0 and 20H-GDD-0 are shown in Fig. S12. As an
analogue to the product ions with m/z 743 in the MS? spectra of 20H-GDGT-0 (Fig. S9),
20H-GDD-0 (Fig. S12) possesses a major product ion at 669 m/z that consists of a single
glycerol moiety linked to a saturated biphytane, thus indicating the presence of both
hydroxyl groups on a single biphytanyl group.

Isoprenoidal GDGTs and GDDs exhibit similar cyclization patterns, strongly
suggesting related biological sources for these two lipid groups. The unique bipolar
structure of GDDs and their coexistence with corresponding GDGTs in marine sediments
and archaeal cultures identify GDDs as either functional lipids or biosynthetic
intermediates. Their prevalence as products of diagenesis or even artificial formation
during sample preparation appears rather unlikely due to the presence of hydroxylated
isoprenoidal GDDs because cleavage of two ether bonds requires chemically harsher
conditions than dehydration of a labile tertiary hydroxyl group. The ubiquitous
distribution and remarkable abundance of isoprenoidal GDDs, which account on average
for 11.7% of the total glycerol ether lipids (Fig. 1) in our sample set, identify them as
potential molecular proxies once their physiological role is better understood. One current

hypothesis is that they are diagnostic of lipid recycling mediated by benthic archaea. "

Novel H-shaped GDGTs

In addition to the previously reported structures, such as H-shaped GDGTs with
0-4 cyclopentane rings, **! we also detected novel H-shaped GDGTs with extra
methylation on the hydrocarbon chains (SI Text and Fig. S6). Additionally, we identified

the ubiquitous compound denoted H-1020 (Fig. 2 and S1) as having an H-shaped

13
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structure (Fig. S13). This compound is remarkably abundant at ~ 13% of total ether lipids
in our sample set. The source of H-1020 remains unknown but its high abundance in
many marine settings indicates that formation of a H-shaped structure in membrane-

spanning lipids has a physiological purpose other than survival at high temperatures. °*
g p

CONCLUSIONS

The detection and recognition of novel glycerol ether lipids in marine sediments
by means of LC/MS with APCI has revealed an unexpected diversity of membrane lipid
derivatives produced by both Archaea and Bacteria. A large proportion of these
compounds has previously evaded detection. The identification of both isoprenoidal and
branched-alkyl GDDs shows, for the first time, the existence of bipolar diethers with
three free hydroxyl groups while the OH-GDGT tetraether is the first described analogue
of the well-known hydroxy diethers. More complex structures include the methylation
series of IB-, OB-, SB- and branched GDGTs and methylated H-shaped GDGTs.
Although the exact structures of IB-, OB- and SB-GDGTs and H-1020 remain to be
resolved in future research, their widespread nature and high abundance in marine
sediments shows that their biological sources are important members of marine
ecosystems. The mass spectral data presented here serves as a ‘fingerprint’ of each
compound and will facilitate future analyses and especially investigation of these sources

of numerous novel compounds that occur ubiquitously in marine sediments.
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Figure captions

Figure 1. Distribution of 11 groups of detected glycerol ether lipids in 12
marine subsurface sediments.

The relative abundance (%) of 11 structural groups in each sample presented in the
form of a quasi-3D histogram. Detailed sample information and raw data are

presented in Table S1. The map shows the location of sampling sites.

Figure 2. LC/APCI/MS chromatogram showing the distribution of glycerol
ether lipids in sample ODP201-1229D-4H4, Peru Margin.

A color-coded composite chromatogram (generated by Agilent 6130 MSD single
quadrupole MS) showing the elution order and structures of representative
compounds. Co-eluting and less abundant species components are shown as insets
below the main chromatogram. The signals for Ar (archaeol) and GTGT-0 have been
amplified by 40 times, IB-GDGTs, OB-GDGTs, SB-GDGTs, 20H-GDGT and OH-GDDs
by 100 times. H-GDGT-0 and 20H-GDD were not detected in this sample and an
asterisk indicates their elution positions based on the chromatograms of other
samples. A full version of this figure (Fig. S1) with diagnostic [M+H]* values and

molecular structures of all detected lipids is provided in Supporting Information.

Figure 3. Tentative identification of IB-, OB-, branched and SB-GDGTs by MS?
spectra (qTOF).

Extracted ion chromatograms (EIC) showing the different compound classes in their
specific mass windows (left panel). Product ion (MS?) spectra of representative
compounds show the characteristic product ions (numbers in red, product ions
resulting from the loss of one alkyl chain) used to identify each structure (right
panel). Due to the low intensity and interference caused by co-elution, the MS?
spectra of IB-GDGTs (m/z 1148 and 1134) and SB-GDGTSs are not shown here. Partial
MS? spectra of IB-GDGTSs are amplified in separate windows. Putative structures of

the lowest molecular weight IB-GDGT and the highest molecular weight OB-GDGT
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(m/z 1134, I and II) are illustrated in the central box for comparative purposes. A full
version of this figure (Fig. S2) with MS? spectra of other lipids is provided in

Supporting Information.

Figure 4. GC/MS of ether cleavage released hydrocarbons.

The TIC (total ion chromatogram) showing the composition of hydrocarbons
released from B-, OB-, IB- and isoprenoidal GDGTs. Peak 1 is 13,16-dimethyl
octacosane, 2a~e are trimethyl octacosanes, 3a and b are tetramethyl octacosanes, 4a and
b are pentamethyl octacosanes and 5a and b are hexamethyl octacosanes. 6a and b are
hydrocarbons released from IB-GDGT 1190 and are tentatively assigned as
pentamethyltriacontane and heptamethyltriacontane, respectively (Fig. S8). The mass

spectra of labeled peaks are shown in Supporting Information, Fig. S7 and S8.
Figure 5. LC/APCI/MS chromatograms (MSD) of M76/1 GeoB12806-2.

EIC showing the distribution of isoprenoidal GDGTs, OH-GDGTSs and their
corresponding GDDs.
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