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ARTICLE INFO ABSTRACT

Associate Editor-Rienk Smittenberg The branched glycerol monoalkyl glycerol tetraether lipids of bacteria (brGMGTs, sometimes referred to as H-
brGDGTs) are found in marine, lacustrine, and terrestrial mesophilic environments. The abundance of brGMGTs
relative to their dialkyl analogues (brGDGTs) has been proposed as a proxy for past continental air and lake water
temperature. However, the source(s) of brGMGTs remain unknown. brGDGT production has been described in
multiple cultivated Acidobacteria, but so far no brGMGT producer has been identified. We hypothesize that the
stable carbon isotopic composition (5'3C) of brGMGTs, as a tracer of carbon source and metabolic pathway,
could be used to elucidate the source(s) of brGMGTs relative to brGDGTs. However, the large monoalkyl moiety
of these compounds impedes carbon isotopic analysis using conventional techniques based on gas chromatog-
raphy. Here, we used Spooling-Wire Microcombustion to analyse the stable carbon isotopic composition of
brGMGTs and brGDGTs found in peats and lignites. We show that the 5'°C of brGMGTs is within ~ 2 %o similar to
that of brGDGTs from the same samples, as well as the 8'3C of the total organic carbon. This suggests that the
source organisms use heterotrophic metabolisms. However, offsets in the §'3C of brGDGTs and brGMGTs in some
samples suggest that not all brGDGT producers also produce brGMGTs. Further, in modern peats we observe
downcore increases in brGMGT relative abundance and decreases in the carbon isotopic offsets with brGDGTs,
which indicates that brGMGT producers occur throughout the oxic-anoxic continuum and may metabolize
different organic carbon pools. Based on this indirect evidence for diverse brGMGT sources, we suggest that in
addition to homeostatic responses to temperature, brGMGT relative abundances may be influenced by changes in
bacterial community composition in response to additional environmental and biogeochemical parameters.
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1. Introduction et al., 2021, 2022; Chen et al., 2022). The iGDGTs are composed of two

Cy40 isoprenoid sidechains (biphytanes) terminally ether-bound to two

Glycerol dialkyl glycerol tetraethers (GDGTs) and their derivatives
are ubiquitous in modern soils and the ocean as well as the geologic
record (Schouten et al., 2000, 2013). Due to their source-specificity and
diagenetic stability, GDGTs are important biomarkers used in paleo-
climate reconstructions (Pearson and Ingalls, 2013; Schouten et al.,
2013) and as tracers for distinct groups of archaea and bacteria in the
modern environment (Schouten et al., 2013). GDGTs are classified into
two major groups, isoprenoid GDGTSs (iGDGTs) occurring in archaea and
branched GDGTs (brGDGTs) occurring in bacteria (Rosa et al., 1986;
Weijers et al., 2006, 2009; Sinninghe Damsté et al., 2014; Halamka

glycerol moieties, thus forming a macrocyclic tetraether lipid (Lang-
worthy, 1977). brGDGTs are structural analogues of iGDGTs with non-
isoprenoid methyl-branched alkanes instead of biphytanes and distinct
stereochemistry (Sinninghe Damsté et al., 2000; Weijers et al., 2006).
Both iGDGTs and brGDGTs may possess a number of structural modifi-
cations, the most prominent being a varying number of methylations
(Weijers et al., 2006; Liu et al., 2012; Zhu et al., 2014; Knappy et al.,
2015) and cyclopentane rings in the sidechains (Rosa et al., 1986;
Weijers et al., 2006; Liu et al., 2016). Besides the commonly investigated
iGDGTs and brGDGTs, many GDGT derivatives occur in the environment
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but lack known source organisms (Liu et al., 2012). Understanding the
sources, fates, and parameters influencing the distributions of these
‘orphan biomarkers’ (Brocks and Pearson, 2005) may lead to new in-
sights into microbial adaptation to environmental stresses and to the
discovery of novel paleoenvironmental proxies.

The glycerol monoalkyl glycerol tetraethers (GMGTs) are a struc-
turally distinct class of ‘orphan’ GDGT derivatives in which the side-
chains are covalently linked through a central carbon-carbon bond
(Morii et al., 1998), forming an H-shaped Cgo core structure. GMGTs
with an isoprenoid monoalkyl structure were first described in ther-
mophilic archaea (Morii et al., 1998; Sugai et al., 2004; Knappy et al.,
2011; Liu et al., 2012), although they are now known also to occur in
mesophilic environments (Schouten et al., 2008; Naafs et al., 2018a).
Similar to archaeal GMGTs, branched GMGTSs (brGMGTs) are abundant
in mesophilic environments, including marine sediments (Liu et al.,
2012; Bijl et al., 2021; Kirkels et al., 2022), oxygen minimum zones (Xie
et al., 2014), lacustrine sediments (Baxter et al., 2019), mineral soils,
wetlands, and lignites (fossilized peat; Naafs et al., 2018a; Lii et al.,
2019; Tang et al., 2021). The branched monoalkyl structure suggests a
bacterial origin of brGMGTs, analogous to brGDGTs. brGMGT abun-
dance is positively correlated with temperature in modern peats and
lake sediments, suggesting a physiological role in membrane homeo-
stasis and potential use as a paleotemperature proxy (Liu et al., 2012;
Naafs et al., 2018a, 2018b; Baxter et al., 2019; Sluijs et al., 2020; Tang
et al., 2021). However, the sources of brGMGTs and their relationships
with producers of regular brGDGTSs remain unresolved as they have not
been observed in cultivated bacteria.

Compound-specific carbon isotopic analysis could help constrain
both the origin of brGMGTs in environmental samples and the carbon
sources of their producers. However, brGMGTs are not amenable to
conventional gas chromatography-isotope ratio mass spectrometry
(IRMS) due to the large Cgg core structure. The stable carbon isotopic
compositions of brGMGTs thus have not been analysed before. Here, we
report the stable carbon isotopic compositions of brGMGTs in peats and
two lignites, obtained using Spooling Wire Microcombustion (SWiM)-
IRMS (Sessions et al., 2005; Pearson et al., 2016). Carbon isotope sys-
tematics of brGDGTs and brGMGTs reveal distinct, heterotrophic sour-
ces for these compounds.

2. Materials and Methods
2.1. Sampling and sample preparation

The modern peat cores used in this study were obtained from two
locations (SEB1B: 2.3231° S, 113.9039° E; SEB2B: 2.3312° S, 113.8968°
E) in the tropical peatland of Sebangau (Borneo, Indonesia). At the
location of SEB2B, a parallel core (SEB2B-O) was taken. The cores
represent different depth layers. Cores SEB1B and SEB2B profiles were
sampled from O to 50 cm depth, whereas only samples from the lower
part (40-50 cm) were available for SEB2B-O. Two lignite samples (L1
and L2) of Early Miocene age (18.2 and 17.8 Ma, respectively; Korasidis
et al., 2019) were obtained from the Morwell 1A formation (M1A seam)
in Latrobe Valley (Australia, 38.2544° S, 146.5769° E).

Both peat and lignite samples were freeze-dried, homogenized by
mortar and pestle, and 1-2 g sample splits were extracted in Teflon
vessels using a CEM Mars microwave extraction system in three steps: (i)
1:1 dichloromethane:methanol, (ii) 9:1 dichloromethane:methanol, and
(iii) 100 % dichloromethane. The microwave program consisted of (i)
30 min ramped heating program to 70 °C, (ii) hold at 70 °C for 20 min,
(iii) cool-down for 10 min, after which solvent was decanted and fresh
solvent added. The extracts were combined into a total lipid extract
(TLE), filtered through glass wool, dried under N, and stored at —20 °C.
TLE aliquots were separated into five fractions over pre-combusted SiO2
(Pearson et al., 2016). After component quantification using flow in-
jection analysis (FIA), the fractions containing GDGT core lipids and
polar components were combined and subsequently filtered through
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0.45 pm syringe filters.
2.2. GDGT analysis, purification and isotopic analysis

Core GDGT distributions were analysed using the chromatographic
method of Becker et al. (2013) with the modifications described in Polik
et al. (2018). Briefly, TLE aliquots were injected into an Agilent 1290
series ultra-high performance liquid chromatograph coupled to an Agi-
lent 6410 series triple-quadrupole mass spectrometer (operated in scan
mode) via an atmospheric pressure chemical ionization ion source
operating in positive mode.

Individual core GDGTs were purified for 5'3C analysis using
orthogonal HPLC. Before each step of HPLC purification, GDGT con-
centrations were estimated using FIA. Peak areas were compared to a
dilution series of a synthetic standard (C46-GTGT) and purified GDGT-
0 and crenarchaeol standards. The estimated concentrations were used
to limit the quantity of GDGTs injected to < 10 ug to prevent column
overloading and improve peak separation. Different normal and
reversed phase HPLC methods were employed to separate individual
compounds followed by a final step of clean-up using reversed phase
HPLC, as described in detail below.

For the peat samples, individual core GDGTs were isolated from the
combined polar fraction using normal phase HPLC following Pearson
et al. (2016). The sample was dissolved in 45 pL of 1 % isopropanol in
hexane and injected onto an Agilent ZORBAX NH2 column (4.6 x 250
mm inner diameter; 5 pm particle size) maintained at 35 °C. Compounds
were eluted at a flow rate of 1 mL min using 100 % eluent A (1.35 %
isopropanol in hexane) for 55 min.

For the two lignite samples, individual GDGTs were isolated from the
combined polar fraction using normal phase HPLC following a method
modified from Liu et al., (2012). The sample was prepared as described
above but injected onto a Hichrom Limited Prevail Cyano column (2.1 x
150 mm inner diameter; 3 pm particle size) maintained at 35 °C. Com-
pounds were eluted at a flow rate of 1 mL min~! using the following
program: 100 % eluent A (1.2 % isopropanol in hexane) for 5 min, a
linear gradient to 10 % eluent B (10 % isopropanol in hexane) in 30 min,
a linear gradient to 100 % B in 10 min, 100 % B for 10 min, followed by
re-equilibration at 100 % A for 15 min. brGDGTs and iGMGTs were
collected in a combined fraction due to co-elution. These two compound
groups were isolated from the mixed fraction using reversed phase HPLC
on an Agilent 1290 Infinity Series Liquid Chromatograph, yielding one
brGDGT and one iGMGT fraction. Separation was achieved on an ACE3
Cyg column (2.1 x 150 mm inner diameter, 3 ym particle size) using a
gradient from methanol (eluent A) to isopropanol (eluent B) as described
previously (Zhu et al., 2013), but omitting formic acid and ammonium
hydroxide from the eluents. Individual compounds were separated from
the brGDGTs fraction by normal phase HPLC on an Agilent 1100 Series
Liquid Chromatograph/Mass Selective Detector using an Agilent ZOR-
BAX NH2 column as described above.

The individual brGDGT/brGMGT fractions were then purified
through reversed phase HPLC on an Agilent ZORBAX Eclipse XDB-Cg
column as described by Pearson et al. (2016). Two one-minute fractions
were collected for each sample. F1 covered the minute before the
GDGTs/GMGTs eluted and was used to measure the background size and
5'3C value. F2 contained the purified GDGTs/GMGTs.

The purified GDGTs/GMGTs were dried under nitrogen and dis-
solved in ethyl acetate immediately before SWiM-IRMS analysis (Ses-
sions et al., 2005; Pearson et al., 2016). For each sample, three
measurements were conducted on F1 (background) and six on F2
(GDGTs/GMGTs). Data were corrected against a CO5 reference gas and a
crenarchaeol standard of known isotopic composition. A dilution series
of C46-GTGT was used for quantification as well as peak size and offset
corrections (as described in detail in Pearson et al., 2016). To detect the
influence of background levels on 613CGDGT values, the ratio of F2 and F1
peak areas was calculated for each sample (F2/F1). A cut-off for
acceptable 613CGDGT values was established as F2/F1 > 2. After isotopic
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analysis, FIA was performed on the remaining F2 to determine purity
calculated as the relative proportion of response-corrected analyte
abundance to total ion current. The brGDGT-I §'3C data from SEB2B
were previously published in Blewett et al. (2022).

2.3. Elemental analysis

Content and stable carbon isotopic composition of total organic
carbon (TOC) were determined on vapor-acidified samples in silver
capsules (concentrated HCl, 60 °C, 48 h; wrapped in additional tin
capsule before analysis) using an elemental analyser-IRMS (Thermo
Flash EA Isolink CN coupled to a Delta V Plus IRMS). Using the same
instrument, stable carbon isotopic compositions of TLEs were analysed
from 5 L aliquots (dissolved in 5:1 dichloromethane:methanol) adsor-
bed onto glass fibre filters (GF-75, Advantec, Japan), with the solvent
evaporated at 42 °C for 2 h before wrapping in a tin capsule. Carbon
isotopic compositions were blank-corrected, peak-size-corrected, and
offset-corrected using laboratory and authentic reference standards. All
results are reported in delta notation relative to VPDB.

3. Results
3.1. brGDGT and brGMGT abundance

The distributions of branched tetraether lipids in all samples are
dominated by the acyclic tetramethylated brGDGT-Ia (Supplementary
Data Table S1), with minor amounts of penta- (brGDGT-II) and hex-
amethylated (brGDGT-III) homologues as well as low amounts of
cyclized derivatives and isomers. For the brGMGTs named H-1020, H-
1034, and H-1048 in other publications (Naafs et al., 2018a), we
adopted the nomenclature brGMGT-I, -II, and -III, respectively, in
analogy to the naming scheme for brGDGTs. Although their exact
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structures have not been determined, it is likely that brGMGT-I, -II, and
-III represent tetramethylated, pentamethylated, and hexamethylated
brGMGTs, respectively, with one of the central methyl groups partici-
pating in the bridge that creates the monoalkyl structure. brGMGT-I is
the dominant brGMGT in all samples (97 % of brGMGTs in peats, 82 % in
lignites). In the peat cores, the %brGMGTs (brGMGTs/(brGMGTs +
brGDGTs)) increases with depth from ~ 2 % to ~ 20 %. In the two lignite
samples, brGMGTs make up 10 % and 43 % of the tetraether lipids.
Concentrations (expressed as peak area/g dry sediment) of individual
and bulk brGMGTs and brGDGTs increase with depth (Fig. S2, Supple-
mentary Data Table S1).

3.2. Carbon isotopic composition

Stable carbon isotopic compositions (613C vs VPDB) were success-
fully measured for all bulk samples (TOC and TLE) and for the dominant
individual compounds (brGDGT-I and brGMGT-I) in most samples. For
some samples, concentrations of brGDGT-I or brGMGT-I were below
detection or data quality was not within the normally acceptable range
previously determined for iGDGTs (F2/F1 ratio > 2; Polik et al., 2018;
Elling et al., 2019; Blewett et al., 2022). However, for most samples with
F2/F1 < 2, purity was > 90 %, with no apparent relationship between
513C and F2/F1 or peak size in IRMS (Fig. S1), suggesting no influence of
the background or analyte concentration on carbon isotopic composi-
tions. Therefore, these data were retained for subsequent data analysis.

Generally, the §'3C values of brGDGT-I and brGMGT-I are broadly
similar to each other and to TOC and TLE (Figs. 1 & 2). In the modern
peat samples (cores SEB1B, SEB2B and SEB2B-0O) the bulk samples and
individual compounds range between —31 %o and —34 %o. The two lignite
samples are distinct from the peats, with §!3C values ranging from —27
%o to —28 %o in the bulk samples and —28 %o to —31 %o for the individual
compounds. The 5'3C values of TLE are mostly lower than TOC, by up to
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Fig. 1. Carbon isotopic composition of bulk samples (TOC in grey; TLE in magenta) and lipids (brGDGT-I in blue; brGMGT-I in orange) for the Sebangau peatland
(SEB, triangles) and the Miocene Morwell 1A lignites (circles). Panel A shows the combined dataset, containing both the SEB samples as well as the two lignite
samples that have more enriched 5'°C values and are shown as individual data points above the box plots. Panels B, C and D show the data of each of three SEB cores
individually. Boxes comprise 50 % of the data points with the upper and lower quartile separated by the median (horizontal line) and whiskers indicate maximum
and minimum values. The number n of samples included in the box-whisker-plot is given below each box. If n < 3 (e.g. panel D, SEB2B-0), the data were plotted as
individual points only. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Downcore profiles of carbon isotopic compositions of total organic carbon (TOC), total lipid extract (TLE), brGDGT-I and brGMGT-I in Miocene Morwell 1A
lignites (A) and three peat cores from Sebangau (B-D). The tentative depth of the oxic-anoxic transition is indicated by a stippled vertical line.

2 %o. The 5'%C values of brGMGT-I are mostly lower than the values for
TOC, TLE, and brGDGT-I, by up to 2 %. The 5!3C values of brGDGT-I are
mostly lower than the values for TOC and TLE.

The bulk and compound-specific §'3C values vary with depth at each
site (Fig. 2). The 8'3C values of TOC are generally higher than the values
for TLE but both increase and converge at greater depth. In SEB1B, §'3C
values of brGDGT-I and brGMGT-I decrease or stay invariant; however,
the record is incomplete as 5'3C values could not be determined for the
upper part of the core. In SEB2B, §!3C values of brGDGT-I and brGMGT-I
increase with depth, except for the deepest samples. In most samples, the
813C value of brGDGT-I is higher than the 5'3C value of brtGMGT-I (by ~
1 %o in SEB1B, 2 %o in SEB2B), except for the deepest core depths
(~deeper than 40 cm) where brGDGT-I and brGMGT-I 513C values
converge. Due to the limited number of lignite and SEB2B-O samples,
trends are only described for SEB1B and SEB2B samples.

4. Discussion
4.1. Microbial degradation of organic matter

The carbon isotopic composition of fresh organic matter in soil is
primarily determined by plant isotope fractionation during carbon fix-
ation and biosynthesis (Smith, 1972). Kinetic isotope fractionation and
preferential degradation during microbial respiration of organic matter
alters 613CT0C (Stout et al., 1981). During organic matter respiration,
microbes discriminate against 13C, leaving the remaining organic matter
13C.enriched by 1-3 %o (Stout et al., 1981; Natelhoffer and Fry, 1988;
Balesdent et al., 1993; Novék et al., 1999; Esmeijer-Liu et al., 2012).
Although the Suess effect (change of §!3C of atmospheric CO, by input of
anthropogenic 12C0,) alone can account for downcore 3C-enrichment

of up to 2 %o in tropical soils (Wu et al., 2019), it cannot be the sole cause
for the downcore 13C-enrichment seen in the Sebangau peat cores due to
their relatively young age. Even though there is no age model available
for our samples, the age can be inferred from two cores taken less than
10 km from our sample locations (Weiss et al., 2002; Wiist et al., 2008).
In this context, the bases of the Sebangau peat cores are likely younger
than 100 years old. Additionally, the §'3Croc profiles in SEB1B and
SEB2B show the steepest slope close to the surface (i.e., within the first
10-20 cm), which is indicative of early microbial diagenesis, while the
Suess effect should be visible over much broader depths in the core.
Nevertheless, since dilution of the atmosphere with 12CO, is an ongoing
process, it likely contributed to lower bulk and lipid §'3C values
observed towards the top of the cores. The increase of 5'3Croc with
depth in the Sebangau peat cores (Fig. 2) is thus primarily caused by
microbial respiration since deposition, with only minor amplification of
this trend attributed to expression of the Suess effect.

Preferential degradation of '3C-depleted organic matter is also re-
flected in the 8'3C trend observed in the TLE fraction. In all samples
taken within the first 20 cm, 5'3Crg values are lower than 613CT0C
values, which reflects the primary signature of the biosynthetic path-
ways of bulk biomass (primarily protein and carbohydrates, relatively
13C-enriched) and lipids (relatively '3C-depleted; Hayes, 2001).
Convergence of 5'3Cr1r and 613CT0C at depth may reflect (i) enhanced
respiration of lipids, which may result from depletion of other
(preferred) carbon substrates at this depth, or (ii) biosynthesis of large
amounts of lipids with 5!3C similar to !3Cro (e.g., via acetate derived
from fermentation of TOC with negligible '3C-fractionation). The depth
of enhanced lipid respiration below 20 cm coincides with the mean
annual ground water level in the Sebangau peat swamp, which was —-23
cm and -39 cm in 2014 and 2015, respectively (Itoh et al., 2017). In peat
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swamps, ground water levels control the availability of oxygen needed
for aerobic respiration (Clymo, 1984). Together with the 613CT0C pro-
file, the 5'3Crr5 profile thus suggests that organic matter is intensely
aerobically respired in the upper 20 cm and to a lesser degree anaero-
bically or micro-aerobically degraded below 20 cm depth. This transi-
tion zone is reflected in the abundance of brGDGTs and brGMGTs
(discussed below; Fig. 2 & S2) with lower concentrations in the oxic zone
(~0-20 cm) and higher concentrations in the anoxic zone (~38-50 cm;
no data between 20 and 38 cm). This is consistent with previous work
(Naafs et al., 2019) and suggests that brGDGTs and brGMGTs that are
present throughout the core can be sourced from producers using
different metabolisms under contrasting availability of oxygen and
carbon sources.

4.2. Heterotrophic origin of brGDGTs and brGMGTs

Heterotrophic bacteria have been suggested as source organisms of
brGDGTs in various environments, such as peat (Pancost and Sinninghe
Damsté, 2003; Weijers et al., 2009; Huguet et al., 2017; Naafs et al.,
2017; Blewett et al., 2022), loess type soil (Weijers et al., 2010; Lu et al.,
2018) and lacustrine sediments (Weber et al., 2015; Colcord et al., 2017;
Lattaud et al., 2021). These studies list consistent arguments for a het-
erotrophic metabolism of brGDGT producers, including similar values
and downcore correlation between §'3Croc and 8'3C values of brGDGT-
derived alkanes and lack of inorganic carbon incorporation in stable
isotope probing experiments.

Consistent with this reasoning, the §'3C values of brGDGT-I and
brGMGT-I reported here indicate a heterotrophic source organism for
both compounds. Stratigraphic variations in the &!°C profiles of
brGDGT-I and brGMGT-I in the peat samples are related to shifts in
613CT0C (Fig. 2), which we interpret to result from the utilization of a
carbon source with an isotopic composition close to TOC. This is espe-
cially evident in core SEB1B, where minor 5'3Croc excursions at 38 and
48 cm are reflected in §'3C values of brGDGT-I and brGMGT-I. In cores
SEB2B and SEB2B-0, downcore trends in 613CTOC are similarly reflected
in 8'3C values of brGDGT-I and brGMGT-L. In the upper part (<20 cm
sample depth) of core SEB2B, the 5'3C value of brGDGT-I is higher than
5'3Croc, with an offset of up to 1.4 %o. This pronounced enrichment
contrasts with lower §!3C values in the deeper part of the core, which
suggests a similar influence of the ground water level as described
above. Unfortunately, the lack of shallower samples in core SEB1B
prevents a direct comparison and validation of trends between the two
cores. Nevertheless, the 20 cm sample is the only sample where the §'3C
value of brGDGT-I is higher than 613CT0C. Below this depth, 513C values
decrease in both cores, so we will assume similar processes and effects in
both cores.

Known brGDGT-producing Acidobacteria, such as Solibacter usitatus
(Chen et al., 2022; Halamka et al., 2022), can use various carbon
sources, including simple sugars, alcohols, and cellulose (Ward et al.,
2009). A relative '*C-enrichment of brGDGT-derived alkanes and other
bacterial biomarkers (i.e., hopanoids) has been attributed to the pref-
erential utilization of 13C—enriched, labile substrates such as carbohy-
drates by the source organism (Huang et al., 1996; Pancost and
Sinninghe Damsté, 2003; Weijers et al., 2006). Metagenomic analyses of
the microbial community in a tropical peat swamp forest revealed (i) the
overwhelming dominance of bacteria, with Acidobacteria and Proteo-
bacteria as the two main groups, and (ii) the presence of versatile
catabolic pathways for the degradation of lignocellulosic peat compo-
nents (Kanokratana et al., 2011). Generally, availability of (hemi-)cel-
lulose, carbohydrates, and protein decreases with depth in tropical peats
due to microbial degradation (Yonebayashi et al., 1994). Specifically,
Jackson et al. (2009) described highest aerobic cellulolytic microbial
activity in the upper (i.e., < 10 cm) layers of a tropical Malaysian peat
swamp forest, where Acidobacteria dominated the microbial commu-
nity. This rapid decrease in extracellular enzyme activity may reflect a
decrease in the availability of either oxygen or readily-degradable
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organic substrates (Jackson et al., 2009). The distinctly higher
brGDGT-I 8'3C values in the upper layers of the Sebangau peat may thus
reflect preferential degradation of 13C-enriched organic matter (such as
carbohydrates), possibly by Acidobacteria. In deeper peat layers, lower
brGDGT-1 6'3C values suggest degradation of organic matter with §'3C
closer to TOC (such as proteins and nucleic acids), given that lipid
biosynthesis generally produces molecular structures that are 3C-
depleted relative to biomass and TOC (Hayes, 2001). Isotopic depletion
of brGMGT-I relative to TOC of ~ 1-2 %o in most samples indicates
carbon sources with §'3C similar to that of TOC (proteins, nucleic acids)
throughout all depth intervals. Consistent with these observations,
depletion of brGMGT-I and brGDGT-I relative to TOC is also observed in
the two Miocene lignite samples, but the low number of samples does
not allow discerning depth trends in the lignites. Distinct carbon sources
imply i) different source organisms of brGDGTs and brGMGTs and ii)
production of these compounds over the entire peat profile.

It is probable that increased brGMGT abundances relative to
brGDGTs at depths > 20 cm (Fig. 3a) reflect, or respond to, low oxygen
availability/anoxia, given that this is also the depth of mean annual
water levels at the study sites. It has generally been observed that oxy-
gen concentration in soils and peats is controlled by water level and
specifically that oxygen limitation may be an important driver of
brGDGT and brGMGT production (e.g., Weijers et al., 2006; Peterse
et al., 2011; Huguet et al., 2017; Naafs et al., 2018a; Halamka et al.,
2021). At the oxic-anoxic transition zone (~20 cm depth), concentra-
tions increase abruptly for brGMGTs and gradually for brGDGTs
(Fig. S2). This distribution suggests that brGMGTs are produced pre-
dominantly under anaerobic conditions while brGDGTs are abundant
over the entire oxygen concentration range, as suggested earlier (Naafs
et al., 2018a). Higher brGMGT relative abundances under anaerobic
conditions are likely not an artifact of higher preservation, as diagenetic
stability of brGMGTs and brGDGTs is likely to be similar, with degra-
dation initiating at the ether bonds (Liu et al., 2016). Instead, brGMGTSs
may preferentially, but not exclusively, be produced at low or no oxygen
availability, consistent with the recent observation that oxygen limita-
tion can trigger changes in brGDGT production in Acidobacteria
(Halamka et al., 2021). We therefore interpret convergence of lipid 5'3C
values at depth to be reflective of an in situ, microbial community pro-
ducing both brGDGTs and brGMGTs using similar, micro-aerobic or
anaerobic heterotrophic or fermentative metabolisms.

4.3. Sources of brGMGTs and their impacts on brGMGT proxies

The only known source of brGDGTs are Acidobacteria (e.g., Sin-
ninghe Damsté et al., 2014; Halamka et al., 2021, 2022; Chen et al.,
2022), which are abundant in peats and other environments where
brGDGTs and brGMGTs have been found (Naafs et al., 2018a). Based on
distinct branching patterns of the alkyl chains (13,16-dimethyl),
brGDGTs can be distinguished from tetraether lipids produced by other
bacteria (15,16-dimethyl; e.g., Lee et al., 1998; Sinninghe Damsté et al.,
2007). These branching patterns have so far not been studied for
brGMGTs (Liu et al., 2012; Naafs et al., 2018a). It is therefore possible
that brGMGTs have a distinct branching pattern and are produced by
bacteria other than Acidobacteria. However, the abundances of
brGMGTs and their methylation and cyclization patterns are correlated
to those of brGDGTs in a global compilation (Naafs et al., 2018a), sug-
gesting common sources.

If brGDGTs and brGMGTSs have identical sources, the offsets between
their 8'3C values (more negative values in brGMGTs), could represent
fractionation during biosynthesis of brGMGT from a brGDGT precursor.
Although the pathways of brGDGT and brGMGT biosynthesis are not
well constrained (Chen et al., 2022; Halamka et al., 2022), they could be
broadly homologous to iGDGT biosynthesis (Lloyd et al., 2022; Zeng
et al., 2022), and based on this analogy, carbon isotopic fractionation
during biosynthesis is likely not of sufficient magnitude to explain the
observed 8'°C offsets. During iGDGT biosynthesis, cyclopentyl ring
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Fig. 3. Relative abundance of brGMGTs (%brGMGT, A) and carbon isotopic offsets of brGMGT-I and brGDGT-I (A83C brGMGT-I - brGDGT-I, B) showing core SEB1B
as an example, and correlation (linear regression: solid black line; 95% confidence intervals: grey area and dashed lines) between offset and %brGMGT for SEB1B (C)
and all peat samples (D). The tentative depth of the oxic-anoxic transition is indicated by a stippled vertical line in panels A and B.

moieties are formed through intramolecular carbon-carbon bonds
without discernible carbon isotopic fractionation even after three
consecutive steps of ring formation (Konneke et al., 2012). Therefore,
we do not expect the single carbon-carbon bond formed during brGMGT
biosynthesis to result in carbon isotopic fractionation of the magnitude
required to explain the observed offset. Moreover, the offset between
brGDGTs and brGMGTs is variable downcore (0 to —2.5 %o) and between
locations, which would not necessarily be expected if the offset were
caused by biosynthesis.

Based on two lines of evidence, we suggest that brGDGTs and
brGMGTs originate from overlapping but not identical sources. First,
cultivated brGDGT-producing bacteria lack brGMGTs under the condi-
tions tested to-date, including oxygen limitation (Sinninghe Damsté
et al., 2014; Halamka et al., 2021, 2022; Chen et al., 2022), with the
caveat that all identified brGDGT producers are (micro)aerobic. This
indicates that at least some brGDGT producers do not (or are difficult to
induce to) produce brGMGTs. Second, the abundance of brGMGTs
relative to brGDGTs increases with depth in the Sebangau peat profiles.
The relative abundance of brGMGTs previously has been shown to be
positively correlated to temperature (Naafs et al., 2018a; Baxter et al.,
2019), pointing to a role in membrane homeostasis analogous to the role
of isoprenoid GMGTs in archaea (Schouten et al., 2008; Knappy et al.,
2011; Sollich et al., 2017; Naafs et al., 2018a; Tourte et al., 2022).
However, here the downcore trends are likely not recording past
changes in temperature, as the studied Sebangau peats were deposited in
tropical regions with little secular variation in regional air temperature
during the last century (McAlpine et al., 2018).

The changes in relative abundance could be interpreted as a mem-
brane adaptation to changes in physicochemical conditions (e.g., oxygen
availability), and the concurrent carbon isotopic compositions of
brGDGTs and brGMGTs point towards this adaptation being expressed
by a transition between distinct source organisms. The 5'3C offset be-
tween brGDGTs and brGMGTs in the Sebangau peats is correlated to the
relative abundance of brGMGTs (%brGMGT; Fig. 3). This offset becomes
smaller at higher %brGMGT. This suggests (i) that at least some brGDGT

producers do not produce brGMGTs and (ii) that the brGMGT producers
that also produce brGDGTs form a larger part of the total community at
depth and possibly use a different carbon substrate compared to the
shallower community. In the two Miocene lignite samples, the same
relationship between 5'3C and %brGMGT is not observed (Fi g. 2), which
could be related to ongoing microbial activity after lignite formation (e.
g., Griindger et al., 2015; Imachi et al., 2019) or the temperature effect
on %brGMGTs (Naafs et al., 2018a). The lignites were deposited ~ 400
ka apart and under a generally warmer climate during the Miocene
(Korasidis et al., 2019), which may have influenced %brGMGTs inde-
pendent of community changes. Divergent sources of brGDGTs and
brGMGTs in peats imply that in addition to a homeostatic response to
temperature (e.g., Naafs et al., 2018a; Sluijs et al., 2020; Bijl et al.,
2021), changes in bacterial community composition (driven by factors
such as substrate availability, oxygenation, pH, and temperature) may
influence proxies that are based on brGMGT relative abundance.

5. Conclusions

The carbon isotopic compositions of brGMGTs of brGDGTs in trop-
ical peats and lignites are broadly similar to those of the TOC, which we
interpret to reflect primarily heterotrophic metabolisms of the source
organisms. Divergence in 813C of brGMGTs and brGDGTs, especially in
the oxic part of the peat profiles, indicates that not all brGDGT producers
make brGMGTS, consistent with the limited culture data available to
date. We suggest that the relative abundance of brGMGTs may be
dependent on community composition in addition to temperature,
which could confound the use of brGMGT relative abundance in peat as
a temperature proxy. However, it remains to be shown if this is also true
for brGMGTs found in mineral soils as well as ocean and lake water
columns and sediments, although we note that the slope of the regres-
sion between 8'3C and %brGMGT will be dependent on local climatic
boundary conditions. The offsets in 8'C between brGMGTs and
brGDGTs point towards utilization of distinct carbon sources or distinct
metabolic pathways, which could also be reflected in the fractionation of
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other isotopes, such as 2H/'H ratios. Therefore, studying the 2H/'H
composition of brGMGTs and brGDGTs may help further discern their
sources. Our work highlights the advantage of using SWiM-IRMS for
enabling isotopic analysis of compound classes that are not amenable to
conventional IRMS techniques. This method may also be applicable to
the isotopic analysis of other “large” compounds such as Cgp monoalkyl
tetraacids commonly found in petroleum.
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