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ABSTRACT
Interpretations of the abundance and distribution of branched glycerol dialkyl glycerol
tetraether (brGDGT) lipids have been increasingly applied to infer changes in
paleoenvironment and to estimate terrigenous organic matter inputs into estuarine and
marine sediments. However, only preliminary information is known regarding the ecology
and physiology of the source organisms of these biomarkers. We assessed the production
rates of brGDGTs under different redox conditions in peat, where these lipids are found in
high concentrations, particularly at greater depths below the fluctuating water table. The
incorporation of hydrogen relative to carbon into lipids observed in our dual stable isotope
probing assay indicates that brGDGTs were produced by heterotrophic bacteria.
Unexpectedly, incubations with stable isotope tracers of the surface horizon (5-20 cm)
initiated under oxic conditions before turning suboxic and eventually anoxic exhibited up to
one order of magnitude higher rates of brGDGT production (16-87 ng cm–3 y-1) relative to the
1

deeper, anoxic zone (20- 35 cm; ca. 7 ng cm–3 y-1), and anoxic incubations of the surface
horizon (< 3 ng cm–3 y-1). Turnover times of brGDGTs in the surface horizon ranged between
8 and 41 years in the incubations initiated under oxic conditions, in contrast to 123 to 742
years in anoxic incubations. As brGDGTs were actively produced during both anoxic
incubations and those exposed to oxygen, we conclude that their source organisms are likely
facultative aerobic heterotrophs that are particularly active in the peat acrotelm. Production
rates of bacterial fatty acids (ca. 2 µg cm-3 y-1) were roughly two orders of magnitude higher
than those of brGDGTs, suggesting that brGDGT producers are a minor constituent of the
microbial community or that brGDGTs are a small component of the microbial cell
membrane in comparison to fatty acids, despite the typically high brGDGT concentrations
observed in peat. Multivariate analysis identified two branched fatty acids that shared a
similar production pattern as brGDGTs among the experimental treatments and may be
associated with brGDGT biosynthesis.

2

1. INTRODUCTION
The cell membranes of bacteria are primarily composed of acylglycerol fatty acid lipids
(Kaneda, 1991), i.e. straight or branched alkyl chains linked by ester bonds to a glycerol
backbone, while archaeal membranes are generally composed of isoprenoid alkyl chains
linked by ether bonds to a glycerol backbone, forming glycerol dialkyl diethers and glycerol
dialkyl glycerol tetraethers (GDGTs; e.g. De Rosa and Gambacorta, 1988; Schouten et al.,
2013). Another class of GDGT lipids containing branched instead of isoprenoid alkyl chains
was discovered in peat deposits (Sinninghe Damsté et al., 2000). The structure and
stereochemistry of these branched GDGTs (brGDGTs) led to the suggestion that they are
produced by still unknown bacteria (Weijers et al., 2006), although circumstantial evidence
suggests that some of the producers might belong to the phylum Acidobacteria (Weijers et
al., 2009; Sinninghe Damsté et al., 2011, 2014). BrGDGTs were shown to be widely
distributed in terrestrial (e.g. Weijers et al., 2007; Huguet et al., 2013a) and aquatic (e.g.
Tierney et al., 2010; Zell et al., 2014) environments. They are the subject of growing interest,
as their degree of methylation, expressed by the MBT index, was shown to correlate with air
temperature and to a lesser extent with soil pH, whereas the relative abundance of
cyclopentyl rings, expressed by the CBT index, was observed to depend on soil pH (Weijers
et al., 2007). The MBT/CBT proxy has been increasingly used to reconstruct past air
temperatures, e.g. in loess (Peterse et al., 2014), peat (Weijers et al., 2011; Zheng et al.,
2015) or lakes (Colcord et al., 2015; Loomis et al., 2015).
Even though many studies have focused on the use of brGDGTs as temperature proxies
(Schouten et al., 2013 and references therein), to date little information is known regarding
the microbial sources and the rates at which these lipids are produced. BrGDGT-producing
bacteria were suggested to colonize anoxic habitats, as brGDGTs were found to be much
3

more abundant in the deeper and permanently anoxic zone (i.e. catotelm) of Sphagnumdominated peatlands than in the surficial oxic layer (i.e. acrotelm) (Weijers et al., 2006;
Huguet et al., 2010; Peterse et al., 2011). De Jonge et al. (2014) suggested an additional
source of brGDGTs in the oxic, riverine water column to explain the distinct patterns of
brGDGT methylation and cyclization in suspended particles compared to soils. BrGDGT
source microorganisms were also suggested to be heterotrophs, based on (i) the stable
carbon isotopic relationships of brGDGT-derived alkyl moieties and bulk organic carbon in
contrasting soils (Oppermann et al., 2010; Weijers et al., 2010), (ii) the similar carbon
isotopic profiles of brGDGT-derived alkyl skeletons with other microbial biomarkers
(archaeal-derived biphytanes and bacterial hopanes) in a peat deposit (Pancost and
Sinninghe Damsté, 2003), (iii) their close association with the root surface (Ayari et al., 2013;
Huguet et al., 2013b), and (iv) the higher abundance of brGDGTs in calcified roots than in
surrounding terrestrial sediments (Huguet et al., 2012, 2013b). BrGDGTs are known to be
extremely abundant in peat bogs, suggesting that these provide a favorable habitat for their
source microorganisms. Based on changes in lipid distributions in both laboratory and field
experiments, Huguet et al. (2013, 2014) suggested that brGDGT source microorganisms in
peat were highly active, to the effect that adjustment of their membrane lipids in response
to changes in soil temperature resulted in detectable changes of lipid composition already
after one year. Quantification of the microbial community members based on 16S rRNA in a
peat bog revealed that members of the Acidobacteria, which are versatile heterotrophs
abundant in peat and acidic soils (e.g. Pankratov et al., 2008; Jones et al., 2009), account for
the majority of the bacteria, and thus were suggested to encompass brGDGT source
organisms (Weijers et al., 2009). A subsequent lipid survey detected tetraether lipids as a
minor lipid constituent in 3 of 17 members of the phylum Acidobacteria (Sinninghe Damsté
4

et al, 2011). Additional work is still required to investigate the metabolism of brGDGT source
microorganisms and to assess the production rate of brGDGTs in Sphagnum-dominated
peatlands and other environments, in order to further substantiate the paleoenvironmental
interpretations derived from these lipids.
The activity, growth, and turnover times of microbial communities in environmental
samples can be assessed using stable isotope probing (SIP), which traces the incorporation of
labeled substrates into molecular biomarkers (such as lipids) produced by living organisms,
with the advantage that pure cultures are not required (e.g. Boschker et al., 1998; Kopf et
al., 2016). Recently, a dual SIP approach, with concomitant additions of deuterated water
(D2O) and

13

C-labeled dissolved inorganic carbon (13CDIC), was applied to marine sediments

(e.g. Kellermann et al., 2012; Wegener et al., 2012), enabling direct quantification of lipid
synthesis rates and distinction of heterotrophic and autotrophic microbial communities in
natural samples.
To determine the production rates of brGDGTs and further investigate the metabolism of
brGDGT-producing bacteria, peat samples from a Sphagnum-dominated peatland (Jura
Mountains, France; Huguet et al., 2013) were subjected to SIP experiments amended with
both D2O and NaH13CO3. Peat samples were collected from the surficial acrotelm and deeper
catotelm, and were incubated under both anoxic and oxic conditions for the acrotelm
samples and only anoxic conditions for the catotelm. This approach enabled us to assess the
preferential growth conditions of brGDGT source microorganisms and to quantify and
compare for the first time the production rate of brGDGTs in relation to the bulk microbial
community in peat.

2. MATERIALS AND METHODS
5

2.1. Sample collection
Samples were collected in April 2014 from the Frasne peatland (Jura Mountains, France;
46 °49’N, 6°10’E), located at 840 m altitude. This undisturbed Sphagnum-dominated mire
has been classified as a Region Natural Reserve for more than 20 years. Annual precipitation
is between 1300 and 1500 mm and mean annual air temperature measured over the 20082010 period was 6.8°C, with cold winters (mean -1.5°C) and mild summers (mean 16.0°C;
Delarue et al., 2011; Huguet et al., 2013a). Peat cores were collected from two contrasting
sites: (i) a transitional Sphagnum-dominated poor fen area and (ii) an open bog area with
mixed vegetation (Sphagnum spp., Eriophorum and other vascular plants, e.g. Andromeda
polifolia). The former site is hereafter called the “fen site” and the latter the “bog site”.
Two peat cores (ca. 40 cm length and 30 cm diameter) were collected from each site. The
green section of each core (0–5 cm; 0 being defined as the top of the Sphagnum capitulum)
was discarded during sampling. The cores were cut into 3 sections directly in the field
(sampling depth): 5-15 cm, 15-20 cm and 20-30 cm for the fen site; 10-20 cm, 20-25 cm and
25-35 cm for the bog site. The samples were kept at 4 °C for a few days before starting the
incubation experiments.

2.2. Preparation of incubation experiments
For each site, samples from the surficial oxic layer (5-15 cm for the fen site and 10-20 cm
for the bog site) and deeper anoxic layer (20-30 cm for the fen site and 25-35 cm for the bog
site) were incubated. Incubations of the deeper anoxic section (so-called catotelm) were
initiated under anoxic conditions. To mimic the fluctuating water table and thus the
transition from oxic to anoxic conditions, incubations of the surficial section (so-called
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acrotelm) were initiated under both oxic and anoxic conditions. At the time of sampling, the
water table level was 11.5 cm at the fen site and 14 cm at the bog site. Therefore, the upper
layers (5-15 cm for the fen site and 10-20 cm for the bog site) are not purely acrotelm
samples as they partly cover the mesotelm and beginning of the catotelm section, but will be
defined as such in the rest of the manuscript for simplification.
The acrotelm samples were incubated for 2 months under either initially oxic or anoxic
conditions, with a time point also harvested after 1 month for the initially oxic incubations
only. The catotelm samples were incubated for 1 month under anoxic conditions only. Time
zero (t0) samples were taken directly from the peat core after collection and frozen at -20°C
until extracted. Note that subsequent time point samples for each treatment refer to
samples that were incubated independently in different bottles. We compare several
treatment variables (bog vs. fen; oxic vs. anoxic; acrotelm vs. catotelm), which could not be
replicated due to limitations of peat material and the processing time for each incubation.
Therefore, we are not able to assess the statistical significance of differences in lipid
production between incubations but instead refer to the fold-differences observed between
the experiments.
In order to avoid contamination, all samples were prepared with microbiological
techniques at aseptic conditions including the sterilization of all glassware, stoppers, and
utensils used to prepare the incubation experiments by autoclaving (123°C for 20 min).
Samples for anoxic incubation were prepared inside an anoxic chamber filled with N 2/H2
(95/5%) and the headspace was subsequently purged with N 2. Initially oxic incubations were
prepared on a surface sterilized with ethanol, then sealed to prevent escape of labeled
13

CO2, which would have compromised estimates of autotrophic production. Given the initial

amount of 1.25 mmol O2 in the headspace and typical peat respiration rates of 1.75 μmol m-2
7

s-1 in Frasne (D’Angelo et al., 2016), the incubations were expected to remain aerobic for at
least 22 days, then transition to suboxic and eventually anoxic conditions (Table S1).
All samples were incubated at 12°C, consistent with the mean air temperature at the
sampling site in spring and summer (Huguet et al., 2013a), i.e. when the peatland is not
snow-covered and when the microbial activity is expected to be maximal (e.g. Blume et al.,
2002). Approximately 100 g of peat was weighed into 250 mL culture flasks and amended
with a sterilized artificial media (25 mL) containing sodium chloride (0.5 g L-1), magnesium
sulfate heptahydrate (0.3 g L-1), calcium chloride (0.2 g L-1), potassium chloride (0.2 g L-1),
sodium bicarbonate (10 mmol L-1), and isotopically labeled sodium bicarbonate and
deuterated water (D2O). The resulting 13C fraction was ca. 6% of dissolved inorganic carbon
and H isotopic enrichment was ca. 5% deuterium in total water. Poisoned incubations of bog
and fen samples from the acrotelm were amended with zinc chloride (ZnCl2) to a final
concentration of ca. 0.02 g mL-1 and incubated for two months, initially under oxic
conditions. For these killed control experiments, poisoning with 2.5 mL of ZnCl2 (1g mL-1) was
preferred to autoclaving, as heating by the latter technique can potentially alter the matrix
of natural organic matter in peat and/or introduce abiotic D into lipids (e.g., Sessions et al.,
2004; Reeves et al., 2012).

2.3. Sample preparation
After the incubation period (one or two months), culture flasks were placed directly into a
-80°C freezer for at least 18 h and subsequently lyophilized for up to two weeks. Samples

were then extracted using a modified Bligh and Dyer method (Sturt et al., 2004) to generate
a total lipid extract (TLE). Aliquots of the TLE (10%) were prepared for lipid quantification via
tandem high performance liquid chromatography mass spectrometry (HPLC-MS/MS), as
8

described below (cf. section 2.4). 80% of the TLE was subjected to a series of preparative
HPLC protocols. Firstly, core lipids (CLs; without head groups) and intact polar lipids (IPLs;
with head groups) were separated using an Inertsil Diol column (5 µm, 10 × 150 mm) as
described by Meador et al. (2014). The two fractions were evaporated under a stream of N2
gas.
The IPLs were further purified using an Agilent Eclipse XDB-C18 column (5 µm, 9.4 × 250
mm) and a binary elution gradient consisting of methanol (solvent A) and isopropanol
(solvent B). The gradient ramped from an initial setting of 20% B to 40 % B in 5 min, followed
by a gradient to 65% B over 35 min and then increased to 100% B over 10 min, held for 10
min. The flow rate was 2.2 mL min-1 and the column was re-equilibrated with 20% B for 20
min before the next injection. The 26 to 34 min fraction containing glycosylated brGDGTs
was collected and evaporated under N2.
The CL fraction was further purified using a PerfectSil 100 CN-3 column (5 µm, 10 × 250
mm) and a binary elution gradient beginning with 100% hexane/isopropanol 99:1 (v/v;
solvent A) and ramping to 10% hexane/isopropanol 90:10 (v/v; solvent B) in 15 min, followed
by a gradient to 60% B at 30 min and then increased to 100% B at 30.1 min, holding for 9.9
min. The flow rate was 3 mL min-1 and the column was re-equilibrated with 100% A for 8
min before the next injection. The 17 to 28.5 min fraction containing the brGDGT-CLs was
collected and evaporated under N2 gas. This purification step was essential to remove
impurities that otherwise increased the analytical background and obstructed stable isotopic
determination of brGDGT derivatives.

2.4. Quantification of bacterial lipids

9

The quantification of brGDGT-CLs was performed with a Dionex Ultimate 3000 ultra-high
pressure liquid chromatography (UHPLC) system coupled to a Bruker maXis ultra-high
resolution quadrupole time-of-flight (QTOF) mass spectrometer via an APCI II source and
using two Acquity BEH HILIC amide columns in tandem (2.1 × 150 mm, 1.7 μm, Waters,
Germany), as described by Becker et al. (2013; Table S2). BrGDGT-IPLs were quantified using
the aforementioned QTOF instrument, following the methodology described by Zhu et al.
(2013; Table S2). Lipids were scanned from m/z 100 to 2000 at a rate of 1 Hz, with
automated data-dependent fragmentation of the three most abundant ions selected for
collision-induced dissociation. Semi-quantification of the brGDGTs was achieved using a C46
tetraether internal standard (Huguet et al., 2006), which was added to each sample before
injection. Because no standards for brGDGT-CLs and -IPLs are available, we determined the
MS response factors for analogous tetraether standards (acyclic isoprenoidal GDGT and
monoglycosidic isoprenoidal GDGT purified in our laboratory from Archaeoglobus fulgidis)
relative to the C46 internal standard (0.59 and 5 × 10-3, respectively). In the following, we
assume similar MS response for branched and isoprenoid GDGTs. The coefficient of variation
(CV) for replicate injections was 7.9% for brGDGT-CLs. CV of 11% was assumed for brGDGTIPLs, based on replicate injections of a solution containing monoglycosidic archaeol and
tetraether lipids purified from A. fulgidis.
For fatty acid quantification, bulk TLE aliquots (2-5%) were dried and saponified in 2 mL of
1 M KOH at 80°C for 2 hours. The basic aqueous solution was extracted four times with nhexane to remove neutral lipids. The remaining aqueous fraction was acidified to pH 2 by
adding ca. 8 drops of 6 M hydrochloric acid and fatty acids were extracted four times with 1
mL n-hexane, then dried under a stream of N2 gas. Fatty acid methyl esters (FAMEs) were
prepared via derivatization with 25% boron trifluoride in methanol (Aldrich, Germany) at
10

70°C for 1 hour and were subsequently extracted with n-hexane as described above. FAMEs
were injected onto a gas chromatograph (GC) interfaced with a flame ionization detector
(FID) and were quantified relative to a squalene standard; the CV for individual fatty acid
peaks ranged from 1.7 to 9.3%. The identity of the FAME peaks was verified by expected
masses and fragmentation patterns observed during GC/MS (Fig. S1). GC/MS and GC/FID
analyses were performed on an Agilent 5973 inert MSD and on a Thermo Scientific Trace GC
Ultra coupled to a FID, respectively. Both GCs were equipped with a Restek Rxi-5ms column
(30 m × 250 µm × 0.25 µm; Restek, Germany) and analyses were performed according to Lin
et al. (2012).

2.5. Ether cleavage and stable isotopic analyses
Branched alkyl chain derivatives were released from purified fractions of brGDGT-IPLs and
-CLs following the ether cleavage method described by Jahn et al. (2004), and were injected
onto GC/MS and GC/FID (as above) to monitor recovery and verify purity of the eluting peak
(Fig. S2).

FAMEs were directly amenable to gas chromatography isotope ratio mass

spectrometry (GC/IRMS) analysis. The
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C and deuterium (D) isotopic composition of bulk

FAMEs and brGDGT derivatives were measured via GC/IRMS as described by Kellermann et
al. (2012) and are expressed in standard δ notation, as the deviation of the isotope ratio
from reference standards: δD = ([D/H]sample/[D/H]ref ‒ 1) × 1000 (reference is VSMOW) and
δ13C = ([13C/12C]sample/[13C/12C]ref ‒ 1) × 1000 (reference is VPDB). Replicate analyses of nonlabeled brGDGTs derivatives from bog and fen acrotelm (i.e. t0 samples) were within 10‰
for D and 1.2‰ for δ13C. Compared to the natural abundances of D (ca. 1 atom per 6240 1H
atoms) and 13C (ca. 1 atom per 90 12C atoms), the isotope ratios of labeled analytes are much
higher, effectually lowering GC-IRMS detection limits and increasing measurement accuracy.
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The measurement uncertainty of highly D-labeled compounds was assessed via replicate
injections of FAMEs obtained from other SIP incubations of marine sediments using 1% D2O
(Table S6). D-labeled lipid biomarkers were also obtained from a cultured archaeon,
Methanosarcina barkeri, grown on H2/CO2 or methanol after Penger et al. (2014) in the
presence of 0.2 to 0.5% D2O. Replicate injections of D-labeled lipid biomarkers, including
C16:1 (labeling strength: 1,000‰ < D < 17,000‰) and C18:1 fatty acids (300‰ < D <
4,000‰), archaeol (3,000‰ < D < 5,300‰), and saturated and unsaturated
pentamethylicosane (PMI; 4,000‰ < D < 15,000‰) exhibited coefficients of variation
ranging up to 7.5% (Table S6). This error of the D measurement pertains to labeled fatty
acids or brGDGT derivatives with values > 100‰; otherwise the error determined from
replicate injections of t0 samples applies (i.e., ±10‰).

2.6. Calculation of lipid production rates
Because incubations of the natural peat samples were not amended with substrates to
induce growth or otherwise enrich targeted members of the microbial community, we
assume that the concentration of lipids in each incubated bottle remained constant during
the incubation period (Text S1). The production rate of lipids (prodlipid) was therefore
calculated by multiplying lipid concentration (conclipid), which was determined for each
different incubation bottle, by the increase of the fraction of D in the lipid since t0 (ΔFDlipid),
divided by the fraction of D in the incubation medium (FDmedium) and the time of the
incubation (Wegener et al., 2012):
(Equation 1)
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The fractions of D in the lipid derivatives were calculated from the isotope ratios: FDlipid =
RD/H/(RD/H + 1), where RD/H is the D/H ratio of the sample determined via GC-IRMS. FDmedium
was calculated by the known additions of label and pore water volumes of each incubation.
The lipid production rates were expressed in ng lipid cm-3 year-1 by assuming a wet density of
0.865 g cm-3 and porosity of 0.85 (e.g. Zaccone et al., 2009). The lipid turnover times,
expressed in years, were estimated for each incubation condition by dividing the lipid
concentration in the corresponding bottle by the respective production rate. The error of
production rate and turnover time estimates were propagated from the error of
concentration and D values reported above, as well as the error of the D value of the
medium (< 5%).

2.7. Principal Component Analysis (PCA)
PCA was performed in order to investigate the signatures of lipid production in the
incubations. Trends in the production rates of individual fatty acids and total brGDGTs (i.e.,
combined IPL and CL forms) among the experimental incubations were assessed by
determining the relative contributions of individual lipids to total production (c.f. Fig. S4).
Standardized values (z) of these relative production rate data (

were obtained by

subtracting the average ( ) and dividing by the standard deviation (S), i.e.

; these

values were then subjected to PCA (c.f. Zuur et al., 2007). Principal component eigenvalues,
loading coefficients, and sample scores were determined using MatLab software (version
R2014a).
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3. RESULTS

3.1. Distribution of brGDGT and fatty acid biomarkers in peat
The concentrations of brGDGTs in the CL fraction were consistently higher (by at least a
factor 5) in the deeper catotelm than in the upper acrotelm layer of bog and fen sites,
respectively (Fig. 1; Table S3; Student’s homoschedastic t-test p < 0.001), consistent with
previous studies in peat bogs (Weijers et al., 2006; Huguet et al., 2010; Liu et al., 2010).
Structural differences in brGDGTs occur by variation in the number of methyl groups and
cyclopentyl rings (Weijers et al., 2007). The same set of brGDGT-CLs (cf. Table S2 for their
characteristics) was detected in all the peat samples (Table S3). The relative distribution of
brGDGT-CLs was consistent for all samples and time points. That is, no significant differences
were observed between acrotelm and catotelm horizons or between bog and fen sites, with
acyclic compounds (m/z 1022, 1036 and 1050) largely predominating over cyclopentane
bearing analogues (Figs. 2A and 2C; Table S3). BrGDGT-IPLs, assumed to be more
representative of living microorganisms than their CL counterparts, comprised only
monoglycosidic headgroups (Table S2), as previously observed in a peat bog from Northern
Germany (Liu et al., 2010), and were systematically much less abundant (between ca. 3 and
30 times) than the corresponding CLs (Fig. 1; Table S2, S3), which are typically presumed to
be a non-active fossil fraction in peat (e.g. Peterse et al., 2011; Huguet et al., 2013). BrGDGTIPLs were detected in all but two samples (bog-acrotelm-t0 and bog-catotelm-t1; Table S3).
When detected, the relative abundance of brGDGT-IPLs to bulk brGDGT lipids (i.e. CLs + IPLs)
ranged from 3-36%, (Figs. 2A and 2C; Table S3), consistent with values previously reported,
e.g. 15-30% in the Frasne peatland (Huguet et al. 2013) and 9-19 % in the Saxnäs Mosse
(South Sweden; Peterse et al., 2011).
14

The abundance of total fatty acids, which summarize compounds from precursor IPLs, diand monoglycerides, and free fatty acids, typically exceeded brGDGT lipids by over an order
of magnitude (Fig. 1). Total fatty acid concentrations were similar in the acrotelm and
catotelm horizons and showed no consistent variations over the incubation period (Table
S3). The fatty acid profiles of all samples were dominated by those containing alkyl chains
with 16 carbon atoms (16:0) or monounsaturated forms containing 18 carbon atoms (coeluting 18:17 and 18:19; Figs. 3A, 3C, S1 and Table S3). Slightly higher relative
abundances of unsaturated forms of C18 fatty acids were typically observed in the one or two
month incubations of acrotelm and catotelm samples (35-56%), in comparison to t0 samples
(25-41%; Figs. 3A, 3C and Table S3).
Differences were observed in lipid concentration between sequential time point samples;
for example, there was an apparent increase in brGDGT-CLs in the initially aerobic incubation
of bog acrotelm between t0 and one month (a difference of ca. 0.8 µg g-1-humid peat; Table
S3). Due to the intrinsic heterogeneity of peat, consisting of stem and root material that is
difficult to homogenize, we do not consider the apparent variations in brGDGT
concentrations between time points to quantitatively reflect biological production during
our experiments. Indeed, the magnitude of concentration differences between time points
would invoke production rates that are much higher than observed in cultured Acidobacteria
(de Castro et al., 2013) as candidate bacteria for producing brGDGTs, and significant
contributions of freshly produced brGDGTs would have yielded a much higher D value for
brGDGT derivatives (cf. Text S1). Stable isotope probing with deuterium provides a more
sensitive and accurate estimate of lipid production, as the latter is related to the absolute
amount of label (FD) that was incorporated into individual lipid biomarkers.
3.2. Deuterium incorporation into brGDGTs
15

Following ether cleavage of purified CL and IPL fractions, alkyl chain derivatives of
brGDGTs were identified by their characteristic GC/MS spectra (Fig. S2) and corresponded to
the dominant forms of brGDGTs found in the peat (i.e. m/z 1022 and 1036, and to a lesser
extent 1050; Tables 1 and S1). The D of brGDGT-CLs in natural peat acrotelm and catotelm
(i.e. t0) ranged from -161 to -190‰ for compound 1 (derived from brGDGTs with m/z 1036,
1022 or 1020) and from -174 to -199‰ for the co-eluting compounds 2a and 2c (derived
from brGDGTs with m/z 1050, 1036 or 1034; Table S4). In the initially oxic incubations of
acrotelm samples from the bog and fen sites, the weighted average D of brGDGT-CL
derivatives increased to 233‰ and 214‰ after one month and up to 3332‰ and 933‰
after two months (i.e. likely under suboxic conditions), respectively (Table S4). In contrast,
there was much lower D incorporation during anoxic incubations of bog and fen acrotelm
samples after two months (weighted average D = 82‰ and -126‰, respectively; Table S4).
Bog and fen catotelm incubated anaerobically for 1 month also exhibited low D
incorporation into brGDGT-CL derivatives (weighted averageD = -145‰ and -171‰,
respectively; Table S4), which can partly be explained by the much larger pool size of
brGDGTs in the deeper catotelm horizon.
Similarly to brGDGT-CLs, the weighted average D of brGDGT-IPL derivatives reached
2859‰ and 2070‰ after two months in initially oxic incubations of bog and fen acrotelm,
respectively (Fig. 1B; Table S4). Although slightly higher concentrations of brGDGT-IPLs were
observed in anoxic versus initially oxic incubations of peat acrotelm after one and two
months of incubation (measured via UHPLC-QTOF-MS; Table S3), no alkyl derivatives of
brGDGT-IPL

from

anoxic

incubations

were

detected

via GC/IRMS

after

ether

cleavage/reduction. This can, in part, be explained by a much higher D incorporation and
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thus increased IRMS sensitivity during analysis of brGDGT-IPLs harvested from the initially
oxic incubations, which is consistent with the trend observed for brGDGT-CLs.
brGDGT-IPLs in the poisoned control incubations (initiated under oxic conditions) were
also slightly enriched in D, but D values were at least an order of magnitude lower than
observed in corresponding live incubations of initially oxic acrotelm (Table S4). The slight D
enrichment observed in the poisoned incubations may reflect a partial resistance of brGDGT
source microorganisms to the sterilization conditions.

3.3. Deuterium incorporation into fatty acids
Fatty acids were also labeled with D and exhibited the highest D incorporation in each
sample. After two months of incubation, the weighted average D of fatty acids surpassed
10,000‰ and the highest label of an individual fatty acid reached 62,000‰ (i14:0, bog
catotelm; Table S4). Fatty acids harvested from poisoned incubations were also labeled with
D, such that D incorporation into some of the most abundant fatty acids in the poisoned
control was higher than that observed in the live treatments (i.e. 16:0 and 18:1; Table S4).
However, compound specific D values were not correlated with the abundance of the
corresponding fatty acids (Fig. S3). Given the much lower D values of brGDGTs in the
poisoned incubations (< 89‰; Table S4), the high D labeling of fatty acids may be attributed
to the resistance of some bacteria to the addition of zinc chloride (e.g. Kelly et al., 1999) and
therefore a much lower bacterial competition for substrate, which is more plausible than an
abiotic mechanism. Indeed, Kelly et al., (1999) demonstrated that application of ZnCl2 poison
induced changes in the fatty acid profiles of soil incubations, resulting in significantly higher
relative amounts of fatty acids 18:2, Me18:0, and Me17:0. Because D incorporation into fatty
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acids in the poisoned control likely resulted from biological activity, FD values of fatty acids
were determined relative to t0 values rather than the poisoned control.
3.4. 13C incorporation into bacterial lipids
After two months, the 13C values of all brGDGT derivatives harvested from the initially
oxic and the anoxic incubations of peat acrotelm were < -28‰ (Table S5), indicating that DIC
did not serve as a primary carbon substrate for brGDGT biosynthesis. Similarly to brGDGTs,
the 13C of individual fatty acids remained invariably low after two months of incubation (< 21‰; Table S5), indicating that DIC was not a major carbon source for the biosynthesis of
fatty acids in the acrotelm or catotelm horizons.

3.5. Lipid production rates
D incorporation into brGDGT-CLs converted to total production rates (i.e. for the
complete series of brGDGT alkyl chains) ranged from 16-83 ng cm–3 y-1 in the initially oxic
incubations of bog and fen acrotelm, whereas corresponding rates in the anoxic acrotelm
incubations were roughly an order of magnitude lower (< 3 ng cm-3 y-1; Figs. 2B and 2D). In
the deeper, anoxic bog and fen catotelm, brGDGT-CL production rates were lower (6.6 and
7.1 ng cm-3 y-1, respectively) than in the initially oxic incubations of surface acrotelm, but
higher than observed in the anoxic acrotelm treatments (Figs. 2B and 2D). Compound 1
contributed to the majority of brGDGT-CL production in all incubations (57% on average;
Figs. 2B and 2D). Production of brGDGT-IPLs was 4.0 and 2.2 ng cm-3 y-1 in the initially oxic
bog and fen acrotelm, respectively, and accounted for < 4% of total brGDGT production
(Figs. 2B and 2D).
Total fatty acid production rates approached or exceeded 2 µg cm-3 y-1 in both initially
oxic and anoxic incubations (Figs. 3B and 3D), which is similar to rates reported for sulfate
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reducing sediments in the Baltic Sea (ca. 3 µg cm-3 y-1; Wegener et al., 2012). More
conservative estimates of fatty acid production, based on D enrichments normalized to the
poisoned control rather than t0 values, remain above 1 µg cm-3 y-1 and > 40-fold higher than
brGDGT-CLs. The different incubation treatments exhibited alternative patterns in the
relative production of individual fatty acids, with relatively enhanced production rates of
monounsaturated C18 fatty acids (e.g., 18:19/18:17) in the initially oxic incubations, 16:0
and 16:19/16:17 in the anoxic acrotelm, and 14:0 in the bog catotelm (Figs. 3B, 3D and
S4).

3.6 PCA of bacterial lipid production rates
The first three principal components (PC) accounted for over 73% of the variability in
the lipid production rates. Four clusters of bacterial lipid biosynthesis were identified, each
corresponding to different experimental treatments (Fig. 4; Table 1): the initially oxic
acrotelm samples incubated for one month (cluster A) or two months (cluster B); anoxic
acrotelm samples incubated for two months (cluster C); and the bog catotelm sample
(cluster D). PC1 identified the relatively enhanced production of short, saturated, straight
chain fatty acids 14:0 and 15:0 in the bog catotelm (cluster D; Table 1; cf. Figs. 3B, S4), which
separated this cluster from the acrotelm incubations (Fig. 4). Notably, bacterial lipid
production rates were much higher in the bog versus fen catotelm, largely resulting from the
increased biosynthesis of 14:0 (Fig. 3B). The gradient along PC2 separated the initially oxic
versus anoxic acrotelm incubations (Fig. 4). Initially oxic incubations exhibited preferential
production of unsaturated C18 fatty acids (cluster A), a co-eluting peak that included 18:3,
18:2, 18:19, and 18:17 (Fig. S1), which accounted for ca. 30% of total bacterial lipid
production (Fig. S4). The production of monounsaturated C16 fatty acids (16:19 and
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16:17) was relatively enhanced in the anoxic acrotelm incubations (cluster C), increasing to
roughly 12% of total bacterial lipid production in both bog and fen samples (Fig. S4). The
initially oxic acrotelm samples incubated for two months were separated along PC3 and
grouped with the production of brGDGTs and two branched fatty acids (cluster B; Fig. 4). The
summed production of cluster B lipids was always < 3% of total bacterial lipid production in
bog and fen samples, except for the initially oxic acrotelm samples incubated for two
months, where they contributed to 5.4% and 6.7% of total bacterial lipid production,
respectively (Fig. 4, S4).

4. DISCUSSION
4.1 Constraints on the metabolism of brGDGT source organisms
Until now, based on the much higher abundance of brGDGTs in the permanently
waterlogged catotelm in comparison to the upper, periodically oxic acrotelm of peat bogs,
brGDGT source microorganisms were mainly suggested to be anaerobic bacteria (e.g.,
Weijers et al., 2006). However, brGDGTs have been detected in a wide variety of
environments, notably in aerobic settings such as dry and well-drained soils (e.g. Loomis et
al., 2011; Menges et al., 2014), rivers (e.g. De Jonge et al., 2014) and in three aerobic strains
of the phylum Acidobacteria (Sinninghe Damsté et al., 2011). In the current study, the high D
incorporation, replicated in incubations of both bog and fen acrotelm samples (Table S4),
demonstrated that both brGDGT-CLs and -IPLs were actively produced in the treatments that
began under oxic conditions (up to 87 ng cm-3 y-1; Figs. 2B and 2D). If we correct the rates of
lipid production for biosynthetic isotopic fractionation of D (i.e., the discrimination of the
heavy isotopes during lipid formation) by invoking the maximum water-lipid fractionation
factor reported for tetraether lipids (H2O/Lipid = 1.45; Wegener et al., 2012), brGDGT-CL
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production rates in the initially oxic acrotelm would increase to 130 ng cm-3 y-1. Considering
the strong signal of D incorporation and thus evidence of brGDGT production, the lack of
corresponding 13C incorporation (Table S5) strongly supports the prevailing hypothesis that
brGDGT-producing bacteria are heterotrophs, as previously suggested in organo-mineral
soils (Oppermann et al., 2010; Weijers et al., 2010; Huguet et al., 2012). Similarly, the lack of
13

C incorporation into fatty acids suggests that the active bacteria were predominantly

heterotrophs. While it is possible that our experimental conditions discriminated against
autotrophs among the natural bacterial community, our findings are consistent with the
prevalence of heterotrophic microorganisms in peatlands, which represented 78% to 97% of
the total microbial biomass in five Sphagnum-dominated peatlands across Europe (e.g.
Mitchell et al., 2003).
The generally lower brGDGT production rates observed during the anoxic incubations of
the acrotelm and catotelm than during the oxic incubations of the acrotelm (Figs. 2B and 2D)
suggest that oxic conditions and/or the transition from oxic to anoxic conditions (i.e. suboxic
conditions) could have created a geochemical environment that favored the growth of
brGDGT source microorganisms. The similar brGDGT production rates in anoxic incubations
of acrotelm and catotelm layers suggest that the quality of organic substrate cannot explain
the enhanced rates observed in initially oxic acrotelm incubations. It should be noted that in
the initially oxic acrotelm samples, production rates of brGDGT-CLs after 2 months were
higher than after 1 month, corresponding to 3- and 6-fold increases during the second
month of incubation in fen and bog incubations, respectively (i.e. under suboxic to anoxic
conditions, as the oxygen was likely totally consumed in the incubations after 22 days; Table
S1). This suggests that brGDGT source microorganisms preferentially grow under the
transition from oxic to anoxic conditions, as also supported by the extremely retarded
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production of brGDGTs in anoxic acrotelm incubations (0.6-3 ng cm-3 y-1; Figs. 2B and 2D) in
comparison to the initially oxic acrotelm after two months of incubation. This is consistent
with the findings of Liu et al. (2014), who demonstrated a subsurface peak in brGDGT
concentration at the base of the oxycline (i.e. the transition from oxic to suboxic waters) in
the water column of the Black Sea.

4.2 Turnover of brGDGTs and fatty acids in peat: biogeochemical implications
Relative to their CL counterparts, brGDGT-IPL production was roughly 20-fold slower in
bog and fen acrotelm (Figs. 2B and 2D). This result seemingly conflicts with the relatively
high turnover of brGDGT-IPLs in peat as suggested by Liu et al. (2010), who observed that
the accumulation of brGDGT-IPLs was much lower than isoprenoidal GDGT-IPLs, even though
concentrations of brGDGT-CLs exceeded isoprenoidal GDGT-CLs by an order of magnitude.
The low production rates of brGDGT-IPLs in the current study could be explained by the high
turnover of a labile portion of brGDGT-IPLs (e.g. phospholipids), which were quickly
converted to CLs and hence did not accumulate. This would result in low brGDGT-IPL
abundance and similarly low apparent D incorporation, as a large fraction of non-labeled
brGDGT-IPL ‘fossils’ effectively dilute the dD value. It is also possible that brGDGT-IPLs were
lost during extraction or separation steps (e.g. Pitcher et al., 2009; Lengger et al., 2012),
which could have artificially led to an underestimation of IPL production rates. BrGDGT-CLs
could also be produced in such form by microorganisms to fulfill biological functions in the
membranes (Meador et al., 2014). Despite differences in production rate, the turnover times
() of brGDGT-CLs (8-41 y) and brGDGT-IPLs (11-14 y) were similar in all initially oxic
incubations (Table 2), suggesting that both forms of brGDGT lipids are recent products of
microbial activity in the surficial peat layers.
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The relatively high activity of brGDGT source organisms in the peat surface and the
associated rapid turnover of brGDGTs (Table 2) are consistent with the rapid adjustment of
brGDGT-IPLs to temperature changes previously observed in peat (Huguet et al., 2013,
2014). We note that the estimates of brGDGT lipids in peat measured by the present study,
which correspond to the time necessary to refresh the whole lipid pool at 12°C, are longer
than the time required for Huguet et al. (2013, 2014) to detect a change in brGDGT
distributions in peat incubated in the field or in the laboratory at 15°C (corresponding to a
partial replacement of the lipid pool), but in agreement with the times measured in
organo-mineral soils via field labeling experiments (y; Weijers et al., 2010). In any
case, all the studies consistently suggest that brGDGTs, and thus the paleo-proxies that
implement these biomarkers, integrate microbial and environmental processes on decadal
time scales in a variety of terrestrial environments. The lower production rate documented
in the catotelm during the current study is incongruent with the higher abundance of
brGDGTs usually observed in this horizon of peat bogs (e.g. Weijers et al., 2006; Huguet et
al., 2010). This contrast is likely to result from strongly retarded degradation of brGDGTs and
thus slower turnover, leading to the accumulation of these compounds in the anoxic
catotelm. It should be noted that brGDGT turnover time in the acrotelm differed by more
than an order of magnitude under initially oxic vs. anoxic conditions (Table 2), concordant
with a high aerobic potential for brGDGT degradation.
Production of total fatty acids was 70- to 800-fold higher than that of brGDGT-CLs in
initially oxic incubations of acrotelm peat and roughly three orders of magnitude higher in
the anoxic catotelm (Fig. 3B). Total fatty acid turnover times were correspondingly 2- to 14fold faster than those of brGDGT-CLs in the acrotelm and > 50-fold faster in the catotelm
(Table 2). This suggests that either the source organisms of brGDGTs are low-abundance
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members of the microbial community in peat or that brGDGTs constitute only a small
fraction of the microbial cell membrane in comparison to fatty acids, consistent with the
lipid profile of certain Acidobacteria (Sinninghe Damsté et al., 2011). Therefore, despite the
high abundances of brGDGTs in peat, their source organisms do not have to be dominant
members of the peat bacterial community, as previously suggested (Weijers et al., 2009).

4.3. Production regimes of fatty acids and brGDGTs in peat
PCA of fatty acid concentrations in peatland was previously applied to assign individual
compounds to distinct microbial production regimes that occur across gradients of wet to
dry as well as surface to subsurface realms (Sundh et al., 1997). The accumulation of fatty
acids and brGDGTs in peat are likely uncoupled, owing to the higher reactivity of fatty acid
ester linkages versus the more stable ether bonds of GDGTs. In contrast to concentration
data, direct measurements of bacterial lipid production rates determined by D labeling are
unbiased by the expected differences in lipid preservation. PCA was therefore applied to the
relative production rates of bacterial lipids to collectively determine signatures of fatty acid
and brGDGT biosynthesis among the experimental treatments (Fig. 4; Table 1).
The clustering of initially oxic acrotelm incubations (clusters A and B) suggests that the
oxic conditions and/or transition from oxic to anoxic conditions may have stimulated the
production of specific lipid biomarkers, the signals of which were integrated over one or two
month intervals (i.e. clusters A and B, respectively). The microbial sources of lipids
associated with clusters A and B are thus presumably aerobes or facultative aerobes, who
may be selected for in the acrotelm by oscillations of the water table. In particular, brGDGT
production clustered with the production of two branched fatty acids: Me-br15 and
ai17:0/17:18 (cluster B; Table 1; Fig. 4), the latter being a co-eluting peak for which we
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were unable to resolve the D labeling of terminally branched ai17:0 versus that of the
straight chain unsaturated 17:18 biomarker (Figure S1). Production rates of cluster B
branched fatty acids were positively correlated with that of brGDGTs (p < 0.001; Fig. 5)
among the incubated peat samples (excluding one outlier and poisoned controls
incubations; n = 7). The similar production patterns of these bacterial lipids suggest that
microbial sources of brGDGTs might also produce the branched fatty acids Me-br15 and
ai17:0. It follows that these branched fatty acids may serve as precursors for brGDGT
biosynthesis. It should be noted that, based solely on a model hypothesized for isoprenoidal
GDGT biosynthesis, Weijers et al. (2006) proposed a biosynthetic pathway for brGDGTs
invoking the condensation of ether-linked isopentadecane alkyl chains, which correspond to
the branched alkyl chain of i17:0. In soils, only minor amounts of ai17:0 fatty acids were
detected in the cell membrane of some of the Acidobacteria strains, a potential source for
brGDGTs, whereas i15:0 was one of the dominant fatty acids (Sinninghe Damsté et al., 2011,
2014).
The lipids arising from strictly aerobic production should have grouped within cluster A,
as their contribution was presumably higher in the initially oxic acrotelm samples that were
incubated for only one month and thus integrated a relatively shorter period of anaerobic
production compared to all other treatments. Notably, polyunsaturated C18 fatty acids (i.e.
18:3 and 18:2) grouped with cluster A, and were previously attributed to the shoots of
Sphagnum mosses and production by cyanobacteria as well as fungi in peat surface horizons
(0-10 cm; Sundh et al., 1997). These polyunsaturated forms co-eluted with monounsaturated
C18 fatty acids (18:19 and 18:17) during GC-IRMS analysis; the measured production rates
thus integrated the mixed signal of these compounds, the latter being relatively more
abundant (Fig. S1). Sundh et al. (1997) suggested that monounsaturated fatty acids most
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likely indicated the production of aerobic bacteria in peatland samples, although their
distribution patterns were not uniform. The terminally branched fatty acids i17:0/10Me16:0
and i17:1 were also associated with cluster A and could have derived from the production of
anaerobic bacteria (e.g., Sundh et al., 1997; Quezada et al., 2007), sulfate-reducing bacteria
in particular (e.g., Dowling et al., 1986; Dzierzewicz et al., 1996).
The clusters C and D distinguish strictly anaerobic lipid production in acrotelm and bog
catotelm, respectively (Fig. 4), with the former comprising both monounsaturated and
terminally branched fatty acids (16:19/16:17 representing the majority of production)
and the latter comprising only short, saturated, straight chain fatty acids (Table 1). The
distinct grouping of anoxic acrotelm versus anoxic catotelm incubations further suggests that
distinct anaerobic microbial communities were active in the incubations of the two peat
layers, as also indicated by the higher rates of brGDGT production in the anoxic catotelm vs.
anoxic acrotelm incubations (Figs. 3B and 3D).

5. CONCLUSIONS
This stable isotope probing experiment has demonstrated for the first time that brGDGTproducing bacteria in peat are more active in the periodically aerobic acrotelm than in the
anoxic catotelm. Our results suggest that these organisms preferentially grow under suboxic
conditions, possibly as facultative aerobes. The fact that little to no

13

C from inorganic

carbon was introduced into brGDGTs during our dual label experiments strongly suggests
that their producers are heterotrophs. Given that brGDGT production can only account for
approximately < 1.5% of total bacterial lipid production, their producers may represent only
a minority population, despite the typically high brGDGT concentrations observed in peat.
Multivariate analysis of bacterial lipid production rates identified two branched fatty acids
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(Me-br15 and ai17:0) that were associated with brGDGT production and may serve as
precursors for brGDGT biosynthesis. The turnover times of brGDGT-CLs (8-41 y) and brGDGTIPLs (11-14 y) in the acrotelm peat incubations are consistent with those previously
measured in organo-mineral soils, suggesting that brGDGTs turn over on timescales of
decades in terrestrial environments. Much higher turnover times (320-510 y) were observed
in the catotelm (i.e. in the absence of O2), which indicates that brGDGTs are more easily
degraded under aerobic conditions.
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Figure Captions
Figure 1. Bacterial lipid concentrations in the bog and fen acrotelm (open symbols) and
catotelm horizons (filled symbols).
Figure 2. Fractional abundance of brGDGT lipids in bog (A) and fen (C) t0 samples and all
treatments (P = poisoned control). The colors refer to brGDGT ions whose m/z are noted in
the legend below (cf. Table S2). Production rates of brGDGT alkyl chains (cf. Fig. S2) after
one (t1) or two month (t2) incubation of bog (B) or fen (C) acrotelm and catotelm. Error bars
refer to the propagated error in D and concentration measurements.
Figure 3. Fractional abundance of fatty acids in bog (A) and fen (C) t0 samples and all
treatments (t1 = one month; t2 = two months; P = poisoned control). Fatty acid production
rates after one or two month incubation of bog (B) or fen (D) acrotelm and catotelm. The
percentage contribution of brGDGTs to total fatty acid abundance or production is indicated
by the black lines and symbols in panels A-D. Error bars refer to the propagated error in D
and concentration measurements.
Figure 4. Principal component analysis (PCA) of fractional contributions to total fatty acid
and brGDGT production. Shown are biplots of the first three PC axes with their percentages
of variance in parentheses. Lipid identification codes are provided in the table on the right of
the figure and plotted on the PC axes. Bog (circles) and fen samples (squares) that were
initiated under oxic conditions (blue) and harvested at t2 grouped apart from those from t1
(green) as well as anoxic incubations of the acrotelm (pink) and catotelm (red). The dotted
ovals identify four clusters (A-D) of samples and bacterial lipids (see text) which are color
coded according to their grouping; brGDGTs grouped with oxic acrotelm incubations
harvested at t2 (Cluster B; blue).
Figure 5. Comparison of cluster B (cf. Fig. 4) brGDGT and branched fatty acid production
rates among incubations of peat acrotelm (open symbols) and catotelm (filled symbols)
collected from bog (circles) and fen sites (diamonds). The results from poisoned incubations
were excluded for this comparison.
Table 1. Bacterial lipid production regimes as indicated by principal component analysis (cf.
Fig. 4). Fatty acids that co-eluted during chromatographic analysis (underlined; cf. Table S3)
were quantified collectively.
Table 2. Bacterial lipid turnover times (years) in incubations of peat acrotelm and catotelm
horizons. Uncertainty (±) was based on error of concentration and D measurements (cf.
Sections 2.4 and 2.5).
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Supplementary Text, Figures and Tables
Text S1. Lipid concentrations and production rate estimates.
Figure S1. Example GC-FID chromatogram of FAME derivatives in oxic fen acrotelm
incubated for one month. The first number of fatty acid abbreviations indicate the number
of C atoms. The numbers after the colon identify the number of double bonds whose
position relative to the aliphatic end of the molecule is denoted by w. “Me” denotes the
presence of a methyl group at the given carbon atom, and “i” (iso) and “ai” (anteiso) indicate
methyl-branching at the aliphatic end by one or two C atoms, respectively. Unknown methyl
branching is indicated by “Me-br.” Italics denote fatty acids for which assignments were
based on retention time alone, as there was insufficient evidence after GC-MS to support
unequivocal identification of FAME derivatives.
Figure S2. (A) Example GC-IRMS chromatogram (1H signal) of brGDGT derivatives 1, 2a, and
2c harvested from oxic fen acrotelm incubated for one month. (B-D) GC-MS identification
and molecular cleavage patterns of brGDGT derivatives 1, 2a, and 2c corresponding to peaks
in (A).
Figure S3. D values of individual fatty acids in the poisoned incubations of bog (×) and fen
(○) acrotelm. Expanded axes for the values plotting in the shaded region are provided in the
insert.
Figure S4. Production rates of fatty acids normalized to total fatty acid production in each
incubation.
Figure S5. (A and B) Weighted average of D incorporation into FAMEs (red), brGDGT-CLs
(blue), and brGDGT-IPLs (teal) in bog and fen catotelm (squares) as well as acrotelm
incubated under initially oxic (circles) or anoxic (triangles) conditions, or poisoned (×). Panels
(C) and (D) show the D incorporation into fatty acids relative to t0 in bog and fen incubations,
respectively. In the case of co-elution (cf. Table S3), the integrated D value is labeled by
only one of the co-eluting fatty acids.
Table S1. Estimated time for O2 depletion in aerobic incubations of acrotelm samples.
Table S2. Molecular mass, branching, and cyclopentane ring characteristics of brGDGTs.
Table S3. Concentrations of brGDGTs and fatty acids (µg g-1 humid peat) in peat samples at t0
and after one (t1) or two months (t2) of incubation. n.d., not detected.
Table S4. D values of lipid biomarkers in natural peat (t0) and after one (t1) or two months
(t2) of incubation. n.d., not detected
Table S5. 13C values of lipid biomarkers in natural peat (t0) and after one (t1) or two months
(t2) of incubation. n.d., not detected
36

Table S6. Constraining measurement error on lipid biomarkers labeled with deuterium. PMI
= pentamethyisocane; unsPMI = unsaturated pentamethylisocane.
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Table 1. Bacterial lipid production regimes as indicated by principal component analysis (cf. Fig. 4).
Fatty acids that co-eluted during chromatographic analysis (underlined; cf. Table S3) were quantified
collectively.

PCA
Cluster

A
B
C
D

Horizon

Bog & Fen
Acrotelm
Bog & Fen
Acrotelm
Bog & Fen
Acrotelm
Bog Catotelm

Initial
Conditions

Time point
(months)

Bacterial Lipid Production Signature

oxic

1

16:15, i17:1, i17:0, Me16:0, 18:3, 18:2,
18:19, 18:17, 19:1, 20:5, 20:4

oxic

2

brGDGT, Me-br15:0, ai17:0, 17:18

anoxic

2

i15:0, 16:19, 16:17, 16:0, 17:16, 18:0

anoxic

1

14:0, 15:0
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Table 2. Bacterial lipid turnover times (years) in incubations of peat acrotelm and catotelm horizons.
Uncertainty (±) was based on error of concentration and δD measurements (cf. Sections 2.4 and 2.5).

Sample

Bog

Fen

Horizon

Initial
Conditions

Time point
(months)

Fatty Acids

brGDGTCL

brGDGTIPL

acrotelm
acrotelm
acrotelm
catotelm
acrotelm
acrotelm
acrotelm
catotelm

Oxic
Oxic
Anoxic
Anoxic
Oxic
Oxic
Anoxic
Anoxic

1
2
2
1
1
2
2
1

5.2 ± 1.0
4.2 ± 0.8
10 ± 2
2.6 ± 0.6
3.0 ± 0.6
3.2 ± 0.6
12 ± 2
11 ± 2

35 ± 4
8±1
123 ± 14
322 ± 80
41 ± 4
27 ± 3
742 ± 217
514 ± 197

11 ± 2
14 ± 2
-
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