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ABSTRACT 11 

In recent decades, microbial membrane lipids have become a focus of geoscientific research because of their 12 

proxy potential. The aim of this study was to develop new methods for ultra high performance liquid 13 

chromatography (UHPLC) separation of isomers of archaeal and bacterial membrane ether lipids, in particular 14 

glycerol dialkyl glycerol tetraethers (GDGTs), because of their tendency to co-elute with related but 15 

incompletely characterized derivatives. Our newly developed protocol, involving analysis using two Acquity 16 

BEH HILIC amide columns in tandem, enables chromatographic separation of several of these co-eluting 17 

compounds, such as the isoprenoid GDGT with four cyclopentyl moieties and other chromatographic shoulders 18 

often observed in GDGT analysis. Additionally, resolved peaks were observed for isoprenoid GDGTs, branched 19 

GDGTs and isoprenoid glycerol dialkanol diethers (GDDs); these have typically the same molecular mass as the 20 

corresponding major compound. Multiple stage mass spectrometry (MS
2
) indicated that the shoulder peaks 21 

represent either regioisomers or other structural isomers with different ring or methyl positions. In some 22 

samples, these isomers can be even more abundant than their “regular” counterparts, suggesting that 23 

previously hidden clues regarding source organisms and/or community response to environmental forcing 24 

factors may be encoded in the distributions. 25 
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1. Introduction 28 

Archaeal and bacterial glycerol ether lipids are widespread in marine and terrestrial environments (Schouten et 29 

al., 2000, 2002; Weijers et al., 2007; Lipp et al., 2008; Liu et al., 2012a). The prominent glycerol dialkyl glycerol 30 

tetraethers (GDGTs) and glycerol dialkyl diethers (e.g. archaeol) provide information on the biogeochemistry 31 

and microbial ecology of natural ecosystems in modern and in ancient environments (e.g. Hoefs et al., 1997; 32 

Hinrichs et al., 1999; Kuypers et al., 2001; Biddle et al., 2006; Lipp et al., 2008; Lipp and Hinrichs, 2009). The 33 

respective core glycerol ether lipids are preserved in sediments on geological timescales and enable study of 34 

past archaeal activity (e.g. Bolle et al., 2000; Kuypers et al., 2001). Core GDGTs are used for a variety of 35 

paleoceanographic proxies such as TEX86 for sea surface temperature reconstruction (Schouten et al., 2002). It 36 

utilizes isoprenoid GDGTs from planktonic archaea and is based on the observation that an increasing number 37 

of cycloalkyl moieties in the GDGT distribution corresponds to increasing mean annual sea surface 38 

temperature. Moreover, proxies for the reconstruction of soil input to the ocean (BIT index; Hopmans et al., 39 

2004), mean annual air temperature (MAAT) and soil pH (Weijers et al., 2007) were developed on the basis of 40 

branched GDGTs (brGDGTs), which originate partly from anaerobic soil bacteria. These proxies, in particular for 41 

MAAT and soil pH reconstruction, measure the degree of methylation (MBT) and cyclization (CBT) of brGDGTs, 42 

respectively. Another ubiquitous series of ether lipids in marine sediments is glycerol dialkanol diethers (GDDs), 43 

which have recently been identified (Liu et al., 2012b). Due to their recent discovery, the exact source of these 44 

lipids and their biogeochemical significance, as well as their significance as biomarkers, requires further 45 

exploration. 46 

Conventional analytical methods, in particular gas chromatography (GC), are unsuitable for direct analysis of 47 

GDGTs because they are non-volatile high molecular weight compounds. For a long time analysis had to target 48 

the GC-amenable products of the ether cleavage reaction (e.g. DeRosa et al., 1977; Michaelis and Albrecht, 49 

1979). The introduction of protocols utilizing high performance liquid chromatography-atmospheric pressure 50 

chemical ionization-mass spectrometry (HPLC-APCI-MS) for direct analysis of GDGT core lipids (Hopmans et al., 51 

2000) facilitated the identification and quantification of these compounds. More recently, modified protocols 52 

for this method have been published, which on the one hand improved analysis speed and reduced solvent 53 

amount (Escala et al, 2007; Schouten et al., 2007) and on the other hand improved the chromatographic 54 

separation of specific GDGT isomers (Zech et al., 2012; De Jonge et al., 2013). However, in many 55 

chromatograms, GDGT peaks still showed shoulders due to co-elution with largely uncharacterized compounds. 56 



  

For example, lipids with the same molecular mass as the GDGTs used for TEX86, but with slightly earlier elution 57 

times have been observed in different studies (Pitcher et al., 2009, 2011; Sinninghe Damsté et al., 2012). They 58 

tentatively represent GDGT isomers based on different combinations of biphytane chains in two basic steric 59 

arrangements (cf. Fig. 1 forstructures of isoprenoid GDGT and GDD isomers). With existing methods the 60 

similarity in the structures results in incomplete separation, so component quantification is problematic. In 61 

addition, detailed characterization of the compounds has not been performed. The lack of such knowledge is 62 

largely due to a lack of chromatographic resolution, which prevents the compounds being examined 63 

individually without co-elution using MS
2
 experiments. Additionally, chromatographic shoulders can potentially 64 

affect quantification of proxies for both SSTs (TEX86) and terrestrial input into the oceans (BIT index). In some 65 

soils and hot springs the shoulders on the isoprenoid GDGTs were even more abundant than the well-66 

characterized GDGTs (Pitcher et al., 2009), indicating their proxy potential. In this study we present improved 67 

protocols for an increased separation of archaeal and bacterial membrane ether lipids and tentatively assign 68 

previously co-eluting compounds by way of APCI-MS
2
 with ultra HPLC (UHPLC). 69 

 70 

2. Material and methods 71 

2.1. Sample collection, homogenization and extraction 72 

Samples were collected during RV Meteor cruise M84/1 (“DARCSEAS 1”) from different depositional 73 

environments (Table 1). Site GeoB15103 is in the eastern Mediterranean and the sample is from sapropel S1; 74 

site GeoB15104 is in the Sea of Marmara, representing a location with high terrestrial input and site 75 

GeoB15105 in the Black Sea represents a methane-rich site (Zabel et al., in 2013). After recovery, the samples 76 

were immediately frozen and stored at -80 °C until further treatment. In addition, biomass from the archaeal 77 

culture Nitrosopumilus maritimus was used. Growth conditions have been described by Könneke et al. (2005). 78 

Cells were harvested in the late exponential phase and stored at -20 °C. 79 

All frozen sediment samples were homogenized at -198 °C using a Restek Cryomill, which was operated as 80 

follows: two cycles of pre-cooling for 2 min each, with a speed of the impactor of 5 impacts s
-1

 and 81 

homogenizing and fragmenting for 2 min with 25 impacts s
-1

. Homogenized sediment samples and the archaeal 82 

biomass were spiked with an internal standard (C46 GDGT; Huguet et al., 2006) and extracted, using a modified 83 

Bligh and Dyer protocol as described by Sturt et al. (2004). The wet weight of each sediment sample was 25 ± 84 

0.5 g. The sediments were ultrasonically extracted (4 x 10 min) with CH2Cl2/MeOH/buffer (1:2:0.8, v:v:v) using 4 85 



  

ml solvent g
-1

 sediment per extraction step. A phosphate buffer (8.7 g l
-1

 KH2PO4, pH 7.4) was used for the first 86 

two steps, and a Cl3CO2H buffer (50 g l
-1

, pH 2) for the final two steps. After each step, the sample was 87 

centrifuged at 800 g for 10 min and the supernatant collected in a separation funnel. The combined 88 

supernatants were washed 3 x with deionized MilliQ water, allowing separation into an organic phase and a 89 

water-soluble phase,  the organic phase being collected as the total lipid extract (TLE). The solvent was 90 

gentlyremoved under a stream of N2 and the TLE stored at -20 °C. 91 

 92 

2.2. Semi-preparative LC 93 

In order to obtain cleaner fractions before further analysis, the TLE was subjected to semi-preparative HPLC for 94 

separation into an apolar fraction (containing core lipids) and a polar fraction (containing the more polar IPLs). 95 

A semi-preparative LiChrosphere Diol-100 column (250 x 10 mm, 5 µm, Alltech, Germany) was connected to a 96 

ThermoFinnigan Surveyor HPLC instrument equipped with a Gilson FC204 fraction collector. The flow rate was 97 

1.5 ml min
-1

 and the eluent gradient was: 100% A to 65% B in 90 min, held at 65% B for 30 min, then 30 min 98 

column re-equilibration with 100% A, where A was n-hexane/isopropanol (90:10, v:v) and B isopropanol/MilliQ 99 

water (90:10, v:v). The apolar fraction was collected from 0 to 30 min and the polar fraction from 30 to 90 min. 100 

Solvent was removed under a stream of N2 and the fractions stored at -20 °C until further analysis. 101 

 102 

2.3. Hydrogenation 103 

To ca. 10 mg PtO2 in a homemade glass ampoule were added 50 μl n-hexane. The mixture was saturated with 104 

H2 and a sample aliquot was added. After flushing with H2, the ampoule was sealed and heated to 60 °C for 1 h. 105 

Finally, the sample was transferred to a 2 ml vial, evaporated to dryness and prepared for UHPLC-APCI-MS. 106 

 107 

2.4. Methodology for GDGT analysis 108 

Separation was carried out with a Dionex Ultimate 3000 UHPLC instrument. It was connected to a Bruker maXis 109 

ultra-high resolution quadrupole time-of-flight mass spectrometry (qTOF-MS) instrument, equipped with an 110 

APCI II source. 111 

In order to test and validate various protocols for GDGT analysis, 10 μl aliquots in n-hexane:isopropanol 112 

(99.5:0.5, v:v) were injected onto different HPLC columns. The columns were: (i) a Prevail Cyano column (2.1 x 113 

150 mm, 3 µm; Grace, Germany) maintained at 30 °C, (ii) a single Acquity BEH HILIC amide column (2.1 x 150 114 



  

mm, 1.7 µm, Waters, Eschborn, Germany; cf. Wörmer et al., 2013) and (iii) two coupled Acquity BEH HILIC 115 

amide columns maintained at 50 °C. The solvent system and the gradients were adjusted for the BEH HILIC 116 

amide columns. Each sample was injected at least in duplicate, all samples analyzed according to the newly 117 

proposed protocol involving two coupled columns in triplicate 118 

With the Prevail Cyano column, GDGTs were eluted using the following gradient (Liu et al., 2012b; modified 119 

after Schouten et al., 2007) with eluent A [n-hexane:isopropanol (99:1, v:v)] and eluent B [n-120 

hexane:isopropanol (90:10, v:v)] at 0.2 ml min
-1

: 100% A, held isocratically for 5 min, linear gradient to 90% A 121 

and 10% B in 20 min, followed by a linear gradient to 100% B at 35 min and then held isocratically at 100% B for 122 

10 min. Cleaning the column was achieved by back flushing with 100% B for 5 min at 0.6 ml min
-1

. Finally, the 123 

column was equilibrated with 100% A for 10 min.  124 

With the Acquity BEH HILIC amide column (single and tandem), GDGTs were eluted using the following gradient 125 

with eluent A (n-hexane) and eluent B [n-hexane:isopropanol (90:10, v:v)] and a constant 0.5 ml min
-1

: linear 126 

gradient from 3% B to 5% B in 2 min, linear gradient to 10% B in 8 min, linear gradient to 20% B in 10 min, 127 

linear gradient to 50% B in 15 min and linear gradient to 100% B in 10 min. In order to clean the column(s), 128 

100% B was held for 6 min. Finally, the column(s) was/were equilibrated with 3% B for 9 min before the next 129 

injection. For all methods described above an UHPLC instrument is not necessarily needed because the LC 130 

pump pressure was generally below the maximum pressure allowed for many commonly used HPLC pumps. 131 

Detection of GDGTs was achieved using positive ion APCI, while scanning a m/z range from 150 to 2000; source 132 

parameters were optimized during infusion of a mixture of GDGTs and finally were as follows: corona current 133 

3500 nA, nebulizer gas 5 bar, drying gas 8 l min
-1

, drying gas 160 °C, vaporizer 400 °C. The same APCI settings 134 

were used for all columns tested. Only the scan rate needed to be adjusted because the peak width differed 135 

strongly between the different methods tested, while we opted to obtain 20 to 30 scans per peak. The scan 136 

rate for the analysis with the Prevail Cyano column was 1 Hz and for the Acquity BEH HILIC amide column(s) 2 137 

Hz. MS
2
 spectra of GDGT and GDD compounds were obtained in data dependent mode. For each MS full scan, 138 

up to three MS
2
 experiments targeted the most abundant ions with N2 as collision gas and a collision energy of 139 

53 eV for isoprenoid GDGTs and GDDs and 45 eV for brGDGTs, respectively. The isolation width was 9 Da. 140 

Active exclusion limited how often a given ion was selected for fragmentation and thus allowed us to obtain 141 

MS
2
 data for less abundant ions. The mass spectrometer was set to a resolution of 27000 (at m/z 1222) and 142 

exact mass calibration was performed by loop-injection of tune mixture at the end of each run. Additionally, 143 



  

every spectrum was corrected using a lock mass (m/z 922.0098), resulting in a final mass accuracy of typically < 144 

1 ppm. 145 

The chromatographic separation of individual protocols was validated on the basis of chromatographic 146 

resolution (Rs), which was calculated with Eq. 1 from the retention time difference of two adjacent peaks (ΔtR) 147 

divided by sum of their mean peak width at half peak height (Wavg): 148 

 149 

        (1) 150 

 151 

TEX
H

86 values were calculated using the most recent definition and calibration for high temperature regions by 152 

Kim et al. (2010): 153 

 154 

    (2)  155 

 156 

TEX
H

86 was suggested to be the most appropriate index for reconstructing SST for (sub)tropical oceans (Kim et 157 

al., 2010) and is therefore reported here in order to validate if the new methods give comparable results and to 158 

estimate the influence of the co-eluting shoulder peaks. In order to estimate the reproducibility of the analysis 159 

we regularly analyzed a pooled environmental sediment sample from the Peru Margin (ODP Leg 201, Site 160 

1227A-2H2-65-75 cm, 8.05 mbsf, 2H5-83-93 cm, 12.43 mbsf, 3H2-55-65 cm, 17.15 mbsf, 11H2-118-128 cm, 161 

92.72 mbsf, 13H3-0-15 cm, 113.60 mbsf; D’Hondt et al., 2003). 162 

 163 

3. Results and discussion 164 

A reconstructed base peak chromatogram and the associated reconstructed density map of the sample 165 

GeoB15103-2, 21-34 cmbsf from the eastern Mediterranean obtained from the analysis using two Acquity BEH 166 

HILIC amide columns in tandem are shown in Fig. 2. The detected compounds include the well-established 167 

isoprenoid GDGTs, brGDGTs, GMGTs (glycerol monoalkyl glycerol tetraethers) and several recently identified 168 

classes: isoprenoid GDDs, brGDDs, OH-GDDs, OH-GDGTs. To further differentiate multiple series of non-169 

isoprenoid brGDGTs, we have adopted the nomenclature of Liu et al. (2012a) in order to distinguish the major 170 

brGDGTs with four to six methyls that are used in the BIT index (Hopmans et al., 2004) from less abundant, 171 



  

chromatographically distinct compounds with higher or lower degrees of methylation, i.e. hybrid 172 

isoprenoid/branched (IB) GDGTs, overly branched (OB) GDGTs, andsparsely branched (SB) GDGTs. 173 

 174 

3.1. Evaluation of different UHPLC-APCI-MS methods 175 

The chromatographic resolution of critical GDGT and GDD pairs for the different methods is shown in Table 2. 176 

The use of a single Acquity BEH HILIC amide column showed considerable chromatographic improvement 177 

relative to the conventional protocol with the Prevail Cyano column, in particular for the GDDs. However, 178 

shoulder peaks were still not completely separated for the isoprenoid GDGTs. These promising results with this 179 

column, as well as its demonstrated utility for the analysis of intact polar lipids (Wörmer et al., 2013), led us to 180 

further invest time into optimizing its chromatographic separation. This resulted in a scheme with two Acquity 181 

BEH HILIC amide columns arranged in tandem, which vastly increased separation of the GDGT and GDD 182 

compounds (Fig. 3). One shoulder was baseline separated from GDGT-1, -2 and -3, respectively. These slightly 183 

earlier eluting compounds have the same molecular mass as each following GDGT and are therefore marked 184 

with an ‘a’; for example GDGT-1a.  185 

The tandem method also enabled separation of GDGT-4, which co-elutes with crenarchaeol (GDGT-5) with the 186 

conventional method. In the sediment samples the concentration of GDGT-4 was very low and it seemed to 187 

partly co-elute with crenarchaeol. However, the ion at m/z 1294 was slightly higher than the ion at m/z 1292 188 

for the peak eluting just before crenarchaeol. Before this peak, an even smaller peak with a mass of 1294 Da 189 

eluted, which represents the chromatographic shoulder on GDGT-4. In order to further evaluate the separation 190 

of GDGT-4, the TLE of N. maritimus was analyzed. Here, the relative abundance of the compound eluting 191 

slightly before crenarchaeol was relatively high (Fig. 4a) and, based on the MS
2
 spectra, was unambiguously 192 

assigned as GDGT-4 (Fig. 4b).  193 

In addition to the increased separation, we compared injections of identical extract aliquots; the results 194 

showed strongly improved peak shapes for all modified protocols. For example, the mean peak width at half 195 

peak height of crenarchaeol was 0.251 min for the Prevail Cyano column and 0.091 min for the two Acquity 196 

BEH HILIC amide columns in tandem, resulting in higher sensitivity. Moreover, the 50  min analysis time for the 197 

new protocols was comparable with earlier methods using a single Prevail Cyano column (Hopmans et al., 198 

2000; Schouten et al., 2007).  199 



  

The two column protocol offers additional advantages for detection of brGDGTs and recently identified series 200 

of GDDs. Their chromatographic resolution was increased substantially (Table 2). For example, for each 201 

compound belonging to the group of GDDs, except for GDD-0, one shoulder was chromatographically 202 

separated. These peaks had the same molecular mass as the later eluting GDD (Fig. 3). The separated shoulders 203 

were designated with an ‘a’, for example GDD-1a. As for the group of isoprenoid GDGTs, the compound 204 

containing four cyclopentane moieties (GDD-4) was separated. Remarkably, the shoulder peaks of the GDDs 205 

were as abundant as their later-eluting counterparts. This is in contrast to the shoulder peaks of the isoprenoid 206 

GDGTs, which account for only ca. 10% compared with their counterpart. Among the brGDGTs, several 207 

previously co-eluting compounds with identical molecular mass were separated with the tandem method (Fig. 208 

5). However, not all peaks could be baseline separated.  209 

 210 

3.2. Assignment of unknown compounds 211 

In order to study the fragmentation features of isoprenoid GDGTs, brGDGTs, as well as GDDs, in detail with 212 

exact mass and at high mass resolution, the samples were analyzed using UHPLC-qTOF-MS
2
 to compare the 213 

MS
2
 spectra of the GDGTs and their previously co-eluting shoulders. 214 

 215 

3.2.1. MS analysis of isoprenoid GDGTs 216 

MS analysis of GDGT-1 and the corresponding chromatographic shoulder (GDGT-1a) showed one main cluster 217 

of fragment ions in the MS
2
 experiment (Fig. 6). Both precursor ions were [M+H]

+
 at m/z 1300.3. The main MS

2
 218 

fragments in the cluster were m/z 741.7 and 557.6, resulting from the neutral loss of the acyclic biphytanyl 219 

moiety (Fig. 6). The enlarged spectra show that both fragmentation patterns were almost identical. Both 220 

spectra are characterized by multiple losses of water after loss of one biphytane moiety and glycerol-derived 221 

C3H6O2 units. This fragmentation pattern is in agreement with the observation by Knappy et al. (2009, 2011) 222 

and Liu et al. (2012a), who discussed MS
2
 spectra of tetraether core lipids in detail. The only slight difference 223 

between the spectra of GDGT-1a and GDGT-1 was the higher relative intensity of m/z 743.7 for the former, 224 

resulting from loss of a monocyclic biphytanyl moiety. Accordingly, GDGT-1 preferentially loses the acyclic 225 

biphytanyl moiety, while GDGT-1a does not show a preferential loss.  226 

MS analysis of GDGT-2 and GDGT-2a ([M+H]
+
 at m/z 1296.3) revealed similar patterns (Fig. 7). Here, the MS

2
 227 

fragments are formed from the loss of monocyclic alkyl chains (m/z 741.7; neutral loss 555.6 Da), indicative of 228 



  

the presence of one cycloalkyl moiety in each biphytane chain. Interestingly, additional product ions resulting 229 

from loss of alkyl chains containing zero (m/z 739.7; loss of 557.6 Da) and two (m/z 743.7; loss of 553.6 Da) 230 

rings are also evident in the resulting MS
2
 spectrum (Fig. 7).  231 

The nearly identical mass spectra of the two GDGT pairs suggests that the core structures of GDGT-1 and 232 

GDGT-1a, as well as GDGT-2 and GDGT-2a, are very similar. Possible structural differences are (i) double bonds 233 

instead of cycloalkyl moieties, (ii) other structural isomers resulting from a combination of biphytanes with 234 

different ring combinations, which can partially be resolved with MS data, e.g. zero ring/two ring or one 235 

ring/one ring in case of GDGT-2 (Fig. 7), (iii) different ring positions within one biphytanyl moiety, or (iv) 236 

regioisomers, i.e. isomers with parallel and anti-parallel arrangement of glycerol units, as for crenarchaeol and 237 

its later eluting regioisomers (Sinninghe Damsté et al., 2002).  238 

MS analysis cannot distinguish whether a double bond or a ring is present in the biphytane chain because it is 239 

not fragmented at these positions. Furthermore, regioisomers and different positions of rings within one 240 

biphytanyl moiety cannot be identified. However, such isomers could result in chromatographically separable 241 

peaks. 242 

In order to test for the presence of double bonds, an aliquot of the TLE was hydrogenated, but in no case did 243 

the mass spectra or retention times of the components change. This suggested that the chromatographic 244 

shoulders were not double-bond bearing compounds. Pancost et al. (2001), Schouten et al. (1998) and Knappy 245 

et al. (2011) showed structural isomers for isoprenoid GDGTs, in which the position of rings differed, e.g. GDGT-246 

2 with an acyclic and a bicyclic biphytane moiety vs. GDGT-2 with two monocyclic biphytane moieties. 247 

However, these isomers were not chromatographically resolved (Fig. 7) because both the major GDGT peaks 248 

and the shoulder peaks showed mixed ring combinations in their MS
2
 spectra, which excludes shoulder peaks 249 

being such structural isomers. Therefore, these compounds represent either regioisomers or isomers with 250 

different positions of rings within one biphytanyl moiety. Sinninghe Damsté et al. (2012) detected co-eluting 251 

compounds in a thaumarchaeal soil isolate and suggested the compounds to be regioisomers. Theis 252 

assumption was based on an earlier study by Sinninghe Damsté et al. (2002) who used NMR analysis to show 253 

that compounds eluting later than the regular GDGTs 4 and 5 represent their regioisomers with a parallel 254 

arrangement of glycerol units. GDGT-0, not associated with shoulders, appeared to be present as a single 255 

structural isomer. Hence, for this compound the regioisomerism does not result in chromatographically 256 

resolvable peaks using the commonly applied, as well as our newly implemented protocols. We cannot exclude 257 



  

the separation efficiency of the tandem method still being insufficient for the separation of all isomers; 258 

alternatively not all possible combinations are necessarily present in nature. Further information on the nature 259 

of the less abundant shoulder peaks could be gained via chemical degradation, such as regiospecific ether 260 

cleavage. For example, Gräther and Arigoni (1995) showed that GDGT-0 from three archaeal species is in fact a 261 

1:1 mixture of the regular, anti-parallel compound and its regioisomer with the parallel arrangement of glycerol 262 

units. 263 

 264 

3.2.2. MS analysis of isoprenoid GDDs 265 

MS analysis of GDDs and corresponding shoulder peaks revealed no discernible difference between the two 266 

groups, suggesting close structural similarity. All GDD MS
2
 spectra were characterized by loss of one biphytanyl 267 

moiety, multiple losses of water and one glycerol-derived C3H6O2 unit. For example, the main fragment ions for 268 

GDD-2, as well as for GDD-2a (each with the [M+H]
+
 at m/z 1242.3), have m/z values of 667.6, 649.6, 631.6, 269 

613.6, 593.6, 573.6 and 557.6/555.6 (Fig. 8); these ions are also observed during fragmentation of the 270 

isoprenoid GDGTs after they have lost one biphytanyl moiety and a C3H6O2 unit. Regioisomerism can be 271 

excluded as a source of multiple peaks because GDDs contain only one glycerol. Therefore, the shoulder peaks 272 

must represent other structural isomers. Different biphytane moiety combinations can be excluded because 273 

they do not appear to be chromatographically resolved, e.g. fragments for both combinations, an acyclic and a 274 

bicyclic biphytane moiety vs. two monocyclic biphytane moieties, were observed in the spectra of GDD-2 and 275 

GDD-2a, indicating that the two peaks were mixtures of these two isomers. It remains to be resolved why only 276 

one shoulder peak was associated with each major GDD because, as for the isoprenoid GDGTs, for most GDDs 277 

several additional structural isomers are possible (see Fig. 1). 278 

Interestingly, GDD shoulder peaks were relatively more abundant than the corresponding compound with the 279 

same molecular mass as the GDGT shoulder peaks in the three samples (Fig. 3, Table 4). The reason for this 280 

could be that, in the case of the GDGTs, the difference in polarity and/or steric configuration of some structural 281 

isomers with a different biphytane distribution is not large enough, leading to co-elution. For GDDs, however, 282 

where one glycerol unit is missing, a different biphytane distribution could result in larger differences that 283 

could be chromatographically well separated. This hypothesis could be tested in future studies employing NMR 284 

spectroscopy.  285 

3.2.3. MS analysis of brGDGTs 286 



  

A detailed analysis of mass spectra of brGDGTs was conducted on a purified brGDGT fraction of a sample from 287 

Aarhus Bay (56°07.06'N, 10°20.85'E, 15 m water depth, 6-7 m sediment depth). The fraction containing 288 

brGDGTs resulted as a byproduct from the OH-GDGT isolation (Liu et al., 2012b). We detected six distinct peaks 289 

(a-f) with similar fragmentation patterns in the EIC of m/z 1050.0, corresponding to brGDGT-III (Fig. 9). All MS
2
 290 

spectra showed a fragment ion resulting from the loss of a glycerol-derived C3H6O2 unit (m/z 976.0; neutral loss 291 

of 74.0 Da), while the main cluster of fragments involved the loss of one alkyl moiety, multiple losses of water 292 

after losses of one alkyl moiety and glycerol-derived C3H6O2 units. This fragmentation behavior is analogous to 293 

that of archaeal GDGTs (Knappy et al, 2009, 2011; Liu et al., 2012a) and has recently been described by De 294 

Jonge et al. (2013) for brGDGTs; these authors used a modified analytical set-up that resulted in improved 295 

chromatographic separation and the identification of four brGDGT-III isomers in a peat sample. Interestingly, all 296 

six peaks except peak f showed a mixed signal of at least two compounds, which differed in the total carbon 297 

number of the alkyl chains. Fragments reflect a brGDGT with a combination of two C31 alkyl chains and another 298 

one with a combination of one C30 and one C32 alkyl chain (Fig. 9, enlarged spectra), consistent with findings by 299 

De Jonge et al. (2013). The isomers we observed could either differ in the degree of methylation in the two C28 300 

base alkyl moieties or the two linear base alkyl moieties were of different length, which would result in 301 

different degrees of methylation. Based on the MS
2
 spectra we cannot distinguish such structural differences. 302 

The position of the methyls in the alkyl chains can also not be determined using MS
2
 analysis but different 303 

methyl positions in the brGDGT molecule can result in chromatographically resolvable peaks (De Jonge et al., 304 

2013). Nevertheless, our MS
2
 experiments showed that the analyzed sample contains at least eleven brGDGT-III 305 

isomers, which cannot be chromatographically separated completely. 306 

 307 

3.3. Validation of new protocols for determination of tetraether lipid proxies  308 

The Peru Margin mix sample was analyzed during a three-month interval to estimate the reproducibility of the 309 

analysis. Results with the two-column protocol showed a standard deviation for the TEX
H

86 of 0.0025 (relative 310 

standard deviation 0.72%). TEX
H

86 values were calculated with and without chromatographic shoulders to 311 

evaluate the influence of incomplete separation, leading to possible overestimation of the peak area of 312 

individual GDGTs and therefore shifts in TEX
H

86. The calculated TEX
H

86 values showed only minor differences 313 

between the different chromatographic methods, with a maximum difference of 0.03. This suggests that the 314 



  

new methods are suitable for SST determination, but a larger set of samples needs to be analyzed to fully 315 

validate their applicability. 316 

The impact of inclusion of shoulder peaks appears to be generally low but naturally increases with their relative 317 

abundance (Table 3). For the sample from site GeoB15103, with the highest relative abundance of shoulder 318 

peaks (Table 4), the maximum TEX
H

86 discrepancy between inclusion vs. exclusion of shoulders was 0.07. For 319 

the other two samples, with relatively small shoulder peaks, the difference in the TEX
H

86 value was 0.01. The 320 

small influence of co-eluting isomers on TEX
H

86 values is consistent with earlier observations from an 321 

interlaboratory study by Schouten et al. (2009). However, the chromatographic shoulders can have an 322 

influence on the proxy when they are not separated and therefore included in the TEX86 calculation. In most 323 

commonly represented sediments, the abundance of the isomers is assumed to be low, but no study has 324 

focused on the quantification of these compounds in environmental samples. 325 

The greater diversity of brGDGT isomers uncovered with the new protocol calls for further inspection and 326 

potential improvement in BIT index and CBT/MBT calculations since the specificity of selected isomers for the 327 

reconstruction process may be higher than that of the previously inseparable mixture. 328 

 329 

4. Conclusions 330 

The newly developed protocols, in particular the protocol using two columns in tandem, provides superior 331 

separation of archaeal and bacterial GDGT core lipids and opens a window to a more nuanced exploration of 332 

their distribution in the environment. The protocols feature reduced peak width at half peak height, higher 333 

peak height and thus increased sensitivity. Previously, partially co-eluting isoprenoid GDGTs can now 334 

completely separated and can be confidently quantified. Chromatographic shoulders were also separated 335 

within the group of the recently identified GDDs and, moreover, in the group of brGDGTs many additional 336 

peaks were revealed. 337 

The exact structures of the compounds eluting as chromatographic shoulders of isoprenoid GDGTs and GDDs 338 

were not fully resolved. MS analysis showed the same fragmentation pattern for pairs comprising shoulder and 339 

major peak, suggesting a high degree of structural similarity. The substitution of cycloalkane moieties by 340 

double bonds in shoulder peaks was rejected on the basis of a hydrogenation experiment. Thus, the isomers of 341 

the GDGTs likely represent either regioisomers or structural isomers with different biphytane moieties; 342 

verification is needed, however, to support this hypothesis. Since regioisomers do not exist for GDDs, their 343 



  

shoulder peaks must represent structural isomers, for example, isomers with exchanged biphytane chains or 344 

different ring positions within one biphytane chain. 345 

Examination of MS
2
 data for brGDGT-III isomers revealed similar fragmentation patterns for the six separated 346 

peaks and showed that most peaks were a mixture of isomers containing identical and different total carbon 347 

numbers in the two alkyl moieties. Therefore, the brGDGT isomers likely represent structural isomers with 348 

varying methyl positions and/or isomers with different base n-alkyl chain length. Identification of the exact 349 

structure of these isomers will be essential in future studies as the compounds may differ in their proxy 350 

potential, which could be further explored with the new protocol.  351 

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

86 values as long 352 

as the chromatographic shoulder peaks were not included in the TEX86 in previous protocols. 353 
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Figure captions 470 



  

Fig. 1. Structures of biphytanyl di- and tetraether membrane lipids. The basic structure of a GDGT is composed 471 

of two biphytanyl units X and Y, which may be interchanged with respect to their positions at sn-2 and sn-3 of 472 

glycerol. For the basic structure of a GDGT both the anti-parallel (A) and parallel configurations (B) are drawn. 473 

In addition, the basic structure of a GDD is shown, which is ether bound to isoprenoid chains containing 0 to 3 474 

rings. The tables provide structural combinations for the different GDGT and GDD isomers arising from 475 

different biphytanyl moieties and, for GDGTs, from the parallel and anti-parallel configuration. Primed 476 

biphytanyl moieties (e.g., b’) refer to the vertical mirror images of the non-primed versions shown. Only 477 

published and commonly detected biphytanes were taken into account for constructing possible isomer 478 

structures (Schouten et al. 1998,, 2000). More structural combinations are possible. 479 

Fig. 2. (a) Reconstructed UHPLC-APCI-qTOF-MS base peak chromatogram showing isoprenoid GDGTs, brGDGTs, 480 

isoprenoid GDDs and OH-GDGTs in the core lipid fraction of M84/1 GeoB15103-2, 21-34 cmbsf. The sample was 481 

analyzed using two Acquity BEH HILIC amide columns in tandem; (b) associated, reconstructed density map 482 

plot showing the major diagnostic ions of all archaeal and bacterial ether lipids in the core lipid fraction. Also 483 

shown are representative structures of the different compound groups. Abbreviations (according to Liu et al., 484 

2012a): GDGT, glycerol dialkyl glycerol tetraether; GDD, glycerol dialkanol diether; GMGT, glycerol monoalkyl 485 

glycerol tetraether; OH, monohydroxy; 2OH, dihydroxy; br, branched; IB, hybrid isoprenoid/branched; OB, 486 

overly branched; SB, sparsely branched; Unk, unknown. 487 

Fig. 3. UHPLC-APCI-MS chromatograms, shown as extracted ion chromatograms (EICs), illustrating isoprenoid 488 

GDGTs and GDDs in the apolar fraction of sample M84/1 GeoB15103-2, 21-34 cmbsf. Compounds labeled with 489 

an ‘a’ have the same molecular mass as the corresponding, later eluting compound. Numbers represent 490 

numbers of unsaturation (rings and/or double bonds). Chromatographic separation was greatly increased for 491 

the GDGTs and GDDs when two Acquity BEH HILIC amide columns in tandem were used. For further 492 

explanation, see text. 493 

Fig. 4. (a) UHPLC-APCI-MS chromatogram, shown as extracted ion chromatogram (EIC), illustrating the 494 

isoprenoid GDGTs in the TLE of the archaeal culture N. maritimus; (b) product ion (MS
2
) spectra of GDGT-4 495 

([M+H]
+
 ion of m/z 1294.3, in the range m/z 540-1320), show the diagnostic product ions used to assign the 496 

structure. The major fragments at m/z 739 and 553 are formed from the loss of one biphytanyl chain with two 497 



  

cyclopentyl moieties. The structure and the formation of product ions from loss of the biphytanyl chain are also 498 

shown. 499 

Fig. 5. UHPLC-APCI-MS chromatogram shown as EIC, illustrating brGDGTs in the apolar fraction of sample 500 

M84/1 GeoB15103-2, 21-34 cmbsf. Several additional compounds with the same molecular mass as the original 501 

brGDGTs are separated after analysis with the tandem method, but not all peaks are fully separated. Roman 502 

numbers refer to structures presented by Weijers et al. (2007). Compounds are labeled with m/z of the 503 

molecular ion. 504 

Fig. 6. UHPLC-APCI-MS
2
 spectrum of GDGT-1 and GDGT-1a in sample M84/1 GeoB15103-2, 21-34 cmbsf. Shown 505 

are the MS
2
 fragment ions of the tetraether core ([M+H]

+
 ion of m/z 1300.3) in the range m/z 500-1310. The 506 

structure of GDGT-1 and the formation of the major fragments are also shown. The enlarged area highlights the 507 

main cluster of fragments. The cluster is characterized by multiple losses of water (18.0 Da) and glycerol-508 

derived C3H6O2 units (74.0 Da). 509 

Fig. 7. UHPLC-APCI-MS
2
 spectrum of GDGT-2 and GDGT-2a in sample M84/1 GeoB15103-2, 21-34 cmbsf. Shown 510 

are the MS
2
 fragment ions of the tetraether core ([M+H]

+
 at m/z 1298.3) within the m/z range 500 - 1310. The 511 

enlarged area shows fragments produced by losing one biphytanyl moiety. Both spectra show fragments of a 512 

combination of two monocyclic biphytanes vs. an acyclic/bicyclic biphytane combination. The structure and the 513 

formation of product ions by loss of one biphytanyl moiety are also shown. 514 

Fig. 8. UHPLC-APCI-MS
2
 spectrum of GDD-2 and GDD-2a in sample M84/1 GeoB15103-2, 21-34 cmbsf. Shown 515 

are the MS
2
 fragment ions of the diether core ([M+H]

+
 at m/z 1242.3) within the m/z range 500-1310. The 516 

structure of GDD-2 and the formation of the major fragment are also shown. The enlarged area highlights the 517 

main cluster of fragments. The cluster is characterized by multiple losses of water (18.0 Da) and glycerol-518 

derived C3H6O2 units (74.0 Da). Both spectra show fragments of a combination of two monocyclic biphytanes 519 

vs. an acyclic/bicyclic biphytane combination. 520 

Fig. 9. EIC showing the distribution of brGDGT-III isomers in the sample from the Aarhus Bay, 6-7 mbsf. Below: 521 

UHPLC-APCI-MS
2
 mass spectra of brGDGT-III isomers (a-f) and the formation of the major product ions of the 522 

tetraether core ([M+H]
+
 at m/z 1050.0) within the m/z range 400-1060 are shown. The enlarged area highlights 523 

the main cluster of fragments of the peaks c and f. Both spectra are characterized by the loss of an alkyl moiety 524 



  

and additional, multiple losses of water and glycerol-derived C3H6O2 units (74.0 Da). Additionally, the MS
2
 525 

spectrum of peak c shows two major series of fragment ions indicating that the peak is a mixture of at least two 526 

compounds with different total carbon numbers in the alky chain, one having a combination of a C30 and a C32 527 

alkyl chain and one having a combination of two C31 alkyl chains, whereas the MS
2
 spectrum of peak f only 528 

shows one series of fragments indication a structure with identical total carbon numbers in the alkyl chains 529 

(C31). Also shown are possible structures for the isomers and the formation of their major product ions. 530 



  

TABLES 531 

Table 1 532 

Sample site characteristics. 533 

 

Cruise Site Location Position 

Water depth 

(m) 

Sampling interval 

(cmbsf) 

M84/1 GeoB15103 Eastern Mediterranean 34°01.65'N/32°37.80'E 1367 21-34 

M84/1 GeoB15104 Sea of Marmara 40°47.97'N/27°43.49'E 600 360-375 

M84/1 GeoB15105 Black Sea 41°31.71'N/30°53.07'E 1266 425-435 

 534 



  

Table 2 

Chromatographic resolution calculated after Eq. (1) of critical pairs of isoprenoid GDGTs, brGDGTs and GDDs in sample GeoB15103-2, 21-34 cmbsf determined by replicate analysis 

with different columns. No values are reported for resolutions < 0.5 (-) because peaks cannot be integrated correctly below this value. 

Method 
GDGT-1 

/GDGT-1a 

GDGT-2 

/GDGT-2a 

GDGT-3 

/GDGT-3a 

GDGT-4 

/GDGT-5 

GDGT-5 

/GDGT-5’ 

brGDGT-I 

/brGDGT-1a 

brGDGT-Ia 

/brGDGT-1b 

GDD-1 

/GDD-1a 

GDD-2 

/GDD-2a 

GDD-3 

/GDD-3a 

GDD-4/ 

GDD-5a 

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

2
b
 (n=2) 0.73±0.01 0.73±0.02 0.60±0.02 0.55±0.03 1.36±0.10 1.62±0.02 1.96±0.05 0.67±0.06 1.10±0.01 - 0.83±0.09 

3
c
 (n=3) 1.08±0.06 1.16±0.03 0.65±0.01 0.83±0.05 2.04±0.08 1.83±0.06 1.98±0.03 0.81±0.12 1.17±0.08 0.51±0.04 0.84±0.12 

a 
Prevail Cyano column, 3 µm particle size; 

b 
Acquity BEH HILIC amide column, 1.7 µm particle size, 150 mm length; 

c 
two Acquity BEH HILIC amide columns in tandem, 1.7 µm particle size, 150 mm length each. 
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Table 3 1 

TEX
H

86 obtained from the different methods. 2 

     

Values excluding 

shoulders 

Values including 

shoulders 

Method Site, sample TEX
H

86 TEX
H

86 

1
a 

-0.16±0.0043 -0.10±0.0026 

2
b 

-0.16±0.0041 -0.09±0.0042 

3
c 

GeoB15103,  

21-34 cmbsf 

-0.16±0.0029 -0.10±0.0013 

1
a 

-0.39±0.0007 -0.39±0.0040 

2
b 

-0.38±0.0016 -0.37±0.0010 

3
c 

GeoB15104,  

360-375 cmbsf 

-0.37±0.0006 -0.36±0.0029 

1
a 

-0.28±0.0071 -0.27±0.0078 

2
b 

-0.27±0.0050 -0.26±0.0035 

3
c 

GeoB15105,  

420-435 cmbsf 

-0.26±0.0075 -0.25±0.0072 

 
a 
Prevail Cyano column, 3 µm particle size; 

 
b 

Acquity BEH HILIC amide column, 1.7 µm particle size, 150 mm length; 

 
c 
two Acquity BEH HILIC amide columns in tandem, 1.7 µm particle size, 150 mm length each. 

 3 
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 4 

Table 4 5 

Relative abundance obtained with the tandem method for the major GDGT groups in the apolar fraction of the three 6 

samples (numbers in brackets represent % within the groups of isoprenoid GDGTs, brGDGTs and GDDs, respectively; n.d., 7 

not detected).  8 

   Apolar fraction 

 GeoB15103 GeoB15104 GeoB15105 

  

GDGT or 

GDD 21-34 cmbsf 360-375 cmbsf 425-435 cmbsf 

0 21.8 (26.2) 18.4 (27.7) 21.8 (30.1) 

1a 1.0 (1.2) 0.4 (0.6) 0.4 (0.6) 

1 6.8 (8.1) 7.2 (10.9) 8.7 (12.0) 

2a 3.4 (4.1) 0.3 (0.4) 0.4 (0.6) 

2 10.5 (12.6) 4.3 (6.5) 8.7 (12.1) 

3a 0.4 (0.4) 0.1 (0.2) 0.1 (0.2) 

3 1.1 (1.3) 0.6 (1.0) 1.3 (1.8) 

4a 0.1 (0.1) n.d. n.d. 

4 0.5 (0.6) 0.5 (0.8) 0.3 (0.5) 

5 34.2 (41.0) 34.3 (51.4) 30 (41.4) 

Relative 

abundance of 

isoprenoid 

GDGTs (%) 

5' 3.6 (4.4) 0.4 (0.6) 0.5 (0.7) 

     

III 1.5 (15.1) 5.5 (33.2) 3.7 (27.0) 

IIIa 0.2 (1.9) 1.4 (8.6) 0.8 (5.6) 

IIIb 0.0 (0.3) 0.2 (1.4) 0.1 (1.0) 

II 2.4 (24.7) 3.7 (22.1) 2.9 (21.2) 

IIa 0.4 (4.4) 1.6 (9.7) 2.9 (21.0) 

IIb 0.1 (0.7) 0.2 (1.1) 0.5 (3.8) 

I 4.3 (44.4) 3.3 (19.9) 1.2 (8.5) 

Ia 0.6 (6.7) 0.5 (3.1) 1.1 (8.3) 

Relative 

abundance of 

brGDGTs (%) 

Ib 0.2 (1.8) 0.1 (0.9) 0.5 (3.5) 

     

0 1.4 (25.2) 1.7 (24.4) 1.5 (24.9) 

1a 0.2 (3.7) 0.4 (5.4) 0.4 (6.1) 

1 0.2 (3.9) 0.4 (5.5) 0.4 (5.9) 

2a 0.3 (5.9) 0.3 (4.0) 0.4 (5.9) 

2 0.2 (3.4) 0.2 (2.7) 0.3 (4.5) 

3a 0.1 (1.0) 0.1 (0.8) 0.1 (1.0) 

3 0.1 (1.0) 0.0 (0.7) 0.1 (1.1) 

4a 0.0 (0.3) 0.0 (0.4) 0.0 (0.4) 

4 0.1 (0.9) 0.1 (0.7) 0.1 (0.8) 

5a 1.0 (17.4) 1.5 (21.2) 1.1 (17.7) 

Relative 

abundance of 

isoprenoid 

GDDs (%) 

5 2.1 (37.2) 2.4 (34.3) 2.0 (31.8) 
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                                                                      Highlights 10 

• A new UHPLC/APCI-MS protocol for ether core lipid analysis is described. 11 

• It enables separation of previously co-eluting, unidentified GDGT isomers. 12 

• Provides more nuanced exploration of environmental distributions of archaeal and bacterial ether 13 

lipids. 14 

• Annotated mass spectra of various isomers are presented. 15 

 16 




