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Abstract

Glycerol monoalkyl glycerol tetraethers (GMGTs) are a group of membrane spanning lipids produced by some species of
archaea and bacteria. They differ from the more commonly studied glycerol dialkyl glycerol tetraethers (GDGTs) in having an
additional covalent carbon-carbon bond connecting the two alkyl chain. The relative abundance and distribution of bacterial
branched GMGTs (brGMGTs) in surface sediments from a set of East African lakes were studied. The abundance of
brGMGTs relative to the brGDGTs is positively correlated to measured mean annual air temperature (MAAT), although
with a significant amount of scatter. BrGMGT abundance was not correlated to lake water pH. Seven major brGMGTs that
vary in degree of methylation were identified, with m/z 1020, 1034 and 1048. Further, the mass chromatograms of the m/z
1020 and 1034 brGMGTs show an interesting distribution of peaks, which likely relates to the occurrence of distinct
brGMGT isomers. This structural complexity is higher than previously observed in peats and marine sediments. Principal
component analysis of the fractional abundance of bacterial tetraether lipids revealed the brGMGTs behave similarly to
one another but differently from both the 5- or 6-methyl brGDGTs. This suggests the brGMGTs are produced by a common
source organism and are methylated at a different position. The distribution of the seven brGMGTs showed considerable cor-
relation with MAAT. This variability was captured in a new proxy index (the brGMGTI), which showed a strong positive
linear relationship with MAAT. Lacustrine brGMGTs show potential to be applied to ancient settings to provide information
about paleoclimate.
� 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

There are thousands of climate records extracted from
ice sheets and deep sea sediments to elucidate Earth’s
dynamic climate history. Although marine and ice core
records form an integral part of our knowledge, a lack of
research from continental and equatorial areas causes gaps
in our understanding of past climate, as climate in these
areas can be markedly different than the poles or oceans
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(Otto-Bliesner et al., 2006; Blome et al., 2012; Loomis et al.,
2017). Hence, there is a need for continuous paleoclimate
reconstructions from continental equatorial regions.
Organic biomarkers in lacustrine sedimentary records have
the potential to reveal past changes in temperature, includ-
ing proxies that may generate quantitative paleoclimate
data (see Castaneda and Schouten, 2011 for a review).
These proxies include fossilized cell membrane lipids. By
modifying the structure of their membrane lipids, microbial
populations adjust their membrane’s permeability and flu-
idity to minimize the loss of energy caused by ion diffusion
across the membrane (Albers et al., 2000; Weijers et al.,
2007).

Glycerol dialkyl glycerol tetraethers (GDGTs) are a
group of membrane spanning lipids produced by some spe-
cies of archaea and bacteria, and are found in a variety of
environments, including the oceans (Schouten et al.,
2002), lakes (Powers et al., 2004), rivers (Zell et al., 2013;
De Jonge et al., 2014b), estuaries (Sinninghe Damsté,
2016), hotsprings (Pearson et al., 2004; 2008), peats
(Weijers et al., 2006a) and soils (Weijers et al., 2006b),
where they may be preserved for millions of years. Since
environmental factors, including temperature, influence
the distribution of the particular membrane features of
GDGTs (Schouten et al., 2013), GDGTs are widely used
in paleoenvironmental research to investigate past climate
changes. By analyzing modern sediments where the envi-
ronmental conditions are relatively well constrained, proxy
calibration studies have related the distribution of GDGTs
to specific environmental parameters, such as temperature
and pH.

To date, the main groups of GDGTs employed for pale-
oenvironmental reconstructions are isoprenoid GDGTs
(isoGDGTs) and branched GDGTs (brGDGTs).
IsoGDGTs are synthesized by different species of archaea
and show a wide structural variety (see Schouten et al.,
2013 for a review). Based on the stereochemistry of the glyc-
erol moieties, brGDGTs are believed to be produced by
bacteria (Weijers et al., 2006a). Acidobacteria were shown
to produce a building block of brGDGTs, iso diabolic acid,
and small amounts of brGDGTs have been detected in a
few species (Sinninghe Damsté et al., 2011). However, a
survey of almost all acidobacteria available in culture did
not lead to the identification of new brGDGT-producing
species, suggesting that multiple bacterial phyla may be
responsible for brGDGT production (Chen et al., 2018;
Sinninghe Damsté et al., 2018). BrGDGTs are typically
much more abundant than isoGDGTs in soils and peat
(Weijers et al., 2006a; 2006b), and often also in lake sedi-
ments (Blaga et al., 2009; Tierney et al., 2010; Loomis
et al., 2011; 2012; 2014).

The structure of the first identified brGDGT is based on
two iso diabolic acid skeletons ether-linked to two glycerol
moieties (Sinninghe Damsté et al., 2000). In addition to this
tetramethylated brGDGT, penta- or hexamethylated coun-
terparts also occur with (an) additional methyl substituent
(s) at C-5 (Sinninghe Damsté et al., 2000) and derivatives
containing 1–2 cyclopentane moieties, likely formed by
internal cyclization involving a mid-chain methyl group
(Weijers et al., 2006a). De Jonge et al (2013) identified sev-
eral additional penta- and hexamethylated brGDGTs in
Siberian peat with the additional methyl groups at the C-
6 position instead of the C-5 position. Subsequent improve-
ments in chromatography (De Jonge et al., 2013; Hopmans
et al., 2016) enabled analysis of these additional isomers
and for better understanding of the environmental controls
on the distribution of brGDGTs in natural settings (cf.
Weijers et al., 2007; De Jonge et al., 2014a,b; Weber
et al., 2015). It was found that the 6-methyl brGDGTs
respond differently to environmental gradients than the 5-
methyl brGDGTs. The degree of methylation of 5-methyl
brGDGTs in soils (De Jonge et al., 2014a), peat (Naafs
et al., 2018) and lake sediments (Russell et al., 2018) shows
a strong correlation to MAAT. The greatest control on the
fractional abundance of 6-methyl brGDGTs in soils
appears to be pH, and the fractional abundances of the 6-
methyl brGDGTs show a strong correlation with one
another, which may suggest a common source organism
(De Jonge et al., 2014a). In contrast to the isoGDGTs
(Schouten et al., 2002), the cyclization of 5-methyl
brGDGTs in soils (Weijers et al., 2007; De Jonge et al.,
2014a) and peat (Naafs et al., 2018) does not appear to
be linked with temperature but instead with pH, with a
lower cyclization ratio corresponding to lower pH. This is
also thought to hold for marine sediments where in-situ
production in alkaline pore waters is surmised to cause
the high fractional abundances of mono- and bicyclic
tetra- and pentamethylated brGDGTs (Sinninghe Damsté,
2016). However, this is not evident for surface sediments
of African lakes where the pH of lake water did not
strongly influence brGDGT distributions (Russell et al.,
2018).

Glycerol monoalkyl glycerol tetraethers (GMGTs) are a
much less explored group of archaeal and bacterial lipids,
although recently it was shown that they may have poten-
tial to be used as paleoclimate indicators (Naafs et al.,
2018). GMGTs are also referred to as H-shaped GDGTs
(H-GDGTs) because they are structurally similar to
GDGTs but possess a covalent carbon–carbon bond con-
necting the two alkyl chains. GMGTs have been identified
in sediments dating to the Jurassic Period, revealing that
these compounds are preserved on geological timescales
(Bauersachs and Schwark, 2016). The first isoGMGT, pos-
sessing no cyclopentane moieties (i.e. isoGMGT-0; Fig. 1)
was identified in a hyperthermophilic methanogen (Morii
et al., 1998). Subsequently, isoGMGTs with up to six
cyclopentane moieties were identified in cultures of extre-
mophilic Euryarchaeota and Crenarchaeota (Schouten
et al., 2008a; Knappy et al., 2011) and (hydro)thermal set-
tings (Jaeschke et al., 2012; Jia et al., 2014; Bauersachs and
Schwark, 2016; Pan et al., 2016). IsoGMGTs have also
been reported in low-temperature environments, such as
lake and ocean sediments (Schouten et al., 2008b; Liu
et al., 2012; Pan et al., 2016;), and more recently in peat
(Naafs et al., 2018). In addition to the isoGMGTs,
brGMGTs have been reported in marine sediments (Liu
et al., 2012; Xie et al., 2014) and peat (Naafs et al., 2018).
It has been suggested that the C-C bond between the alkyl
chains enhances the archaeal membrane stability at higher
temperatures (Morii et al., 1998; Schouten et al., 2008a).
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Fig. 1. Structures of isoGDGTs and brGDGTs and theoretical structures of isoGMGTs and brGMGTs.
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In agreement with this, the relative abundance of
isoGMGTs was found to increase with temperature across
a thermal gradient in marine sediments (Sollich et al., 2017).
Naafs et al. (2018) also reported a positive correlation
between the relative abundance of GMGTs in a global peat
data set, with the highest relative abundance of both iso-
and brGMGTs occurring in tropical peatlands, although
these relationships displayed significant scatter. Beyond
temperature influences, there is limited evidence linking
the relative abundance and distribution of isoGMGTs with
varying numbers of cyclopentane rings to pH. In select ter-
restrial hot springs the abundance of isoGMGTs relative to
isoGDGTs was found to be greater in more acidic condi-
tions (Jia et al., 2014). To date, no evidence has been found
for a connection between the occurrence of brGMGTs and
pH.

African lakes have been the focus of several studies that
examined the relative abundance of archaeal and bacterial
tetraether lipids in sediment to calibrate and apply GDGT
proxies to investigate paleoclimate (e.g. Verschuren et al.,
2009; Tierney et al., 2010; Loomis et al., 2011; 2012;
Sinninghe Damsté et al., 2012; Johnson et al., 2016;
Russell et al., 2018). Here, we investigate the abundance
and distribution of brGMGTs in 70 lake surface sediments
from East Africa. This set includes lakes from a range of
altitudes (615–4752 masl) and, consequently, temperatures
(mean annual air temperature (MAAT) = 26.8–2.4 �C).
Our data reveal the presence of a variety of brGMGTs in
the lakes, and that their distribution varies with MAAT.
Their potential for use in temperature reconstruction is
discussed.

2. MATERIALS AND METHODS

2.1. Samples

Surface sediments of 70 lakes in tropical East Africa,
mainly from Kenya, Uganda, and Ethiopia were included
in this study. Fifty-nine of these are a subset of the 110
lakes previously analyzed by Loomis et al. (2011, 2012,
2014) and Russell et al. (2018). The 59 samples used for this
study were selected based upon which samples contained
enough material for reanalysis and sufficient concentrations
of brGMGTs for integration. The surface sediments are
derived from water depths from 0.3 to 180 m and are situ-
ated at a large range of altitudes, resulting in a broad range
of MAAT. Complete information about the environmental
setting of these samples is available in Loomis et al. (2014)
and Table S1.

The dataset also includes surface sediment samples from
11 lakes in the Bale Mountains, Ethiopia (Eggermont et al.,
2011), that were not included in previous GDGT calibra-
tions. MAAT data are based on the East African lapse rate
in Loomis et al. (2012) and Russell et al. (2018). Limnolog-



158 A.J. Baxter et al. /Geochimica et Cosmochimica Acta 259 (2019) 155–169
ical data were collected from each lake and include depth,
temperature, conductivity, pH, and other measurements
taken in January 2009 (dry season) and May 2010 (wet sea-
son) (Eggermont et al., 2011). Due to the shallow nature of
these lakes, all values represent surface water values and
data from the two months were averaged for our correla-
tion analyses where appropriate (see Table S1).

Additionally, sediment from a core of Lake Chala
(Verschuren et al., 2009) was studied. The Lake Chala sed-
iment was sampled from core depths between 60 and 65 m
and dates to the late Pleistocene (most likely within Marine
Isotope Stage 5; MIS5; Moernaut et al., 2010).

2.2. Tetraether lipid analysis of the sediments

The East African lake sediments have been previously
analyzed according to Hopmans et al (2016) as described
by Russell et al. (2018). In this study the data set was re-
examined to study the distribution of brGMGTs. The frac-
tional abundances of the nine major brGDGTs (Ia, Ib, Ic,
IIa, IIa0, IIb, IIb0, IIIa, and IIIa0; Fig. 1) and the brGMGT
isomers were calculated by integration of mass chro-
matograms of m/z 1018, 1020, 1022, 1032, 1034, 1036,
1046, 1048, and 1050, assuming identical MS response fac-
tors of these tetraether lipids. Samples from the Ethiopian
lakes were analyzed using the identical protocol.

The Lake Chala sediment (ca. 1 g dry weight) was
extracted using a Dionex accelerated solvent extraction
(ASE) system using with a 9:1 v/v mixture of dichloro-
methane (DCM) and methanol (MeOH). The lipid extract
was dissolved in DCM/methanol (1:1, v/v), passed through
a Na2SO4 column and dried under N2 gas. The lipid extract
was separated into apolar, ketone and polar fractions using
Al2O3 column chromatography with eluents of hexane/
DCM (9:1, v/v), hexane/DCM (1:1, v/v), and DCM/metha-
nol (1:1, v/v) respectively, and dried under N2 gas. The
polar fraction, containing the tetraether lipids, was then
re-dissolved in hexane/isopropanol (99:1, v/v) and filtered
using a PTFE 0.45 mm filter. The polar fraction was ana-
lyzed by ultra-high performance liquid chromatography
(UHPLC) - high resolution MS (HRMS) using an Agilent
1290 Inifinity I equipped with thermostatted auto-injector
and column compartment coupled to a Q Exactive (Quad-
rupole Orbitrap hybrid MS) MS equipped with ion max
source with APCI probe (Thermo Fisher Scientific, USA).
Positive-ion APCI setting were as follows: capillary temper-
ature 200 �C, sheath gas (N2) 50 arbitrary units (AU);
vaporizer temperature 400 �C; auxiliary gas (N2) 5 AU,
corona current 2.5 mA, APCI heater temperature 400 �C;
S-lens 100 V. Chromatography was identical for UHPLC-
HRMS analyses (i.e., 2 silica BEH HILIC columns in series
according to Hopmans et al., 2016) as applied for the Afri-
can lake surface sediment set (Russell et al., 2018). Tetra-
ether lipids were analyzed with a mass range of m/z 600
to 2000 at a resolving power of 70,000 at m/z 200, followed
by data dependent MS2 (resolving power 17,500), in which
the ten most abundant masses in the mass spectrum (with
the exclusion of isotope peaks) were fragmented succes-
sively (stepped normalized collision energy 15, 20, 25; isola-
tion window 1.0 m/z). An inclusion list was used with a
mass tolerance of 3 ppm, comprehensively targeting ether
lipids described in literature. Identification was achieved
by comparison of exact mass and fragmentation spectra
to literature (e.g. Knappy et al., 2009; 2015; Liu et al.,
2012; Naafs et al., 2018).

2.3. Proxy calculations and statistical analysis

BrGDGT proxies were calculated using the fractional
abundances of specific brGDGTs (see Fig. 1 for structures)
with the following formulae:

MBT05Me ¼ Ia½ � þ Ib½ � þ Ic½ �
Ia½ � þ Ib½ � þ Ic½ � þ IIa½ � þ IIb½ � þ IIc½ � þ ½IIIa�

ð1Þ

DC ¼ Ib½ � þ 2 � Ic½ � þ IIb½ � þ ½IIb0�
Ia½ � þ Ib½ � þ Ic½ � þ IIa½ � þ IIa0½ � þ IIb½ � þ ½IIb0� ð2Þ

The above equations capture the degree of cyclization
(DC) and methylation (MBT) of branched tetraethers.
These have previously been formulated by De Jonge et al.
(2014a) and Sinninghe Damsté (2016) but have been simpli-
fied by elimination of certain cyclic penta- and hexamethy-
lated brGDGTs that were below detection level or occurred
in very low abundances in these samples (Russell et al.,
2018).

Principal component analysis (PCA) on the correlation
matrix of the fractional abundance of the of the seven
brGMGTs and the nine major brGDGTs (Ia-c, IIa-b, IIa-
b0, IIIa, IIIa0) was performed using the SigmaPlot 14.0 (Sys-
tat Software, Inc. 2017). All other statistical methods were
as previously described (Russell et al., 2018).

3. RESULTS

Data from HPLC-MS analyses of modern surface sedi-
ments from a set of 70 East African lakes and late Pleis-
tocene sediments from the Lake Chala core were (re-)
investigated for the abundance and distribution of bacterial
lipids.

3.1. Presence of brGMGTs in East African lake sediments

Upon reinvestigation of the East African lake data set, a
distinct group of polar lipids with m/z values of 1020, 1034
and 1048, eluting ca. 20 min after the brGDGTs with one
ring, were observed (Fig. 2). These components likely repre-
sent brGMGTs, previously encountered in marine sedi-
ments and peats (Liu et al., 2012; Naafs et al., 2018). The
additional carbon–carbon bond which links the two alkyl
chains causes brGMGTs to elute later than their brGDGT
homologues. The acyclic brGDGTs Ia, IIa and IIIa are
homologues of brGMGTs with m/z values of 1020, 1034
and 1048. Remarkably, while the mass chromatograms of
the m/z 1020 and 1034 brGMGTs found in peat are typified
by a single peak (Naafs et al., 2018), we find more complex
distributions of peaks in the East African lake sediments,
with up to three successive peaks (labelled H1020a-c and
H1034a-c in Fig. 2). These peaks likely relate to the pres-
ence of different brGMGT isomers with m/z 1020 and



Fig. 2. Mass chromatograms for (a) m/z 1020, (b) m/z 1034, and (c) m/z 1048 of the polar fraction of the extracts of the surface sediments
from Lake Haro Lakota, Ethiopia (elevation = 4029 m: MAAT = 4.7 �C) and LakeMirambi, Uganda (Elevation = 1075 m: MAAT = 23.7 �C).
The distributions of the brGMGTs are representative for those found in cold and warm lakes, respectively.
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1034. The m/z 1048 mass chromatogram revealed one dom-
inant peak but this peak was often much broader than the
other peaks and its relative retention time was less constant
than in case of the other isomers, both suggesting that it is
comprised of (at least) two co-eluting isomers.

To confirm that these peaks indeed reflect brGMGTs,
UHPLC-HRMS was performed on the polar fraction of
sediments from the Lake Chala core. This sediment con-
tained the same suite of lipids (Fig. 3a) as observed in
our dataset of surface sediments. The m/z 1048.025 mass
chromatogram revealed that the major broad peak con-
tains a shoulder, in line with the idea that this peak is
formed by at least two partially co-eluting isomers. Some
minor peaks were also detected. This analysis provides evi-
dence for the identification of all major detected com-
pounds as brGMGT isomers. Firstly, the elemental
composition of the [M + H]+ ions detected fits with the ele-
mental composition of brGMGTs (Table 1) and those of
fragment ions confirm the loss of two glycerol moieties
(C3H6O3). Secondly, the MS2 spectra of all brGMGT iso-
mers show a distinctly different fragmentation pattern from
that of the brGDGTs. Knappy et al. (2009; 2015) showed
that the loss of one of the biphytanyl chains of isoGDGTs
during collision induced dissociation (CID) results in pro-
duct ion peaks in the so-called Region 3, while product
ions of isoGMGTs only appear in Region 1 because the
CAC bond connecting the two biphytanyl chains of
isoGMGTs remains intact during dissociation, making
the loss of a single biphytanyl chain unlikely. Product ions
in Region 1 relate to the loss of small neutral molecules
from the terminal glycerol moieties (Knappy et al., 2009;
2015). Similar observations have been made for the MS2

spectra of brGMGTs (Liu et al., 2012; Naafs et al.,
2018). All MS2 spectra of the individual peaks observed
in the Chala sediment show product ions consistent with
their identification as brGMGTs (Fig. 4).

As observed by Naafs et al. (2018) for peats, we were
also not able to detect any brGMGTs with a cyclopentane
moieties as seen for brGDGTs (Weijers et al., 2006a,b);
mass chromatograms of m/z 1018, 1032, and 1046 did not
reveal any later eluting components as observed for the
m/z 1020, 1034, and 1048 mass chromatograms (Fig. 2).

3.2. The abundance and distribution of brGMGTs in East

African Lakes

Quantifiable amounts of at least some of the brGMGTs
are present in all of the 70 studied lakes. Thus, acyclic
brGMGTs appear commonly in East African lakes. In
the m/z 1020, 1034 and 1048 mass chromatograms, the
brGMGTs elute later than and often appear equal to or
more abundant than the brGDGTs with one ring which
have the same mass (Fig. 2). The %brGMGT (defined as
the abundance of the seven detected brGMGTs relative to
the sum of the brGMGTs and major brGDGTs) has a large
range, varying from 0.5% to 31%. The highest %brGMGT
was from Lake Murusi, Uganda, which has a MAAT of
22.5 �C. The lake with the lowest %brGMGT was Square
Tarn, Kenya with a MAAT of 4.1 �C.

The distribution of brGMGTs shows considerable vari-
ation (Table S1). BrGMGT H1020b is on average the most
abundant brGMGT in the East African lake sediment set
(26.1 ± 17.8% of all brGMGTs) with H1020a (16.9
± 6.0%), H1020c (16.2 ± 14.0%), H1048 (14.5 ± 10.2 %)
and H1034b (14.4 ± 7.3%) slightly less abundant, and
H1034c (7.5 ± 7.7%) and H1034a (4.3 ± 5.4%) as the least
abundant brGMGTs.

To investigate potential relationships between the lipids
PCA was performed on the fractional abundance of the
seven brGMGTs and the nine major brGDGTs. The first
three principal components (PCs) account for 75% of the
total variance in this dataset (Fig. 5). What is immediately
striking from the PC loading plots is that the brGMGTs,
including all the different isomers, plot together in a cluster,
with all brGMGTs loading positively on the PC1, PC2, and
PC3 axes. Unlike the 5- (I-IIIa, I-IIb, Ic) and 6-methyl



Fig. 3. MS2 spectra showing the fragmentation patterns of (a) the regular brGDGT Ib with one ring, and (b) the brGMGT H1020c. Both
branched tetraethers have a MH+ of m/z 1019.994. Ib shows the presence of fragmentation ions in both region 1 and 3, whereas brGMGT
H1020c only shows fragmentation occurring in region 1, which is the particular fragmentation pattern expected for GMGTs. The distinction
of regions is taken from Knappy et al. (2009). Data obtained from UHPLC-HRMS analysis of the polar fraction of an extract of a sediment
from Lake Chala (see also Fig. 4).
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(II-IIIa0, IIb0) brGDGTs, the different isomers of the
brGMGTs do not plot separately from one another. The
score on PC1, which represents almost half of the variance
in the dataset, primarily describes the degree of branching
of the 5-methyl brGDGTs with all of the brGMGTs scor-
ing positively together with the tetramethylated 5-methyl
brGDGTs (Ia, Ib, Ic). The scores on PC1 show a significant
(r2 = 0.88) positive linear correlation with the degree of
branching of the 5-methyl brGDGTs as expressed in the
MBT0

5Me index. The PC2 axis separates the 5- and 6-
methyl brGDGTs, with 6-methyl brGDGTs loading
strongly negatively on PC2. The score on PC2 shows a sig-
nificant (r2 = 0.72) negative quadratic correlation with the
summed fractional abundance of the 6-methyl brGDGTs.



Table 1
Elemental composition (EC) of the product ions observed in the MS2 spectra following CID of the [M + H]+ of the brGDGT Ib and the br
GMGT H1020c.

[M + H]+ [F + H]+ EC delta m Number of neutral fragments lost Previously

(m/z) (m/z) (mmu) H2O C3H4O C30H58 C30H58O H2 Observeda

brGDGT Ib

1019.993 C66 H131 O6 �0.6 0 0 0 0 0
p

1001.982 C66 H129 O5 �1.8 1 0 0 0 0
p

945.959 C63 H125 O4 1.5 1 1 0 0 0
p

601.543 C36 H73 O6 2.7 0 0 1 0 0
p

585.548 C36 H73 O5 2.7 0 0 0 1 0
583.532 C36 H71 O5 2.7 1 0 1 0 0

p
567.537 C36 H71 O4 2.7 1 0 0 1 0
565.521 C36 H69 O4 2.5 2 0 1 0 0

p
547.512 C36 H67 O3 3.1 3 0 1 0 0

p
529.505 C33H69 O4 �0.7 0 1 0 1 0
527.505 C33 H67 O4 1.8 1 1 1 0 0

p
511.511 C33 H67 O3 2.9 1 1 0 1 0
509.494 C33 H65 O3 1.1 2 1 1 0 0

p
493.501 C33 H65 O2 2.6 2 1 0 1 0
491.483 C33 H63 O2 0.4 3 1 1 0 0

p
489.469 C33 H61 O2 2.6 3 1 1 0 1
475.489 C33 H63 O 1.2 3 1 0 1 0
473.472 C33 H61 O 0.5 4 1 1 0 0

p
457.478 C33 H61 1.3 4 1 0 1 0
455.464 C33 H59 2.6 5 1 1 0 0
435.458 C30 H59 O 1.8 3 2 1 0 0
433.442 C30 H57 O 2.0 3 2 1 0 1
417.447 C30 H57 1.8 4 2 1 0 0
415.432 C30 H55 1.9 4 2 1 0 1

brGMGT H1020c

1019.993 C66 H131 O6 �1.1 0 0 0
p

1001.983 C66 H129 O5 �0.1 1 0 0
p

983.975 C66 H127 O4 2.3 2 0 0
p

965.964 C66 H125 O3 1.4 3 0 0
p

963.971 C63 H127 O5 3.0 0 1 0
p

945.956 C63 H125 O4 �1.6 1 1 0
p

927.948 C63 H123 O3 1.5 2 1 0
p

925.938 C63 H121 O3 6.8 2 1 1
909.936 C63 H121 O2 �0.3 3 1 0

p
907.921 C63 H119 O2 0.5 3 1 1
891.925 C63 H119 O �0.3 4 1 0
889.919 C63 H117 O 0.5 4 1 1

a Losses previously described for tetraether lipids by Knappy et al. (2009).
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The score on PC3 separates the cyclic from the acyclic
brGDGTs, with the brGMGTs grouping with the acyclic
brGDGTs (I-IIIa), suggesting that the environmental con-
trols for both the acyclic brGDGTs and brGMGTs are sim-
ilar. The score on PC3 shows a significant (r2 = 0.53)
negative correlation with the DC index.

4. DISCUSSION

4.1. Structural considerations with respect to the brGMGTs

There is only limited information about the structure of
GMGTs. IsoGMGT-0 was detected in hyperthermophilic
archaea (Morii et al., 1998) but the exact position at which
the two biphytanyl chains were connected remained
unclear. In the archaea Aciduliprofundum boonei

(Schouten et al., 2008a) and Ignisphaera aggregans
(Knappy et al., 2011) isoGMGTs with 0–4 cyclopentane
moieties were reported. The similar distribution of
isoGDGTs and isoGMGTs suggested a direct biosynthetic
link between these compound classes (Schouten et al.,
2008a; Knappy et al., 2011). Lutnaes et al. (2006) elucidated
the structure of a series of octaterpene tetracarboxylic acids
with 4–6 cyclopentane moieties closely related to
isoGMGTs in petroleum by two-dimensional NMR stud-
ies. This established the position of the bridge, i.e. between
two mid-chain methyl groups of each biphytanyl chain.
These tetracarboxylic acids were interpreted to be diage-
netic products of isoGMGTs derived from hyperther-
mophilic archaea. Although direct structural identification
of isoGMGTs in cultures of archaea is still lacking, the
assignment of the position of the C-C bridge in their pre-
sumed diagenetic products by Lutnaes et al. (2006, 2007)
is currently the best available evidence.



Fig. 4. Mass chromatograms (within 5 ppm mass accuracy) for (a)
m/z 1019.994, (b) m/z 1034.010, and (c) m/z 1048.025 obtained by
UHPLC-HRMS analysis of the polar fraction of an extract of a
sediment from Lake Chala showing both the brGDGTs with one
ring and the brGMGTs. These data reveal that the seven major
brGMGT isomers detected in the surface sediments of the African
lakes have the same elemental composition (C66+nH132+2nO6,

whereby n = 0–2) as those of the brGDGT with one ring.
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Similarities in the presumed biosynthesis of isoGDGTs
and brGDGTs have been noted (Sinninghe Damsté et al.,
2011) and are based on structural similarities of the tails
of the alkyl chains of the presumed building blocks, i.e.
archaeol and 1,2-di-iso-pentadecyl glycerol diether. The
mid-chain methyl groups of the biphytanyl chains of
isoGDGTs are involved in the formation of the bridge in
isoGMGTs and, hence, it seems feasible that the two alkyl
groups of brGDGTs could be bridged in a similar way, i.e.
by connecting two mid-chain methyl groups via a covalent
bond. The enzymes responsible for the formation of
isoGMGTs and brGMGTs could even be closely related,
as hypothesized earlier by Naafs et al. (2018). Starting with
the hypothetical ‘parent’ brGDGT Ia, this would result in
two potential C66 brGMGT isomers (i.e. the two isomers
of brGMGT in Fig. 1). The same process is theoretically
possible for GDGT-0 (Fig. 1) but only one GMGT-0 peak
has been reported in cultures of archaea and environmental
samples (e.g. Knappy et al., 2011, Liu et al., 2012;
Bauersachs and Schwark, 2016). This may be due to the
co-elution of isomers with identical polarity under the
HPLC conditions used in these studies.

Intriguingly, we detected three C66 brGMGT isomers in
the African lake sediments. Liu et al. (2012) and Naafs et al.
(2018) both report a single peak for the C66 brGMGT, even
though the LC/MS method used by Naafs et al. (2018) was
identical to the method used here. Clearly, further struc-
tural identification of these isomers is required, but this is
hampered by the fact that ether cleavage reactions result
in the formation of hydrocarbons that, in the case of
GMGTs, have a molecular weight too high for analysis
by GC-MS. For various GDGTs this has been a successful
approach in partially resolving exact structures (Schouten
et al., 1998, 2000; Sinninghe Damsté et al., 2000; Liu
et al., 2012, 2016; De Jonge et al., 2014a; Knappy et al.,
2015).

It is possible that the appearance of additional peaks
(beyond the two peaks which may be explained by the dif-
ferent bridge formations) could relate to different position-
ing of the remaining methyl groups. In view of the known
structural variation of brGDGTs, the C67 (H1034) and
C68 brGMGTs (H1048) would most logically be C66

brGMGTs with one or two additional methyl groups.
Although penta- and hexamethylated brGDGTs with
methylation at C-5 or C-6 are commonly the most abun-
dant homologues in soil, peat, and lake and marine sedi-
ments (e.g. De Jonge et al., 2014a; Sinninghe Damsté,
2016; Naafs et al., 2017; Russell et al., 2018), at present
we can only speculate about the precise position of methyl
groups in the brGMGTs. In fact, there is some evidence
suggesting brGMGTs are not methylated at C-5 or C-6.
Firstly, the PCA reveals no clear correlation between the
PC loadings of the brGMGTs and their brGDGT homo-
logues; nearly all brGMGTs score positively on PC1,
PC2, and PC3 (Fig. 5a-b), whereas the 5- and 6-methyl
brGDGTs plot differently from one another. Secondly,
and related to this, there is no correlation between the
degree of methylation of brGDGTs and brGMGTs. The
scores on PC1 of the PCA correlate (r2 = 0.88) linearly in
the degree of branching of the 5-methyl brGDGTs as
expressed in the MBT0

5Me index and thus predominantly
responds to changes in temperature (see also Russell
et al., 2018). In contrast, almost all brGMGTs load posi-
tively on PC1. Naafs et al. (2018) also detected C67 and
C68 brGMGTs in peat (albeit just one isomer) and noted
a clear relationship between the degree of branching of 5-
methyl brGDGTs and the brGMGTs. Evidently, this rela-
tionship does not exist for lake sediments and it is therefore
possible that the additional methylations may be in a differ-
ent positions. Overall, this would suggest that the C66 - C68

brGMGTs are produced by a more limited group of bacte-
ria than those that are capable of producing brGDGTs.

An observation supporting this hypothesis is that no
brGMGTs containing cyclopentane rings were observed
in the lake surface sediments. Naafs et al. (2018) also
observed no cyclopentane-bearing brGMGTs in peats and
suggested this potentially indicates that the organisms pro-
ducing brGMGTs cannot biosynthesize rings, and/or that
the stereochemistry of the lipid is such that the presence
of the cyclopentane moiety near the middle of the alkyl
chain would prevent the formation of a covalent bond
between the two alkyl chains. However, considering the
structure of brGDGTs this is likely not the case; even if
two of the four methyl groups of the hypothetical ‘‘parent”
brGDGT Ia are used to form the bridge in brGMGTs,
there are still two methyl groups left for the formation of
the five membered ring (see Weijers et al., 2006a; for
details). Weijers et al. (2006a) established the position of



Fig. 5. PCA analysis of the fractional abundances of the major brGMGTs and brGDGTs in east African lake surface sediments. (a) and (b)
Component loading plots for PC1 vs. PC2 and PC3, respectively. The color code for the different brGDGTs and brGMGTs is indicated. (c)
Component score plot for PC1 and PC2 for the 70 lakes. The data points are colored according to the defined MAAT groups as indicated.
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the cyclopentane moiety in brGDGTs by isolation and
two-dimensional NMR but they did not establish the
stereochemistry of the ring. In any case, chemically it is still
possible to envisage a brGMGT with a cyclopentane moiety
possessing either of the two possible stereochemistries. We
therefore favor the hypothesis that the group of bacteria
producing brGMGTs simply lacks the gene(s) coding for
the enzyme(s) enabling this cyclization reaction. This is,
for instance, the case for the Acidobacterial phylum that
contains many species which biosynthesize iso diabolic acid,
the presumed building block of brGDGTs, even with addi-
tional methyl groups at C-5 or C-6, but which does not
have the biosynthetic capability to produce cyclopentane
moieties (Sinninghe Damsté et al., 2018).

4.2. Environmental controls on the abundance and

distribution of brGMGTs

While the %brGMGT varies widely, it is generally
higher in lakes with a higher MAAT (Fig. 6a). There is,
however, substantial scatter in %brGMGT for lakes with
a MAAT above 20 �C, similar to the relationship between
brGMGT abundances and MAAT in peat (Naafs et al.,
2018; Fig. 6b). The concurrence of higher %brGMGT with
higher MAAT is in line with the PCA which shows that all
seven brGMGTs score positively on PC1, as PC1 is also
dominated by samples with a high MBT5Me index and
thereby a higher temperature. This overall trend fits the
idea that the connection between the two alkyl chains in
GDGTs is an adaptation to increased temperature
(Schouten et al., 2008a, 2013; Knappy et al., 2011).
Although presently isoGMGTs have only been identified
in (hyper)thermophilic and not in mesophilic archaea, it is
evident from the presence of both isoGMGTs and
brGMGTs in samples from non-thermophilic environments
(Schouten et al., 2008b; Liu et al., 2012; Naafs et al., 2018;
this study) that there must be archaea and bacteria that
produce GMGTs at relatively low temperatures.

Not only does %brGMGT vary with MAAT but so also
do the relative abundances and distributions of the individ-
ual brGMGTs and isomers. This is in contrast with what
has been reported for the global peat data set (Naafs
et al., 2018), in which there was little relationship between
the relative abundances of individual brGMGTs and
MAAT. This may be related to the presence of a larger
number of brGMGTs isomers in the East African lake sed-
iments. While brGMGTs H1020b, H1034b, and H1048
(probably comprised of two isomers in warm lakes) are gen-
erally present in all surface sediments of the East African
lakes, isomers H1020a, H1020c, H1034a, and H1034c are
more abundant in warmer lakes (e.g. Fig. 2). When the frac-
tional abundances of these seven individual brGMGT iso-
mers (defined as the contribution of the individual
isomers to the sum of all brGMGT isomers) are plotted



Fig. 6. The total fractional abundance of brGMGTs (%brGMGT, calculated as the relative contribution of the seven major brGMGT
isomers to the sum of the nine major brGDGTs and the seven brGMGTs) versus measured MAAT for (a) the East African lake sediments and
(b) the global peat set (data from Naafs et al., 2018), revealing for both datasets a general increase in %brGMGTs with increasing MAAT.
The ternary diagrams show the fractional abundances of the C66, C67, and C68 brGMGTs for (c) the East African lake sediments and (d) the
global peat set (data from Naafs et al., 2018). In the case of the East African lake sediments the fractional abundances of the C66 and C67

brGMGTs represent the summed fractional abundance of H1020a, H1020b, H1020c, and H1034a, H1034b, H1034c, respectively. In the case
of peats, just one isomer was detected (see Naafs et al., 2018 for details). For all plots data points are colored according to the temperature
ranges as indicted in the legends.
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against MAAT (Fig. 7), the abundances of H1020c,
H1034a, and H1034c show a positive correlation with
MAAT, whereas those of H1020b and H1048 show a neg-
ative correlation with MAAT. H1020a and H1034b show
no significant correlation with MAAT. This is consistent
with the PCA analysis of the whole data set in which
H1020b and H1048 have a lower score on PC1 and a higher
score on PC2. Overall, and unlike the brGDGTs,
brGMGTs with fewer methyl groups are not more abun-
dant at higher MAAT. This would be consistent with the
idea that the additional methyl groups may be at a different
position. Clearly, full structural identification of these iso-
mers (i.e. position of the bridge and additional methyl
groups) is required for understanding these changes with
temperature in the context of the physical properties of
the membrane.

We found little evidence of linear correlations between
the abundance of brGMGTs in East African lakes and lake
water pH. Although the %brGMGT is slightly higher in
alkaline lakes than acidic lake, the correlations of %
brGMGT to pH were very weak (r2 = 0.14, n = 68). There
are also only weak linear relationships between the percent-
age of each brGMGT (relative to all brGMGTs) and pH,
with a maximum correlation of r2 = 0.209 for H1048. Fur-
thermore, in the PCA loading plots the brGMGTs show
very different loadings than the 6-methyl brGDGTs (IIa0,



Fig. 7. The fractional abundance of each individual major brGMGT isomer (calculated as the relative contribution of the seven major
brGMGT isomers to their sum) (a-g) and the brGMGTI (h) as a function of MAAT. The correlation coefficients (r2 value) are given for each
plot. Linear regression lines are shown for all correlations.
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IIIa0 and IIb0) and cyclic brGDGTs (e.g. Ib, Ic, IIb), the
fractional abundance of which are strongly controlled by
pH in soils (De Jonge et al., 2014a). Our finding is similar
to results for brGDGTs in the East African lakes, where
pH shows little influence (Russell et al., 2018). However,
given the uncertainty in the producer of brGMGTs and
where they may reside in a lake, coupled with gradients in
the pH of the lake surface, hypolimnion, and shallow sedi-
ments, it is difficult to fully test the relationship between
brGMGT abundance and pH.

4.3. Potential application of brGMGTs as palaeotemperature

proxies in lakes

The %brGMGT vs. MAAT relationship (Fig. 6a) is too
scattered to use for reconstructing past MAAT. Naafs et al
(2018) observed a similar relationship observed for peats
(Fig. 6b), indicating that the %brGMGT seems to increase
with increasing MAAT in both peat and lake sediment.
Therefore, the %brGMGT may perhaps be used as a
semi-quantitative temperature indicator in studies of
ancient lake sediments in addition to other proxies.

That said, the distribution of brGMGTs is strongly con-
trolled by MAAT in the East African lake data set (Fig. 7).
Based on these relationships, a new ratio, the brGMGTs
Index (brGMGTI), can be defined as shown in Eq. (3).

brGMGTI ¼ H1020c½ � þ H1034a½ � þ H1034c½ �
½H1020b� þ ½H1020c� þ H1034a½ � þ H1034c½ � þ H1048½ �

ð3Þ
The numerator contains the relative abundance (%) of

the three brGMGTs that show a positive correlation with
MAAT, while the denominator contains, in addition to
these three brGMGTs, two brGMGTs that show a negative
correlation with MAAT (Fig. 7). The brGMGTI of the
East African Lake sediments has a strong linear positive
correlation to MAAT (r2 = 0.89; Fig. 7h), and much less
scatter at higher temperatures than the relationship of %
brGMGT with MAAT. Hence this ratio can be used to pre-
dict temperature according to the model:

MAAT ¼ 2:86þ 26:5 � brGMGTI ð4Þ
which was determined with MAAT assigned to the x-axis.
In this model one outlier (Lake Mahuhura) has been
excluded. The root mean square error (RMSE) of this
model is 2.16 �C and r2 is 0.94 (p < 0.001; Fig. 8b).

We also applied the stepwise forward selection (SFS)
method (see Loomis et al., 2012; Russell et al., 2018 for
details) on the relative abundances of the brGMGTs to test
if this would generate an improved calibration model. This
model is:

MAAT ¼ 1:18þ 0:47 � H1034a½ � þ 0:12 � 1020a½ �
þ 0:50 � H1020c½ � ð5Þ

This model (also with exclusion of a single outlier, Lake
Mahuhura) performs almost identically to the brGMGTI
model with an r2 of 0.94 and a RMSE of 2.20 �C
(p < 0.001; Fig. 8a).

We also tested if the addition of the set of seven
brGMGTs to the suite of brGDGTs (where the abundances
are normalized to the entire sum of branched tetraethers)
improved upon the calibration of brGDGTs to MAAT
from Russell et al. (2018) using the SFS method. However,
this does not improve the model based upon brGDGTs
alone (Russell et al., 2018). Interestingly, even if the
brGMGTs are included the SFS selects exactly the same
set of brGDGTs as in Russell et al. (2018) and does not
include any of the GMGTs. It is somewhat surprising that
the SFS method using the entire GDGT dataset does not
include any of the brGMGTs. The main reason is likely
because of the correlations of the compounds to MAAT.



Fig. 8. New lacustrine brGMGT calibrations for mean annual air
temperature based upon the brGMGTI (Eqs. (3) and (4)), and
stepwise forward selection (Eq. (5)). RMSE and r2 values are given
for each calibration. In both cases one outlier was detected (Lake
Mahuhura; open symbol), which was left out for calibration
purposes.
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Only one of the brGMGTs is correlated to MAAT with an
r-value >0.8. In contrast, four brGDGTs have r-values
>0.8, and the correlations are both positive and negative,
so the SFS model to predict MAAT improves by including
them. It is also interesting that our new brGMGT calibra-
tion models have nearly identical error statistics as the pre-
viously published models based on brGDGT fractional
abundances. As noted earlier (Russell et al., 2018), this
may indicate that the uncertainty in these models is strongly
influenced by errors in the observed MAATs.

Although we calibrate the brGMGTs to air tempera-
ture, at present we cannot determine where in the environ-
ment brGMGTs are produced. Past studies have indicated
that GMGTs are associated with anoxic settings in marine
sediments (Sollich et al., 2017) and peat (Naafs et al., 2018).
The lakes used in our calibration lack extensive anoxic envi-
ronments in the surrounding catchment soils (many are
steep, deeply weathered crater lakes) suggesting that the
brGMGTs were not transported from an anoxic terrestrial
source into the lakes. It seems likely that brGMGT produc-
tion occurs in the lakes, potentially in their anoxic bottom
waters. However, our calibration sites include several shal-
low lakes with fully oxygenated bottom waters, and these
have a relatively high %brGMGT. This suggests that
brGMGTs may also be produced by aerobic species or in
the shallow anoxic sediment of the lake floor. Further
investigation into the sources of brGMGTs in lake sedi-
ments is clearly needed. Nevertheless, both surface water
(r2 = 0.97) and bottom water (r2 = 0.95) temperatures, the
latter of which should also reflect the temperatures of shal-
low sediments, correlate strongly with MAAT in our sam-
ple set and the two rarely differ by more than �2 �C.
Therefore, it is unlikely that the location of production
affects our calibrations.

The r2 and RMSE for the brGMGTI model (r2 = 0.95,
RMSE = 2.0) and for the SFS model (r2 = 0.94,
RMSE = 2.20 �C) are both extremely strong, yet many of
the samples in our dataset cluster in two distinct groups
at high and low temperature. This is concerning, and
reflects a lack of lakes in general at middle elevations (inter-
mediate temperatures) in East Africa. However, the data
points that do exist in our calibration with intermediate
temperatures, albeit few, lie close to the linear trends in
our proposed calibrations. Previous studies based on the
same East African lakes have provided calibrations using
bacterial lipids that have been shown to produce credible
temperature reconstructions (Loomis et al., 2012; 2017).
We therefore posit that the brGMGT indices and MAAT
presented here can be appropriately interpreted as linearly
correlated.

Based on these data it appears that brGMGTs in lake
sediments have the potential to be used to predict tempera-
ture in addition to proxies based on brGDGTs. In our data-
set the brGMGTI gave the best results but it should be
realized that this proxy is purely an empirical one that is
not based on an understanding of the underlying chemistry
that influences the physical properties of the membrane.
Full structural identification of these components is
required to this end. Furthermore, this proxy should be
tested in lake deposits (e.g. glacial-interglacial transitions,
e.g. Loomis et al., 2012) before it can be applied with
confidence.

5. CONCLUSION

BrGMGTs are abundant in East African lake sediment,
and are likely common tetraether lipids produced in lacus-
trine settings. Seven major brGMGTs, which vary in the
degree of methylation, were identified. This structural com-
plexity is more than previously observed in other environ-
ments (e.g. peats and marine sediments). Assessment of
the common variance of brGDGTs and brGMGTs
revealed that the fractional abundances of brGMGTs pre-
dominantly co-vary with that of the brGDGT Ia but not
with the 5- or 6-methyl brGDGTs, suggesting that the
methyl groups may be located at a different position. The
relative abundance of summed brGMGTs showed a posi-
tive correlation to MAAT but not to lake pH. The distribu-
tion of the seven brGMGT isomers showed considerable
variation with MAAT. This variation was confined in the
new brGMGTI, which showed a strong positive linear rela-
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tionship with MAAT. Lacustrine brGMGTs show poten-
tial to be applied to ancient settings to provide information
about paleoclimate but more research assessing the precise
controls on the abundance and distribution of brGMGT
and their exact chemical structures is required.
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Sinninghe Damsté J. S. (2007) Environmental controls on
bacterial tetraether membrane lipid distribution in soils.
Geochim. Cosmochim. Acta 71, 703–713.

Xie S., Liu X. L., Schubotz F., Wakeham S. G. and Hinrichs K. U.
(2014) Distribution of glycerol ether lipids in the oxygen
minimum zone of the Eastern Tropical North Pacific Ocean.
Org Geochem. 71, 60–71.

Zell C., Kim J., Moreira-Turcq P., Abri G., Hopmans E. C.,
Bonnet M., Lima Sobrinho R. and Sinninghe Damsté J. S.
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