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Abstract 14 

RATIONALE: Studies of archaeal glycerol dibiphytanyl glycerol tetraethers (GDGTs) in the 15 

environment and cultures have exclusively focused on compounds with fully saturated alkyl 16 

moieties. Here we report a number of novel unsaturated GDGTs (uns-GDGTs) whose alkyl 17 

chains contain up to six double bonds and zero to two cyclopentyl moieties.  18 

METHODS: The identification of these lipids was achieved via comparison of lipid distribution 19 

before and after hydrogenation, characteristic retention time patterns, and diagnostic fragments 20 

using liquid chromatography/mass spectrometry (LC/MS), and ether cleavage products using gas 21 

chromatography/mass spectrometry (GC/MS). Isomerism resulting from different unsaturation 22 

patterns in the alkyl moieties was observed and specific positions of double bonds in the 23 

biphytene and biphytadiene moieties were tentatively assigned.  24 

RESULTS: Uns-GDGTs were detected in sediment and microbial mat samples as both core 25 

lipids (CLs) and intact polar lipids (IPLs) associated with mono- or diglycosyl or 26 

phosphatidylglycerol headgroups. However, these lipids were overlooked in past investigations 27 

because conventional methods for archaeal lipid analysis are unsuitable for uns-GDGTs. 28 

Samples from distinct marine environments (Black Sea, Cariaco Basin, Discovery Basin, Eastern 29 

Mediterranean Sea, upwelling area off NW Africa, and seep sites off Crimea and Pakistan) were 30 

screened for uns-GDGTs using a recently introduced LC/MS protocol. The results show that uns-31 

GDGTs contribute significantly to the archaeal lipid pool in anoxic methane-rich environments 32 

(Black Sea, Cariaco Basin, and both seep sites) but they were barely detected in the oxic and 33 

hypersaline settings. 34 
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CONCLUSIONS: The characteristic distribution of uns-GDGTs implies that they are attractive 35 

targets for future studies aiming at chemotaxonomy of uncultivated archaea and regulation of 36 

uns-GDGT biosynthesis. 37 

 38 

Key words: unsaturated GDGTs, membrane lipids, archaea, cold seeps, microbial mats, euxinic 39 

basins 40 

 41 
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Introduction 43 

Archaea, the third domain of life, occupy a wide range of marine and terrestrial 44 

environments and possess diverse membrane lipids that adapt to different growth conditions (e.g., 45 

[1; 2]
). Among archaeal membrane lipids, double bonds have been frequently reported in 46 

diphytanyl glycerol diethers (DGDs, e.g., archaeols) and isoprenoidal hydrocarbons (e.g., 47 

crocetenes and pentamethylicosenes) found in cultured halophiles 
[3; 4]

 thermophiles 
[5]

, 48 

methanogens 
[6; 7]

, and environmental samples of uncultured anaerobic methanotrophs 
[8-11]

, all of 49 

which belong to the Euryarchaeota. The proportion of unsaturated DGDs (uns-DGDs) increases 50 

with increasing ambient NaCl concentration in cultured halophilic archaea 
[4]

, and with 51 

decreasing growth temperature in cultured psychrophilic archaea 
[12-14; 3]

, indicating that 52 

biosynthesis of uns-DGDs represents a phenotypic adaptation. However, the physiological role 53 

of unsaturated archaeal isoprenoidal hydrocarbons remains unclear. 54 

Although representing a dominant lipid class in the vast majority of archaea, glycerol 55 

dibiphytanyl glycerol tetraethers (GDGTs) are generally considered to consist exclusively of 56 

saturated alkyl moieties. However, Archaea are capable of modifying the saturated biphytanyl 57 

moieties of GDGTs in a variety of ways to cope with environmental stress, including cyclization, 58 

methylation, and hydroxylation of biphytanyl moieties, and formation of a covalent bond 59 

between two biphytane skeletons 
[15; 2; 16; 17]

. By analogy to the existence of uns-DGDs, 60 

incorporation of double bonds into the alkyl moieties of GDGTs appears to be a feasible adaptive 61 

response. Nevertheless, unsaturated GDGTs (uns-GDGTs) have not been reported so far.   62 

Here, we report previously unidentified uns-GDGTs with one to six double bonds in marine 63 

sediments; their detection is facilitated by a recently introduced analytical protocol 
[18]

. An initial 64 
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survey of uns-GDGTs in several distinct marine environments reveals their significance in seep 65 

sites and euxinic basins.  66 

 67 

Materials and methodology 68 

The sample set and biogeochemical regimes. 69 

Our sample set covers distinct marine environments (Table 1) with different water chemistry, 70 

availability of organic substrates, and potential energy supply by biogeochemical processes. In 71 

brief, i) a microbial mat sample from chimney-like buildups was taken from an active Crimean 72 

seep in the GHOSTDABS field, NW Black Sea, where massive microbial mats are typical 73 

associated with methane-derived carbonates 
[19]

. Sediment samples were collected from ii) a cold 74 

seep site off Pakistan, in which focused upward migration of methane stimulates high rates of 75 

anaerobic oxidation of methane (AOM) 
[20]

; iii) the Black Sea and iv) Cariaco Basin - despite 76 

reduced fluxes relative to seep sites, methane is also released from the seafloor and accumulates 77 

in the overlying anoxic water column of these two anoxic basins 
[21]

; v) the Eastern 78 

Mediterranean Sea, a well-ventilated oligotrophic sea with an oxic seafloor since the deposition 79 

of the most recent sapropel 
[22]

; vi) an upwelling area off northwest Africa characterized by high 80 

primary productivity, extensive degradation of organic matter, the continuous presence of 81 

oxygen throughout the water column, and oxic sediments on the top of the seafloor (WOA09); 82 

and vii) the hypersaline Discovery Basin in the eastern Mediterranean Sea with extremely high 83 

concentrations of Mg
2+

 and Cl
-
 
[23]

.  84 

 85 

Sample preparation 86 
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Lipids were extracted from freeze-dried and homogenized sediments by either Soxhlet 87 

(sediments form the Black Sea, Cariaco Basin, and off NW Africa) 
[21]

 or a modified Bligh and 88 

Dyer protocol 
[24]

 (Table 1). The hydrogenation experiment was based on Schouten et. al (2007) 89 

[25]
 with modifications. In brief, an aliquot of the total lipid extract (TLE) was dissolved in ethyl 90 

acetate containing 100 mg of platinum oxide and 100 µL of acetic acid. The samples were 91 

hydrogenated by flushing with H2 at room temperature for 20 min and subsequently sealed and 92 

maintained at 60°C for 3 h. Aliquots before and after hydrogenation were analyzed by liquid 93 

chromatography/mass spectrometry (LC/MS) for uns-GDGTs, respectively.  94 

Another aliquot of the TLE was used for archaeal lipid purification 
[26]

, and the diglycosidic 95 

tetraether fraction, containing 85% of diglycosidic uns-GDGTs (data not shown), was subjected 96 

to ether cleavage reaction with BBr3 and subsequent lithiumtriethylboronhydride (superhydride; 97 

Sigma-Aldrich, Steinheim, Germany) reduction as described by Jahnke et al. (2008) 
[27]

. The 98 

resultant hydrocarbons were analyzed by gas chromatography/mass spectrometry (GC/MS).  99 

 100 

Instrumentation 101 

LC/MS 102 

Reverse phase (RP) liquid chromatography/electrospray ionization/mass spectrometry (RP-103 

LC/ESI/MS) was performed on an Agilent 1200 series HPLC system coupled to an Agilent 6130 104 

MSD single quadrupole mass spectrometer (Agilent Technologies, Waldbronn, Germany) 105 

operated in full scan mode (m/z 500-2000; positive mode) via an ESI interface (RP-106 

LC/ESI/MSMSD). The optimum conditions of ESI/MSMSD were: capillary voltage 4000 V, 107 

nebulizing gas (N2) pressure 4.14 bar (60 psi), dry gas (N2) 5 ml/min at a temperature of 200 °C, 108 

vaporizer temperature 150 °C, and fragmentor voltage 180 V. In order to confirm uns-GDGTs 109 
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through accurate masses and diagnostic product ions, selective samples were also analyzed using 110 

a Dionex Ultimate 3000 UHPLC system coupled to a Bruker maXis Ultra-High Resolution 111 

orthogonal accelerated quadrupole-time-of-flight (qTOF) tandem MS via an ESI interface (RP-112 

LC/ESI/MSqTOF), where uns-GDGTs were targeted for MS/MS (MS
2
) fragmentation in a 113 

multiple reaction monitoring (MRM) mode. The optimum conditions of ESI/MSqTOF and its mass 114 

calibration were based on the method introduced by Zhu et al. (2013)
 [18]

. Both RP-115 

LC/ESI/MSMSD and RP-LC/ESI/MSqTOF analyses were performed under identical LC conditions 116 

as described in Zhu et al. (2013)
 [18]

. Briefly, the RP chromatographic separation of ether lipid 117 

mixtures (dissolved in methanol prior to injection) was achieved on an ACE3 C18 column (3 µm, 118 

2.1 × 150 mm; Advanced Chromatography Technologies Ltd., Aberdeen, Scotland) coupled with 119 

a guard cartridge and maintained at 45 °C. Ether lipids are eluted isocratically with 100% A for 120 

10 min, followed by a rapid gradient to 24% B over 5 min, and then a slow gradient to 65% B 121 

over another 55 min at a flow rate of 0.2 mL/min, where the eluent A is 100:0.04:0.10 of 122 

methanol/formic acid/14.8 M NH3(aq.) and B is 100:0.04:0.10 of 2-propanol/formic acid/14.8 M 123 

NH3(aq.). The column is washed with 90% B for 10 min and subsequently re-equilibrated with 124 

100% A for another 10 min before the next injection. Lipids were detected as [M+NH4]
+
 with 125 

ESI/MS analysis. 126 

Normal phase liquid chromatography/atmospheric pressure chemical ionization/MS (NP-127 

LC/APCI/MS) analysis of core GDGTs was based on the method described by Schouten et al. 128 

(2007) 
[28]

 and implemented on an Agilent 1200 series HPLC system coupled to an Agilent 6130 129 

MSD via a multimode interface set to APCI mode (NP-LC/APCI/MSMSD). In brief, separation of 130 

core GDGTs was achieved on a Prevail Cyano (CN) column (150 mm × 2.1 mm, 3 μm; Alltech; 131 

Deerfield, IL, USA) maintained at 30°C. Core GDGTs were eluted isocratically with 100% A for 132 
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5 min, followed by a linear gradient to 9% B over 45 min, where A is hexane: 2-propanol (99:1, 133 

v/v) and B is hexane: 2-propanol (90:10, v/v) at a flow rate of 0.2 mL/min. APCI/MSMSD 134 

conditions were optimized according to Zhu et al. (2013)
 [18]

. Lipids were detected as [M+H]
+
 135 

with APCI/MS analysis in full scan (m/z 500-1500) mode. 136 

The impact of ionization mode of NP-LC/APCI/MSMSD on the detection of uns-GDGTs was 137 

evaluated by changing the interface to ESI while keeping the fragmentor voltage and LC 138 

conditions constant on the same instrument (i.e., NP-LC/ESI/MSMSD). Post column buffers 139 

(100:0.12:0.04 of 2-propanol/formic acid/14.8 M NH3) were added via T-piece to assist 140 

electrospray ionization. 141 

 142 

GC/MS  143 

GC/MS analysis for biphytanes and biphytenes derived from ether cleavage experiments 144 

was performed on a Trace Gas Chromatograph/electron ionization/MS system (ThermoFinnigan, 145 

San Jose, CA, USA) operated in positive mode. The GC injector temperature was 310 °C in 146 

split/splitless mode and separation was achieved on a Restek Rxi-5ms column (30 m × 250 µm 147 

× 0.25 µm, Restek, Bad Homburg, Germany). The GC was programmed to an oven temperature 148 

program of 60 °C (hold for 1 min) to 150 °C at 10 C min
-1

 and then to 310 °C (held 20 min) at 149 

4 °C min
-1

.  150 

 151 

Results and discussion 152 

Identification of uns-GDGTs 153 

RP-LC/ESI/MSMSD analysis of a cold seep sediment off Pakistan detected saturated GDGTs 154 

with 0-4 cyclopentyl moieties (GDGT0-4), crenarchaeol (cren) and its regioisomer (cren’), and 155 
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their intact polar lipid (IPL) counterparts. Notably, there are a number of additional ions of m/z 156 

1317.3 (I), 1315.3 (II and V), 1313.3 (III and VI), and 1311.3 (IV and VII) (Fig.1A). These 157 

masses appear to be identical to the masses of ammoniated GDGT1-4 molecules (i.e., m/z 1317.3, 158 

1315.3, 1313.3, 1311.3). Accurate mass measurements using RP-LC/ESI/MSqTOF subsequently 159 

confirmed that formulas of compounds I-VII are identical to those of ammoniated GDGT1-4 160 

(typically better than 2 ppm), suggesting the possible presence of double bonds and/or other 161 

cyclic moieties in GDGTs. We further performed a hydrogenation experiment, after which I-VII 162 

were not detected and only GDGT0 and GDGTs with cycloalkylated biphytanyl moieties 163 

persisted (Fig.1B), indicating that I-VII are all unsaturated compounds. In order to examine the 164 

transformation of I-VII to their saturated counterparts after hydrogenation, the abundances of 165 

each tetraether was normalized to crenarchaeol (whose unsaturated counterparts were not 166 

detected) in each run. The results show a drastic increase in the crenarchaeol-normalized 167 

abundance of GDGT0 (i.e., GDGT0/crenarchaeol) from 0.40 before hydrogenation to 1.56 after 168 

hydrogenation and a moderated increase in GDGT1 from 0.12 to 0.28; whereas others show 169 

minimal changes in relative abundances (Fig.1C). This change suggests a major fraction of I-VII 170 

has been transformed to GDGT0, and a minor fraction to GDGT1. It is known that during reverse 171 

phase chromatography, progressive addition of double bonds to a bacterial fatty acid 
[29]

 or an 172 

archaeal diether 
[18]

 results in a staircase-like decrease in retention time. By analogy, increase in 173 

the number of double bonds of a tetraether lipid would also progressively reduce its retention 174 

time. We observe two staircase-patterns in retention time, ranging from GDGT0 to IV and from 175 

GDGT1 to VII (dashed lines, Fig.1A), likely indicating that I-IV are GDGT0 with one to four 176 

double bonds (GDGT0:[1-4]) and V-VII are GDGT1 with one to three double bonds (GDGT1:[1-3]). 177 

These assignments are consistent with the relative abundance changes before and after 178 
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hydrogenation. Assuming comparable MS responses, the total abundance of I-IV (GDGT0:[1-4]) is 179 

much higher than that of GDGT0, resulting in a drastic increase in the relative abundance of 180 

GDGT0 (from 0.40 to 1.56) after hydrogenation. In contrast, the total abundance of V-VII 181 

(GDGT1:[1-3]) is comparable to that of GDGT1, resulting in a moderate increase in the relative 182 

abundance of GDGT1 (from 0.12 to 0.28) upon transformation (Fig.1C). 183 

The existence of uns-GDGTs was further confirmed by LC/MS
2
 experiments. The MS

2
 184 

spectrum of [GDGT0 + NH4]
+
 (m/z 1319) displays two diagnostic product ions of m/z 743 and 185 

557, representing the neutral loss of an acyclic biphytanyl (BP0) moiety 
[30-32]

. Likewise, product 186 

ions of m/z 743 and 555 from I ([GDGT0:1 + NH4]
+
; m/z 1317) are derived from a neutral loss of 187 

the BP0 moiety (Fig. 2A). For II ([GDGT0:2 + NH4]
+
; m/z 1315), product ions of m/z 743, 557, 188 

and 555 (Fig. 2A) are generated, indicating two co-eluting isomers. While the m/z 743 and 557 189 

ions result from dissociation of the acyclic di-unsaturated biphytenyl (BP0:2) and BP0 moieties 190 

that suggest a combination of BP0 and BP0:2, the m/z 555 represents a mono-unsaturated 191 

biphytenyl moiety (BP0:1) and therefore indicates the alternative combination of two BP0:1 192 

moieties. Similarly, the MS
2
 spectrum of III [GDGT0:3 + NH4]

+
; m/z 1313; Fig. 2A) indicates 193 

two co-eluting isomers with combinations of [BP0:1 + BP0:2] and [BP0 + BP0:3], respectively, and 194 

this spectrum is almost identical to VI ([GDGT1:2 + NH4]
+
; m/z 1313; data not shown). Poly-195 

unsaturated product ions are commonly present in very low abundance in the MS
2
 spectra, 196 

presumably because they are unstable and subject to further fragmentation. However, attempts to 197 

further assign the specific double bond locations were hampered by high signal-to-noise ratios of 198 

highly fragmented product ions (m/z < 500) and unknown fragmentation patterns of the 199 

biphytenyl chains. The MS
2
 spectra of the remaining IV, V, and VII are noisy due to their low 200 

abundances in our samples but they also show typical GDGT-like fragmentation patterns (data 201 
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not shown). Based on the evidence from accurate masses, hydrogenation, retention time profiles, 202 

and MS
2
 spectra, we tentatively assigned I-IV to [GDGT0:[1-4] + NH4]

+
 and V-VII  to [GDGT1:[1-203 

3] + NH4]
+
    204 

A purified fraction dominated by di-glycosyl-GDGT0:[1-3] was subjected to ether cleavage 205 

and the hydrocarbon products were analyzed by GC/MS analysis (Fig. 2B). Based on published 206 

mass spectra 
[33]

, saturated acyclic (BP0) and mono- to tri-cyclic biphytanes (BP1-3) were readily 207 

recognized. Eluting between BP0 and BP1, a series of isoprenoidal hydrocarbon compounds was 208 

observed, tentatively identified as acyclic biphytenes and biphytadienes with molecular ions of 209 

m/z 560 and 558 (BP0:1 and BP0:2, respectively; Fig. 2B). This is supported by their elution 210 

pattern following BP0, which is in accordance to the elution pattern of similar unsaturated 211 

isoprenoidal hydrocarbons such as crocetenes or pentamethylicosenes 
[34; 8; 35]

. Identification 212 

based on the molecular masses and retention behavior is reinforced by specific fragment ions. 213 

Compared with isobaric cyclic biphytanes, mass spectra of BP0:1 and BP0:2 display lower 214 

intensities of fragment ions m/z 165 and 195, which are attributed to the presence of 215 

cyclopentane moieties in BP1 and BP2 
[33]

. We cannot unambiguously determine the double bond 216 

positions in BP0:1 and BP0:2 without authentic standards, however, we tentatively assigned one 217 

double bond position at carbon atom 3 for the both compounds based on their common fragment 218 

ions of m/z 55, 69, and 83 (Fig. 2B). Since hydrocarbons associated with allylic ether bonds (i.e., 219 

a double bond at carbon atom 2) are subject to degradation during BBr3-based ether cleavage 
[36]

, 220 

the recovery of hydrocarbons after BBr3 treatment consistently suggests their derivation from 221 

non-allylic ethers. Accordingly, we suggest that the presence of uns-GDGTs bearing allylic ether 222 

bonds is responsible for the lower yield of unsaturated biphytanes obtained after ether cleavage 223 

when compared to the relatively high abundance of unsaturated GDGTs during LC/MS analysis. 224 
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The other double bond in BP0:2 is likely located between C-7 and 15 based on the fragment ions 225 

of m/z 111 and 123 (cf. 
[36]

). 226 

Uns-GDGTs also occurred as intact polar lipids (IPLs), the biological precursors of core 227 

lipids (CLs) in the samples (Fig. 3). Specific headgroups of IPL-uns-GDGTs were identified 228 

through diagnostic neutral losses 
[24]

 and accurate masses; the detected headgroups in the current 229 

sample set included mono- and di-glycosyl-, and phosphatidylglycerol (1G, 2G, PG, respectively) 230 

associated with either unsaturated-acyclic- or unsaturated-cyclic-GDGT core moieties. By 231 

contrast, unsaturated crenarchaeols, either CLs or IPLs, were not detected. 232 

Despite their significance (Fig. 4A) in, for example, the cold seep sediment, uns-GDGTs 233 

were barely detected using the common NP-LC/APCI/MS approach 
[28]

 (Fig. 4B). This is 234 

attributed to the co-elution of uns-GDGTs and their isobaric, cyclic GDGTs (Fig. 4A vs. B) 235 

during NP chromatography, and subsequently in-source fragmentation of uns-GDGTs during 236 

APCI (Fig. 4B vs. C). This limitation of NP-LC/APCI/MSMSD analysis is illustrated by GDGT0:2: 237 

a strong fragment ion of m/z 743 co-occurs with a molecular ion of m/z 1298 in full-scan mode 238 

without collision-induced dissociation (Fig. 4B). However, once the APCI mode was replaced by 239 

ESI (i.e., NP-LC/ESI/MSMSD), the m/z 743 ion was not detected while the signal of the m/z 1298 240 

ion was greatly enhanced (Fig. 4C), indicating that the commonly used NP-LC/APCI/MS 241 

approach is inappropriate for the analysis of uns-GDGTs. 242 

 243 

Environmental significance of uns-GDGTs 244 

The methane index (MI) defines the ratio of cyclic GDGT1-3 against crenarchaeol and its 245 

regioisomer as an index sensitive to methane oxidation mediated by archaea 
[37]

. A MI value > 246 

0.5 is suggestive of methane-charged sediments and 0.3-0.5 marks the boundary between normal 247 
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marine sediments and methane-rich sediments 
[37]

. However, the recognition of uns-GDGTs in 248 

environmental samples likely complicates the use of this proxy based on NP-LC/APCI/MS 249 

measurements. For example, in our study, lipid analysis of the cold seep sediment off Pakistan 250 

yielded different MI values (0.35, 0.50, 0.72; Fig. 4D) by the three analytical protocols (RP-251 

LC/ESI/MS, NP-LC/APCI/MS, and NP-LC/ESI/MS). NP-LC/APCI/MS and NP-LC/ESI/MS 252 

measurements yielded apparently higher values, likely resulting from the contributions of co-253 

eluting uns-GDGTs to the peaks of GDGT1-3. By contrast, RP/ESI/MS 
[18]

 resulted in a MI value 254 

of 0.35 for the investigated cold seep site, which is still above the threshold value (i.e., 0.3) of 255 

methane impact, but much lower than those reported for methane-rich environments 
[37]

. This 256 

suggests that in addition to GDGT1-3, co-eluted uns-GDGTs are also responsible for elevated MI 257 

values after NP lipid chromatography. Consequently, a readjustment and fine-tuning of the MI 258 

using the RP-LC/ESI/MS protocol seems reasonable.   259 

We further examined the environmental distribution of uns-GDGTs in samples from 260 

geochemically and oceanographically distinct regimes (Table 1). The microbial mat sample off 261 

Crimea is characterized by diverse uns-GDGTs with different numbers of double bonds (1-5) 262 

and cyclopentyl moieties (0-2) (GDGT[0-2]:[1-5]; Fig. 5). Although uns-GDGTs show less diversity 263 

in the seep sediment off Pakistan, they dominate the archaeal IPL pool (Fig. 6). In surface 264 

sediments from the two anoxic basins (Black Sea and Cariaco Basin), uns-GDGTs occur both as 265 

CLs (GDGT0:[1-6]) and IPLs (1G- and 2G-GDGT0:[1-3]) despite being in lower relative abundance 266 

than those at the seep sites (Fig. 6). Notably, we observe that sedimentary uns-GDGTs are 267 

typically enriched in the reactive IPL pool (e.g., up to 98%; Fig. 6) in these samples, suggesting 268 

they are largely produced by some benthic archaea, in which uns-GDGTs represent an important 269 

class of lipids. By contrast, uns-GDGTs were not detected in sediments from the upwelling area 270 
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off NW Africa and were in a trace amount in the Eastern Mediterranean Sea, both of which are 271 

characterized by oxic bottom waters. Likewise, uns-GDGTs were in a trace amount in the 272 

alkaline anoxic Discovery Basin.  273 

Although geochemical conditions vary dramatically, it appears that anoxic conditions and 274 

high fluxes of methane can stimulate the growth of selected archaea capable of synthesizing uns-275 

GDGTs, implying a chemotaxonomic potential of uns-GDGT lipids. We tentatively suggest the 276 

following possible links of uns-GDGTs to specific archaea and the physiological role of uns-277 

GDGTs in archaeal cytoplasmic membranes: i) methane-metabolizing archaea and/or other 278 

archaea living spatially in close association with methane-oxidizing consortia are among the 279 

sources of uns-GDGTs. Systematic investigations of environments hosting methane-oxidizing 280 

communities combined with phylogenetic and compound-specific δ13
C analysis will be required 281 

to substantiate this link; ii) biosynthesis of unsaturated bacterial lipids (e.g. fatty acids) fluidizes 282 

bacterial membranes 
[38]

, allowing bathypelagic bacteria to cope with low temperature and high 283 

hydrostatic pressure 
[39; 40]

. By analogy, if uns-GDGT lipids were to fluidize archaeal membranes, 284 

it is possible that bathypelagic archaea are capable of biosynthesizing uns-GDGTs in response to 285 

environmental stress. Analysis of archaeal lipids from suspended particles in bathypelagic waters 286 

is necessary to validate this working hypothesis; iii) unsaturated bacterial lipids facilitate the 287 

transport of electron carriers (e.g., quinones) within membranes, resulting in enhanced energy 288 

production 
[41]

. Likewise, uns-AR and uns-GDGTs may also promote energy production. We 289 

speculate that selected archaea may preferentially synthesize unsaturated ether lipids to enhance 290 

energy outputs and facilitate rapid across-membrane transport of nutrients and substances (cf. 291 

[42]
). Further measurements on metabolic rate and uns-GDGT abundance in seep and non-seep 292 
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settings will be required to validate this potential relationship between uns-GDGT biosynthesis 293 

and bioenergetics. 294 

 295 

Conclusions 296 

We report the discovery of several novel uns-GDGT lipids that contain between one and six 297 

double bonds and zero to two cyclopentyl moieties. Identification of these lipids was achieved 298 

via comparison of lipid distribution before and after hydrogenation, characteristic retention time 299 

patterns, and diagnostic product ions using LC/MS, and ether cleavage products using GC/MS. 300 

Isomerism resulting from various unsaturation patterns within the two biphytanyl moieties was 301 

observed and specific positions of double bonds in the biphytene and biphytadiene moieties of 302 

uns-GDGTs were tentatively assigned. IPL-uns-GDGTs associated with 1G, 2G, and PG 303 

headgroups were also detected. Uns-GDGTs have been readily overlooked using the 304 

conventional NP-LC/APCI/MS approach due to low chromatographic resolution and improper 305 

conditions for ionization of these lipids. The environmental distribution of uns-GDGTs was 306 

scanned using the RP-LC/ESI/MS approach in diverse marine samples. The results suggest that 307 

uns-GDGTs constitute an important archaeal lipid group in euxinic basins and seep sites. 308 

However, they were either undetected or in trace amounts in sediments from oxic settings and a 309 

brine pool. The distribution pattern suggests that uns-GDGTs harbor chemotaxonomic 310 

information and may reflect new adaptive strategies utilized by uncultivated archaea.    311 

 312 
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Figure captions 496 

Fig. 1. Partial extracted ion chromatograms of tetraether lipids (detected as [M+NH4]
+
) from a 497 

cold seep sediment (6-8 cm) off Pakistan before (A) and after (B) hydrogenation analyzed by 498 

RP-ESI-MSMSD, and the relative abundances (normalized to cren) before and after hydrogenation 499 

(C). The box shows vertically enlarged peaks of compounds V-VII. cren = crenarchaeol, cren’ = 500 

crenarchaeol regioisomer. Unsaturated GDGTs are expressed as GDGTn:m, where n = the 501 

number of cyclopentyl moieties, and m = the number of double bonds. 502 

 503 

Fig. 2. MS
2
 spectra of compounds I ([GDGT0:1 + NH4]

+
; m/z 1317), II ([GDGT0:2 + NH4]

+
; m/z 504 

1315), and III ([GDGT0:3 + NH4]
+
; m/z 1313) (cf. Fig. 1) from a cold seep sediment (6-8 cm) off 505 

Pakistan obtained by RP-LC/ESI/MSqTOF (A), and the GC-MS spectra of highest concentrated 506 

biphytene and biphytadiene cleaved from 2G-uns-GDGTs from the same sample (B). Diamonds 507 

in panel A indicate the ammoniated precursor molecules [M+NH4]
+
. The insert in right panel B 508 

shows the total ion chromatogram of major biphytanes/biphytenes/biphytadienes after ether 509 

cleavage; for peaks labeled with *, their detailed mass spectra are shown. Note, that the 510 

assignment of double bond positions in BP0:1 and BP0:2 is tentative, one double bond is likely 511 

located at C-3 and the other likely between C-7 and C-15 (dashed lines; also see text).   512 

 513 

Fig. 3. Partial composite mass chromatograms of 1G-GDGTs (A), 2G-GDGTs (B), and PG-514 

GDGTs (C) from a cold seep sediment (6-8 cm) off Pakistan obtained by RP-LC/ESI/MSMSD. 515 

Legends: 0-3, cren, and cren’ denote the core lipid moieties of GDGT0-3, crenarchaeol, and 516 

crenarchaeol regioisomer, respectively; mono, di, and tri indicate core lipid moieties of 517 
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GDGT0:[1-3], respectively; 1G = mono-glycosyl; 2G = di-glycosyl; and PG =  518 

phosphatidylglycerol. 519 

 520 

Fig. 4. Partial composite mass chromatograms of archaeal GDGTs from a cold seep sediment (6-521 

8 cm) off Pakistan detected by RP-LC/ESI/MSMSD (A), NP-LC/APCI/MSMSD (B), NP-522 

LC/ESI/MSMSD (C), and comparison of the methane index (MI) values determined by all three 523 

approaches (D). Core lipids were detected as [M+NH4]
+
 after ESI and [M+H]

+
 after APCI. 524 

Labels I-III, cren, and cren’ are the same as in Fig.1; numbers 0-4 denote GDGT0-4, respectively; 525 

peaks 1+I, 2+II, and 3+III indicate co-elution of isobaric uns-GDGT0:[1-3] and cyclic GDGT1-3. 526 

The insert in panel B shows a partial mass spectrum of peak 2+II obtained by NP-527 

LC/APCI/MSMSD in full scan mode.  528 

 529 

Fig. 5. Partial extracted ion [M+NH4]
+
 chromatograms of archaeal GDGTs from a microbial mat 530 

sample in the Black Sea off Crimea analyzed by RP-LC/ESI/MSMSD. Unsaturated GDGTs are 531 

expressed as GDGTn:m, where n = the number of cyclopentyl moieties, and m = the number of 532 

double bonds. 533 

 534 

Fig. 6. The unsaturated fractions (%) in three classes of archaeal IPLs (defined by 1G, 2G, and 535 

PG headgroups) and corresponding core lipids from seven depositional settings. Legends: BS = 536 

Black Sea; CB = Cariaco Basin; PM = cold seep off Pakistan; EMS = Eastern Mediterranean Sea; 537 

NWA = upwelling off NW Africa; DB = Discovery Basin; MAT = microbial mat sample from a 538 

Crimean seep. 1G, 2G, and PG refer to Fig. 4. 539 

  540 
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Table 1. Marine sediment and microbial mat samples obtained from various depositional settings. 541 

Area 
Cold seep off 

Pakistan 
Black Sea Cariaco Basin 

Eastern 

Mediterranean 

Sea 

Upwelling 

Area - NW 

Africa 

Discovery 

Basin 

Off Crimea, 

Ghostdabs field 

Code PA BC CB EMS NWA DB MAT 

Water redox 
core of oxygen 

minimum zone 
anoxic basin anoxic basin 

oligotrophic, 

oxic 
upwelling, oxic 

Hypersaline, 

anoxic 
anoxic 

Cruise 
R/V Meteor 

74/3 

R/V Knorr 

172/8 

B/O Hermano 

Gines CAR139 

R/V Meteor 

84/1 

R/V Maria S. 

Merian 11/2 

R/V Meteor 

84/1 

R/V Meteor 

72/2 

Core/Station GeoB 12320 BS5-4BC CARIACO GeoB 15103 GeoB 13612 GeoB 15102 
Station 

322 

Water depth 550 m 2190 m 1400 m 1367 m 2690 m 3615 m 300 m 

Position 
24°53'N 

63°01'E 

43°N 

34°E 

10°40'N 

65°36'W 

32°38'N 

34°01'E 

20°47'N 

18°44'W 

35°16'N 

21°42'E 

44°46’N 

31°55’E 

Sediment depth 6-8 cm 0-3 cm 0-10 cm 10-12 cm 0-1 cm 0-2 cm 

chimney-

derived 

microbial mat 

TOC 2.2% 2.7% 3.0% 1.3% 2.1% 0.13% / 

Lipid extraction 
Modified Bligh 

and Dyer 
Soxhlet Soxhlet 

Modified Bligh 

and Dyer 
Soxhlet 

Modified Bligh 

and Dyer 

Modified Bligh 

and Dyer 

 542 
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Fig. 1.  544 
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Fig. 2.  547 
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