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Abstract. Thaumarchaeota are amongst the most abunThe low incorporation rates suggest a low activity of Thau-
dant microorganisms in aquatic environments, however, theimarchaeota in marine sediments and/or a low turnover rate
metabolism in marine sediments is still debated. Labelingof thaumarchaeal IPL-GDGTs due to their low degradation
studies in marine sediments have previously been underrates. Cell numbers and activity of sedimentary Thaumar-
taken, but focused on complex organic carbon substrateshaeota based on IPL-GDGT measurements may thus have
which Thaumarchaeota have not yet been shown to take uppreviously been overestimated.

In this study, we investigated the activity of Thaumarchaeota
in sediments by supplying differedfC-labeled substrates
which have previously been shown to be incorporated into ar-

chaeal cells in water incubations and/or enrichment culturesl  Introduction

We determined the incorporationbfC-label from bicarbon- o ) )

ate, pyruvate, glucose and amino acids into thaumarchaedih@umarchaeota are ubiquitous microorganisms (Hatzen-
intact polar lipid-glycerol dibiphytanyl glycerol tetraethers pichler, 2012_and references cited therein) which have re-
(IPL-GDGTSs) during 4-6 day incubations of marine sedi- cently been dlscovered to form a separate phylum, the Thau-
ment cores from three sites on the Iceland shelf. ThaumarMarchaeota (Brochier-Armanet et al., 2008; Spang et al.,
chaeal intact polar lipids, in particular crenarchaeol, were de-2010)- They were initially discovered as the Marine Group |
tected at all stations and concentrations remained constant §r'énarchaeota in the coastal and open ocean (DelLong, 1992;
decreased slightly upon incubation. R incorporationin ~ Fuhrman et al., 1992; Karner et al.,, 2001) where they are
any IPL-GDGT was observed at stations 2 (clay-rich segi-@bundantly present in the eplpelaglc' zone (e.g. Francis et al.,
ment) and 3 (organic-rich sediment). In bacterial/eukaryotic2005; Beman et al., 2008) but also in deep water (Fuhrman

IPL-derived fatty acids at station 3, contrastingly, a large @nd Davis, 1997; Herndl et al., 2005; Agogué et al., 2008)
uptake of'3C label (up to+ 80%. ) was found13C was where they can be as abundant as the total bacterial popu-

also respired during the experiment as shown by a substaﬂaﬂqn- Thaumarchaeota have also been d_etected in marine
tial increase in thé3C content of the dissolved inorganic Sediments (Hershberger et al., 1996; Francis et al., 2005).

carbon. In IPL-GDGTSs recovered from the sandy sediments Beforg enrichment  cultures became available, the
at station 1. however. some enrichmentsisc (1-4%o ) metabolism of Thaumarchaeota was unclear. Hoefs et

was detected after incubation with bicarbonate and pyruvatedl- (1997) suggested, based on tﬁ&-enrichm_ent of
thaumarchaeal lipids in comparison to algal biomarkers,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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the possibility of autotrophic assimilation of dissolved has only been found in (enrichment) cultures of Thaumar-
inorganic carbon (DIC) using a different pathway than via chaeota (Sinninghe Damsté et al., 2002; de la Torre et al.,
Rubisco, or, alternatively, the heterotrophic uptake of small2008; Schouten et al., 2008; Pitcher et al., 2011b; Sinninghe
organic molecules. IndeedC-labeling studies with bicar- Damsté et al., 2012). Stable isotope probing (SIP) experi-
bonate showed the incorporation biC-labelled DIC into  ments targeting the biphytanyl chains contained in crenar-
thaumarchaeal membrane lipids and thus their autotrophichaeol (Fig. 1c), have been undertaken in order to determine
metabolism (Wuchter et al., 2003). Unambiguous proofthe uptake of different substrates. This revealed the incorpo-
for the growth of Thaumarchaeota on inorganic carbonration of 13C from bicarbonate into crenarchaeol (Wuchter
came with the first enrichment culture ofitrosopumilus et al., 2003). Pitcher et al. (2011c) showed that this uptake
maritimus which was growing chemolithoautotrophically was dependent on ammonia oxidation in North Sea water,
on bicarbonate, and gaining energy by the oxidation ofas addition of inhibitors for ammonia oxidation, nitrapyrine
ammonia to nitrite (Kénneke et al., 2005). It was suggestedN-serve) or chlorate resulted in a decreased incorporation
that 3-hydroxypropionate/4-hydroxybutyrate pathway wasof 13C-labelled DIC. Other SIP experiments carried out with
used by these microorganisms (Berg et al., 2007), which wasrganic substrates were less successful: Lin et al. (2012)
supported by genetic analyses@©f symbiosunfHallam et achieved only a 2%. enrichment in one of the biphytanyl
al., 2006) andN. maritimus(Walker et al., 2010). However, chains of crenarchaeol, but 2 %. depletion in the other biphy-
in these two species, also genes involved in heterotrophitanyl chain when adding®C-labeled phytodetrital organic
metabolisms were detected, which implies their potential forcarbon to sediment slurries. Takano et al. (2010) and Nomaki
mixotrophy. Furthermore, the uptake of pyruvate into cell et al. (2011) also carried out benthic in situ-labeling exper-
material in cultures of a Thaumarchaeote enriched from soiljments and did not find incorporation #C in the biphy-
Nitrososphaera viennensiwas demonstrated (Tourna et al., tanyl chains in an incubation experiment witfC-labeled
2011). glucose in sediment from Sagami Bay, Japan, after 405 days,
Indeed, there is some environmental evidence for aalthough they noted an initial apparent increaséitC of
mixotrophic metabolism of Thaumarchaeota. Ouverney andone biphytane by~ 10 %.. This was in spite of an increase
Fuhrman (2000) as well as Herndl et al. (2005) showed,in molecular thaumarchaeal biomarkers within 9 days. Re-
via MICRO-CARD-FISH usingH-labeled amino acids, that markably, however, they did report labeling of the glycerol
thaumarchaeal cells present in sea water take up aminmoieties of the GDGT molecules after 405 days. Thus, not
acids. There is also circumstantial evidence for mixotrophymuch evidence for substantial incorporation of carbon from
of Thaumarchaeota, such as the radiocarbon values of aerganic substrates into thaumarchaeal lipids is observed in
chaeal lipids in the deep ocean (Ingalls et al., 2006), thaumarSIP experiments performed with sediments. It is possible that
chaeal activity (as quantified by uptake of substrate measurethe types of substrate used in these studies were not suitable
by MAR-FISH) being correlated to the presence of urea(i.e. not readily taken up by the Thaumarchaeota), and that
(Alonso-Séaez et al., 2012), and the possession of genes father organic compounds would result in higher incorpora-
urea transporters (Baker et al., 2012). MuBmann et al. (2011%ion. Interestingly, none of the previously conducted label-
found thaumarchaeal cell numbers in waste reactors thaing studies in sediments usédC-labelled DIC. Bicarbon-
were too high to be supported by the rates of ammoniaate had previously unambiguously been shown to be incor-
oxidation, and a lack of incorporation 68C-labelled DIC  porated by pelagic Thaumarchaeota (Wuchter et al., 2003;
into thaumarchaeal lipids during growth, also suggestingPitcher et al., 2011c) and by Thaumarchaeota enriched from
heterotrophy of Thaumarchaeota. Circumstantial evidencesediments (Park et al., 2010) and soils (Jung et al., 2011; Kim
based on the correlation of organic carbon concentration wittet al., 2012).
archaeal biomarker lipids, suggests that Archaea in deep sub- To shed further light on the metabolism of sedimentary
surface marine sediments (< 1 m) use organic carbon (Biddl&haumarchaeota, we performed labeling experiments using
etal., 2006; Lipp et al., 2008; Lipp and Hinrichs, 2009); how- 13C-labeled substrates, that is, bicarbonate, pyruvate, amino
ever, this empirical correlation could also be due to preservaacids and glucose in sediment cores from the Iceland shelf
tion factors affecting biomarkers and total organic carbon inand determined the degreel8€ incorporation into the most
a similar way (Hedges et al., 1999; Schouten et al., 2010)abundant GDGT-lipids (i.e. crenarchaeol which is specific
These studies thus illustrate the potential for diversity offor Thaumarchaeota and GDGT-0, which can also be pro-
thaumarchaeal metabolisms. duced by other Archaea). All these compounds have previ-
Cell membranes of Thaumarchaeota consist of glycerobusly been shown to be taken up by Thaumarchaeota either
dibiphytanyl glycerol tetraether lipids (GDGT) in the form of in the environment (Ouverney and Fuhrman, 2000; Wuchter
intact polar lipids (IPL; Schouten et al., 2008; Pitcher et al., et al., 2003; Herndl et al., 2005; Takano et al., 2010; Pitcher
2011a; Sinninghe Damsté et al., 2012; Fig. 1a). They possesst al., 2011c) or enrichment cultures (Park et al., 2010; Jung
GDGTs which are also present in other Archaea (Koga ancet al., 2011; Tourna et al., 2011; Kim et al., 2012) and were
Nakano, 2008), such as GDGT-01, —2 and—3 (Fig. 1b),  thus deemed the most suitable substrates and most likely to
but also a specific lipid named crenarchaeol, which up to nowesult in uptake by sedimentary Thaumarchaeota. The results
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Fig. 2. Map of the sampling stations (1, 2 and 3) on the Iceland
Fig. 1. Structures of crenarchaeol and GDGT{@), IPL- shelf.

crenarchaeol specigb) and biphytanyl chains released from cre-

narchaeol and GDGT-0 by chemical degradaficin measured on a Flash EA 1112 Series (Thermo Scientific,
Waltham, MA) analyser coupled via a Conflo Il interface to
a Finnigan Delt8l's mass spectrometer. Standard deviations

are discussed with respect to the uptake of substrates as wefom three measurements ranged from 0.0 to 0.6 % TOC.

as the turnover rates of thaumarchaeal GDGTs. Two cores (5cm diameter) from each cast were used for

oxygen microprofiling with an OX-100 Unisense oxygen mi-

croelectrode (Unisense, Aarhus, DK; Revsbech, 1989). A

two-point calibration was carried out with bottom water from

the same station bubbled with air at@ for at least 5min

(100 % saturation) and a solution of 0.1 M sodium ascor-

Sediment cores were sampled at three stations, located deate in 0.1N NaOH in M””'Q_ Water (0% saturation) and
the Iceland shelf, during the “Long Chain Diols” cruise on the electric current measured in pA was converted to myg L
the R/V Pelagiain July 2011 (Fig. 2). Station 1 (831 N O2. The sensor was moved with a micromanipulator 1 mm at
16°38 W), south of Iceland, was at 240m water depth & time. _

and consisted of dark, sandy sediment. Station 2186\ Pore water was extracted on board from slices of several
1358 W ) is located north-east of Iceland, at 261 m water Cores by centrifugation. Five mL from each deptq3was pre-
depth, and the sediment was sandy-clayish. Sediment at Stg€rved air free with added Hgflor analysis of the™°C of

tion 3 (6713 N 107 W), north of Iceland, at 503 m wa- the dissolved inorganic carbon (DIC) at@, and 3 mL were

ter depth, and further offshore than the other two stationsPreserved at-20°C for analysis of phosphate, ammonia, ni-
consisted of dark, soft, black mud. From each station, multi-Ufité and nitrate. S _
cores were retrieved in polycarbonate core tubes. Ten cores Dissolved inorganic phosphate, ammonia, nitrite and ni-
from each station were retrieved in tubes of 10 cm diametef’ate Were measured on a Traacs 800 Autoanalyzer (Seal
with drilled holes downwards, spaced 1 cm apart, and used\nalytical, Fareham, UK). Ortho-phosphate was measured
for incubation. Cores sampled with tubes of 5cm diametertSiNg potassium antimonyltartrate as a catalyst and ascor-
were used for oxygen microprofiling, pore-water extraction, Pic acid as a reducing reagent which resulted in forma-
and four cores from each station were sliced and stored fofon of a blue (880nm) molybdenum phosphate-complex

2 Materials and methods

2.1 Sampling stations

density and total organic carbon (TOC) analysis. at pH0.9-1.1 (Murphy and Riley, 1962). Ammonia was
measured via formation of the indo-phenol blue-complex
2.2 Core characterization (630 nm) with phenol and sodium hypochlorite at pH 10.5

in citrate (Helder and de Vries, 1979). Dissolved inorganic
For each station, control cores were sliced into 1 cm thicknitrite concentrations were measured after diazotation of
layers from 0—10cm core depth. The water content of eachnitrite with sulphanilamide and N-(1-naphtyl)-ethylene di-
sediment was determined by weighing prior to and afterammonium dichloride to form a reddish-purple dye mea-
freeze-drying. Total organic carbon was determined fromsured at 540 nm. Nitrate was first reduced in a copperized
freeze-dried sediments following overnight acidification with Cd-coil using imidazole as a buffer, measured as nitrite
2N HCI, subsequent washes with bidistiled® and water  and concentrations were calculated by subtraction of nitrite
removal by freeze-drying. The decalcified sediments werg(Grasshoff et al., 1983).
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Table 1.813C values of the acyclic, bicyclic, and tricyclic biphytanes obtained via PtO, and LiAlH, reduction of alkyliodides formed
via HI ether cleavage.

813 C [%0]
Acyclic Bicyclic Tricyclic
Sample H / PtO, LiAIH 4 Hy / PtO, LiAIH 4 Ho / PtO, LiAIH 4

Station 1 0-1cm -20.3+0.4 -20.2+0.0 -19.7+0.7 -20.0+0.6 —-19.5+1.1 -21.2+0.8
Station1 1-2cm —-19.9+0.6 —-22.0+0.2 -184+0.2 -20.2+16 -19.0+0.2 -19.84+0.6
Station2 0-1cm -22.7+£0.7 -22.0+04 -242+10 -2244+03 -226+16 -22.0+04
Station2 1-2cm —-24.0+1.0 -25.6+0.2 -223+14 -256+08 —-22.6+0.2 —-25.0+0.6

Total amouny pg

Acyclic Bicyclic Tricyclic
Sample H / PtO, LiAIH 4 Ho / PtO, LiAIH 4 Ho / PtO, LiAIH 4
Station 1 0—-1cm 0.79 0.28 0.27 0.16 0.31 0.18
Station 1 1-2cm 0.42 0.16 0.14 0.07 0.15 0.08
Station 2 0—1cm 0.45 0.34 0.17 0.16 0.23 0.23
Station 2 1-2cm 0.13 0.05 0.04 0.0 0.06 0.0

813C of DIC was measured in pore water from all sta- e 0.2rmm
tions, and bottom water samples from the experiments, on ;

a Thermo GasBench Il coupled to a Thermo Delta Plus o s Stopper

and is reported in the delta notation against the Vienna Pee Alrin (pipette) N

Dee Belemnite (V-PDB) standard. To this end, 0.5mL of “\Ye”owtape

each sample was injected into gastight exetainers, contain- :

ing 0.1 mL of 80 % HPQy, that had been flushed for 15 min /E\E}Distamm om

each with He. Performance was monitored by analysis of ~ Lower part of splitable core
an in-house laboratory standard of #&D; with a §13C of (pper part removec)
—0.57 %0 after every 12 measurements and an in-house lab-

...................................................................

) 2l |2l Drilled holes 2.5 mm
oratory standard of CaGQwith a §13C value of—24.2 %o A4 || filed with silicon
at the start and the end of every series. Measured values o
of these standards were usually not deviating by more than a2 o0°
0.5 %o from the calibrated (on NBS-19) values. NERb Stopper

2.3 Incubation conditions

Water bath for optimum temperature (4°C)

Ten cores from each station were used for incubations (Ta-

ble 2). For this, splitable polycarbonate core tubes with 10 cmFig. 3. Scheme of the incubation set-up of the cores.

diameter were prepared by drilling two rows of 1 mm holes

spaced at distances of 1cm. The two rows werg @h-

torted; holes were filled with silicon and covered with plastic + inhibitor”) with MilliQ water and the nitrification in-
non-permeable tape (see setup in Fig. 3). The cores werdiibitor. The incubation solutions were injected into the seven
after recovery from the multicorer, transferred as quickly injection ports from the surface downwards, that is, the first
as possible to a temperature-controlled room kept&t,4 8cm were supplied with the labeled substrate. Injection solu-
and the bottom water was sampled with a sterile pipettetions contained 99 9%3C-labelled substrates as supplied by
for determination of pH$13C of DIC and nutrients as de- Cambridge Isotope Laboratories (Andover, MA, USA). The
scribed above. Four whole cores at each station were insubstrates were dissolved in MilliQ28 in concentrations
cubated with'3C-labelled substrates (i.e. bicarbonate, pyru- of 3.7 mgmL for NaHCG; (Bic), 1.01 mgmL-* for Glu-
vate, amino acids and glucose), and one whole core (“backeose (Glu), 0.89 mg mit! for a mix of 16 algal amino acids
ground”) was injected with MilliQ water only. Four more (AA; 97-99 % labeled; CLM 1548) and 1.24 mgmt of
cores were incubated with solutions containing one of thesodium pyruvate (Pyr). 200 uL were delivered to each slice
substrates and a nitrification inhibitor, and one (“backgroundby injection through the two 90contorted injection ports,

Biogeosciences, 11, 20216, 2014 www.biogeosciences.net/11/201/2014/
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which corresponded to a total addition of 1.55¢ m~3sed-  for ether cleavage in order to determine #8€ incorpora-
iment for the bicarbonate, and 1.2%C m~2 for the organic  tion into the biphytanes (see below), and 35% were sub-
compounds. The nitrification inhibitor was Nitrapyrine (N- jected to acid hydrolysis under reflux for 2 h with 5% HCI
Serve, Pestanal) at 11.5 pug mi, which is known to inhibit  in MeOH, followed by addition of water and extractionqB
archaeal ammonia oxidation (Park et al., 2010; Pitcher et al.of the aqueous phase at an adjusted pH of 4-5 with DCM.
2011c). As Nitrapyrine cannot be dissolved in pure water, This yielded the IPL-derived GDGTs which were measured
5% of EtOH was added and the solutions were kept &30 via HPLC/APCI-MS. The @g internal standard was used to
to prevent precipitation of the Nitrapyrine. Nitrapyrine-free quantify the IPL-derived GDGTSs and the carry over, but was
incubation solutions were kept at the same conditions. added after the aliquot fo¥*C analysis was taken in order
After injection, the cores were stored in the dark &€4n to prevent any possible interference of alkyl chains released
a water bath — boxes with core holders filled with water for from the internal standard molecule.
62 h (38h for Station 3), after which the bottom water was
sampled for'3C-DIC and N- and P-nutrients as described 2.5 §13C analysis of biphytanes
above and re-injected with a fresh solution of the substrates
in water, with or without nitrapyrine added. During the in- Aliquots (60 %) of the IPL-fractions were subjected to chem-
cubation time, the cores were covered lightly with a rubberical treatment in order to cleave GDGTSs, releasing the biphy-
stopper, so that the escape of air was possible, and aeratednyl chains (Fig. 1c) according to Schouten et al. (1998).
through a sterile plastic pipette, with air pumped by an aquar+or this, the IPL fraction was refluxed in 57 % HI for 1h
ium pump and filtered through a 0.2 um filter for sterilization to break the ether bonds and produce alkyliodides and sub-
purposes. After 144 h (96 h for Station 3), bottom water sam-sequently extracted three times with hexane. The hexane
ples for13C-DIC (dissolved inorganic carbon) and N- and phase was washed with 5% N&% and twice with wa-
P-nutrients were taken again, and oxygen microprofiles werger. The alkyliodides were purified over A3 with hex-
measured as described above on all cores (except for Staticeme/ DCM (9: 1,v : v), hydrogenated with p/ PtO, in hex-
2, where cores were too short and thus surfaces too low in thane for 1 h (Kaneko et al., 2011) and eluted over®&a
core tubes, to allow measurements in more than three coresjyvith DCM. As the K / PtO, hydrogenation-procedure has
Subsequently, the upper 10cm of the sediment were slicedever been tested for stable carbon isotope analysis, we used
in 1 cm resolution and each slice mixed thoroughly, split in four CL-fractions of extracts from Station 1 and Station 2,
half and both parts were frozen-aB0°C immediately. The split them in half and hydrogenated one half with the con-
incubations at station 3 were shorter due to time constraintsventional LiAlH; reduction method described by Schouten
et al. (1998), the other half with the method described here
2.4 Lipid extraction, separation and measurements and by Kaneko et al. (2011). The conventional method con-
sisted of LiAlH;z in 1,4-dioxane for 1 h under reflux, then
The freeze-dried sediments of 0-1cm, 1-2cm and 7-the remaining LiAlH; was reacted with ethyl acetate, bidis-
8cm depth intervals of the incubation and backgroundtilled H,O was added and the biphytanes were extracted with
cores were ground and extracted by a modified Bligh-DCM from the dioxang H,O mixture. Additional purifica-
Dyer extraction method (Pitcher et al., 2009). Briefly, tion was achieved by elution over anJ8l3 column using
they were extracted ultrasonically three times in a mix- hexane. The results showed thath&C values of the biphy-
ture of methanol/dichloromethane (DCM)/phosphate buffertanes were not significantly different when HPtO, treat-
(2:1:0.8,v:v:v), centrifuged and the solvent phases werement and LiAlH; hydrogenation were compared (Table 1).
combined. The solvent ratio was then adjusted to 1:1:0.9However, when yields were compared, it was obvious that
v:v:v, which caused the DCM to separate. Liquid ex- hydrogenation with K/ PtO, gave better results. This is
traction was repeated two more times, the DCM fractionsprobably due to the fact that the I APtO, treatment requires
were combined, the solvent was evaporated and bigger partfewer workup procedures after hydrogenation (only one dry-
cles were removed over cotton wool. An aliquot of the ex- ing step) than the LiAlH treatment, which requires two col-
tracts was stored for high performance liquid chromatog-umn separations in addition to a drying step.
raphy/electron spray ionization tandem mass spectrometry
(HPLC/ESI-MS) analysis, and another aliquot was sep- 2.6 §13C of phospholipid-derived fatty acids
arated into core lipid (CL)- and intact polar lipid (IPL)-
GDGTs by silica column separation with hexane/ethyl ac-In order to demonstrate that the incubation experiments did
etate (1:2,v:v) for the CL-fraction and MeOH to elute resultin label uptake by the sedimentary microbial commu-
the IPL-fraction. Moreover, 0.1 mg 4 internal standard nity, we determined the uptake &iC-label by bacteria and
(Huguet et al., 2006) were added to the CL-fractions. Theeukaryotes by isotopic analysis of polar lipid-derived fatty
IPL-fraction was split in three aliquots: 5% were used to de-acids (PLFA). For this, one third of the extract of the 0-
termine the carry-over of CL-GDGTSs into the IPL-fraction 1cm sediment slice from Station 3, from the cores incubated
and measured directly via HPLC/APCI-MS, 60 % were kept with bicarbonate, glucose, amino acids and the background

www.biogeosciences.net/11/201/2014/ Biogeosciences, 11,218-2014
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Table 2. The bottom water Ng concentrations andf-3DIC changes over the incubation tim&,(_;0), as well as oxygen penetration depths
measured after the incubations. In brackets, the average values of oxygen penetration depth for the cores before incubation. BG (background
Bic (bicarbonate), Pyr (pyruvatexInh (nitrification inhibitor nitrapyrine added).

Station  Incubation NQ A§13 DIC;_;0 O, Pen depth
[umol L4 [%o] [mm]
t=0h r=62h r=144h r=62h t=144h t =144h

(before: 17)

BG 17.9 19.1 4.1 0.6 2.8 11
Bic 15.9 16.2 8.2 66.5 156.2 16
1 Pyr 18.1 19.2 5.9 109.1 457.0 16
BG+Inh 15.5 16.3 13.9 -0.5 2.6 20
Bic+Inh 11.5 12.0 3.8 135.3 275.5 20
Pyr+Inh 254 25.6 14.3 72.7 671.1 16
(before: 13)
BG 12.14 11.37 0.09 -0.5 2.9 9
Bic 5.55 4.05 0.07 336.5 606.0 6
5 Pyr 13.77 12.48 0.12 366.6 1570.7 6
BG+Inh 10.72 10.45 0.19 0.1 35 5
Bic+Inh 7.22 6.79 0.09 255.4 570.1 6
Pyr+Inh 5.01 3.17 0.06 511.3 1136.4 16
(before: 16)
BG 13.84 0.00 0.13 1.5 -2.3 n.d*
Bic 13.83 12.60 0.08 558.2 814.3 ri.d.
Pyr 6.45 4.23 0.12 1108.9 1496.3 rf.d.
Glu 14.14 12.03 0.11 90.4 194.2 rid.
3 AA 15.34 13.55 0.15 82.7 201.9 n*d.
BG+Inh 16.06 13.39 0.11 0.3 4.9 8
Bic+Inh 15.23 14.05 0.18 244.8 520.3 ri.d.
Pyr+Inh 8.92 6.68 0.10 682.7 1644.5 8
Glu+Inh 5.86 4.77 0.03 110.8 301.2 10
AA+Inh 14.36 13.41 0.09 62.2 368.2 riid.

*n.d. — could not be determined.

core (all without nitrapyrine), were used and analysed forselected IPL-GDGTs. IPL-GDGTs monitored were mono-
PLFA according to Guckert et al. (1985). Briefly, the aliquots hexose (MH)-crenarchaeol, dihexose (DH)-crenarchaeol and
were separated over a silica column with DCM, acetone andhexose, phosphohexose (HPH)-crenarchaeol. Performance
methanol, with the methanol-fraction containing the PLFA. was monitored using a lipid extract of sediment known to
PLFA fractions were saponified in methanolic KOH (2 N), contain the monitored GDGTs that was injected every 8 runs.
and, after adjusting to pH 5, the resulting fatty acids wereResponse areas per ml sediment (ml sed) are reported, as ab-
extracted with DCM and methylated with BfMeOH (with solute quantification was not possible due to a lack of stan-
a 813C of —25.44 0.2 %o V-PDB) before measurements by dards. The values reported are the averages of duplicate in-
gas chromatography — isotope ratio mass spectrometry (GJections and their standard deviations.

irMS). Thes13C values for the fatty acids were corrected for

the added carbon. 2.8 GC-MS and GC-irMS

2.7 HPLC-APCI-MS and HPLC-ESI-MS GC-MS was used to identify the biphytanes and
phospholipid-derived fatty acid methyl esters (FAME)
The CL-fractions, hydrolyzed IPL- fractions and the IPL- using a TRACE GC with a DSQ-MS. The gas chromato-
fractions themselves (to determine the carry-over of CLgraph was equipped with a fused silica capillary column
into the IPL fraction) were analysed by HPLC-APCI-MS (25m, 0.32 mm internal diameter) coated with CP Sil-5 (film
as described previously (Schouten et al., 2007). HPLC+hickness 0.12 um). The carrier gas was helium. The com-
ESI-MS in selected reaction monitoring (SRM) mode, as pound specific isotope composition of the biphytanes and
described by Pitcher et al. (2011b), was used to analyséatty acids was measured with an Agilent 6800 GC, using
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the same GC column conditions, coupled to a ThermoFisheB.2 GDGT-abundance
Delta V isotope ratio monitoring mass spectrometer. The
isotopic values were calculated by integrating the mass 44gpGT-concentrations averaged over all cores from the incu-
45 and 46 ion currents of the peaks ancisthat obGPkes  pations (10 per station) are shown with standard deviation in
produced by admitting C&with a known™C-content into  4der to give an impression of the range of concentrations
the mass spectrometer at regular intervals. The performancg, ;nqg (Fig. 5). GDGT-0 and crenarchaeol were present as
of the instrument was monitored by daily injections of a 5 ¢gre lipid in concentrations of 0.4 to 0.8 ug mL Seand
standard mixture of a4 and a G4 perdeuterated n-alkane. 4 og 0 0.12 Lg mL sédor the minor isoprenoid GDGTS (i-
Two replicate analyses (one in the case of the fatty acidSl;pGTs; GDGT-1, -2 and -3). Concentrations were similar at
were carried out and the results were averaged in order tQ)| stations and did not show substantial changes with sedi-
obtain the average and standard deviations. The stable cafent depth. IPL-derived GDGTs were present in lower con-
bon isotope compositions are reported in the delta notationantrations and amounted to 0.09 to 0.3 (GDGT-0), 0.07 to
against the V-PDB standard. Some values of the biphytaneg 1g (crenarchaeol) pg mL sel Concentrations were gen-
could not be determined due to low concentrations, mainlyera"y lower at station 1 compared to stations 2 and 3.
in the background cores at station 2. For calculations of pirect analysis of individual IPL-crenarchaeol showed
incorporation, the background values from station 1 wereinat the head groups mainly consisted of monohexose (MH)-
used. and hexose, phosphohexose (HPH)- headgroups, with only a
small contribution of dihexose (DH)- head groups (Fig. 5c).
The proportion of HPH- to the total peak area of IPL-
crenarchaeol was ca. 80-90 % in the surface sediments (0-1
3.1 Sediment characteristics and 1-2 cm) of all stations. At station 1 and 2, this decreased
to 10-25% in the deepest sediment slice analysed, 6—7 cm.
The sediments at stations 1-3 consisted of sand, sandy clagt station 3, HPH-crenarchaeol dominated at all sediment
and dark and soft mud, respectively. Oxygen penetratiordepths (Fig. 4).
depth was on average 17 mm at station 1, while oxygen pen-
etrated slightly less deep at station 2 (13 mm on average) ang_3
station 3 (15.5 mm on average; Fig. 4). At station 1, organic
carbon contents were low with 0.6 % at 0—1 cm depth and . . )
0.3% at 1—2 cm and 6-7 cm depth. Organic carbon contentincubations experiments were started directly after core re-

were higher at station 2 and amounted to 1.4—1.7 % and wer&0Very andsinitigl sampling by injection of solutions, which
highest at station 3 (2.0-2.5%). The pH of the bottom Wa_contalned1 C-bicarbonate, pyruvate, glucose , amino acids

ter hardly differed between stations and was typically marineC! Just water (incubated for comparison and further called

(i.e. 8.2 at station 1, 8.0 at station 2, and 7.9 at station 3). "€ “background core”) over the first 7.cm of the cores. The
Pore water concentrations of nutrients, as shown in Fig. 4C0res were incubated atin situ temperatures)yfor 6 days

showed similar trends with depth at the three stations. In-(4 days for st%tlon 3) and subsequently sliced and stored

organic phosphate concentrations were 1pumdlin the for analysis of-3C-enrichment in lipids. Oxygen penetration

bottom water and generally increased with depth up to 7_depths were measured and bottom water was sampled at the
14 pmol L1, Ammonia concentrations increased as well start of the experiment, after 48 h (36 for Station 3) and at the

with sediment depth, from 0.19 to 1.3 umGH_in bottom end of the incubations. At all stations, nutrient concentrations

water to 44-70umolt! at depth. Nitrite concentrations of the bottom water did not change over the 6 days (5 days for

were an order of magnitude higher in the pore water (0.32_station 3) of incubation, except for nitrate, which generally
0.62 umol 1) than in the bottom water (0.055 umott) showed a decrease (Table 2). The bottom water pH remained

and increased with sediment depth. Nitrate concentration&0Stly constant, except at station 1, where it changed during

were high in the bottom water, 14 umott, and generally the incubation from 8.2 to 8.0 in all incubations, similar to

decreased quickly with depth in the sediment to values pelhe other sediment cores and perhaps indicating that the ini-

tween 0.6 and 3 pmoltl. Thes3C of the DIC showed also tial value of 8.2 might have been due to an error in the mea-
: : 13 i

similar profiles at the three stations. It decreased from 1 %SUrement. Thé=°C of the DIC in the bottom water substan-

in the bottom water te-3 %o in the pore water. At station 2, tally increased in the cores whe?%c-_labeled compounds
513C of the DIC could only be measured in the bottom wa- and bicarbonate was added, but not in the background cores

ter and the four uppermost pore water samples, but, in theskrable 2). In cores from station 2, oxygen penetration depths

samples, showed the same decrease with depth as observagcreased to 6-9 mm in all incubation experiments except for
at Station 1. from=1.3 %o t0—2.9 %o. the core incubated with pyruvate and inhibitor, as well as in

cores from station 3, where a decrease in oxygen penetration
depth to 8-10 mm was observed (Table 2). In all cores from
the three stations, no major differences in IPL-crenarchaeol

3 Results

Incubation experiments
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Fig. 4. Oxygen microprofiles and pore water results vs. depth at statfaj) 2 (b) and 3(c).

concentrations upon incubation could be detected (Figs. S14-2 cm slices of station 1 is statistically significant at a 95 %
S3). confidence level:(2) =6.6-9.0,P = 0.05).

The s13C-values of the biphytanes released from the IPL- To determine whether the addédC-labelled substrate
GDGTs of the background cores were ranging fret7 to was incorporated into sedimentary microbial biomass at all,
—24 %o at all stations (Table 3), which is within the natu- phospholipid-derived fatty acids, stemming from bacteria or
ral variation observed for biphytanes sourced by Thaumareukaryotes, were analysed from the surface sediments of
chaeota in marine sediments (Hoefs et al., 1997; Kdnnekehe bicarbonate, amino acids and glucose incubation experi-
et al., 2012; Schouten et al., 2013). No substarti@l en-  ments53C values of the most common fatty acidgs@and
richment of biphytanes was observed in nearly all of the in-Cyg0 were enriched if®C by up to 80 % in the amino acid
cubation experiments (Fig. 6). The only exception was theand glucose incubation experiments compared to the back-
tricyclic biphytane in some of the incubations at station 1 ground (Table 4). The cores incubated wiiC-labeled bi-
(with 13C-labelled substrates bicarbonate, bicarbonate andarbonate that were analysed showed#®-enriched fatty
inhibitor, and pyruvate and inhibitor at nearly all depths) and acids.
one incubation (with pyruvate and inhibitor at 6—7 cm depth)
at station 2 with enrichments ranging from 2 to 4 %.. How-
ever, due to the large standard deviations ins€ values
of the background cores, only the enrichment of 2-5 %o in the
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Table 3.Background (BG) values @f-3C of the biphytanes (BP) measured in the sediment§}2C of the biphytanes that were incubated

just with water, but under the same conditions). These values were used for determination&f6GeBG values were subtracted from the

813C of the corresponding value measured from the cores incubated with label (Fig. 6). Numbers indicate the depth interval the sample was
coming from,+ : nitrification inhibitor nitrapyrine added for incubation, — : no inhibitor added. Values at station 2 could not be determined
due to low concentrations.

Station 1 Station 2 Station 3
313(: 813C 8130
[%o] [%o] [%a]
Sediment acyclic bicyclic tricyclic acyclic bicyclic tricyclic acyclic bicyclic tricyclic
(cm) BP BP BP BP BP BP BP BP BP
0-1 —-22.0+0.1 -20.5+1.1 -19.94+0.3 n.d* n.d* n.d* —20.4+0.2 -20.2+1.2 -19.8+0.8
— 1-2 —-21.4+05 -20.7+0.1 -20.2+0.0 n.d* n.d* n.d* —-19.6+1.2 -183+14 -17.7+19
6-7 —21.4+0.2 -2244+419 -2154+23 n.d* n.d* n.d* —20.6+£04 -20.1+04 -19.2+0.6
0-1 n.d¥ n.d* n.d* n.d* n.d* n.d* —19.3+06 —-19.7£0.6 —-19.4+0.3
+ 1-2 —22.0+0 —21.2+04 -21.3+0 —229+09 -214+14 -20.3+09 -19.44+0.1 -19.9+04 -19.24+0.2
6-7 —22.4+0 —20.0£0.6 —-22.2+0 —22.0+0.0 -21.0+04 -20.0+04 —-22.44+0.0 -21.44+04 —-20.7£0.1

* n.d. — could not be determined.

Table 4.513C values of fatty acids measured in the 0—1 cm slice in
cores from station 3, incubated without inhibitor, for 5 days.

Station 1 Station 2 Station 3 813C
a 1.2
[%]
- 1.0
2_ o Fatty acid BG Bic Glu AA
8% o6 Cig0 —255+£0.2 -253+0.6 20.6£05 30.0+3.9
B E Cigo —246 —245+0.2 66.2:04 63.1+2.1
29 04
Q= .
3 o2 * Single measurement.
0.0 4
0-1cm 1-2cm 6-7 cm 0-1cm 1-2cm 6-7 cm 0-1cm 1-2cm 6-7 cm

o

0.4 . .
4 Discussion

0.3
4.1 Biomarkers indicative for live sedimentary
02 Thaumarchaeota
04 The only biomarker lipids up to now which are probably
o indicative for live Thaumarchaeota are crenarchaeol IPLs

0-1cm 1-2cm 67 cm 0-1cm 1-2cm 67 cm 0-1cm 1-2cm 6-7 cm (Pitcher et al., 2011b) Of these, the ones with a glyco-

- cocro sidic head group likely contain a substantial fossil compo-
100 nent, while the hexose, phosphohexose (HPH)-crenarchaeol
80 is more labile and its concentration corresponds well to
60 DNA-based thaumarchaeal abundance (Pitcher, 2011a and
0 b; Schouten et al., 2012; Lengger et al., 2012a). The pres-
i ence and dominance of HPH-crenarchaeol in the sediments
N strongly suggests that live Thaumarchaeota were present in
O-tem 12cm 67cm  O-lom 1-2em 67em  O-1om 1-2em 67 cm sediments at all the stations (Fig. 5). This was expected
Depth interval M- Pt crenarchaeol for the surface sediment, as oxygen and ammonium were

[ DH-crenarchaeol

=3 MH-crenarchacol present (Martens-Habbena et al., 2009; Erguder et al., 2009;

Fig. 5. GDGT-0 and crenarchaeol concentrations (averages), foer':ltzenplchIer, 2_012)' The ammonlum concentratlo_n proflles.,
CL-GDGTs (a) and IPL-derived GDGTgb) at all three stations with concentrations decreasing upwards, agree with aerobic

and core depths. Proportions of head groups of IPL-crenarchaeol aﬁmmonia OXidaFion prpcegding in the oxygenated parts, us-
all three stationgc). ing the ammonium diffusing from below. However, HPH-

crenarchaeol was present down to 7 cm depth, below the oxy-
gen penetration depth, which could indicate that either live
Thaumarchaeota were present at depth, using a metabolic

IPL-GDGT concentration
[ug (ML sed)™]

o

IPL-crenarchaeol
[%]
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Fig. 6. Difference ins13C-values £813Cjnc_pg) of the acyclic, bicyclic and tricyclic biphytanes in % in the cores incubated with labeled
substrate versus th#é3C values in the background cores (incubated with and without inhibitor) at sta@nstation 2(b) and station Jc)

from the cores incubated with bicarbonate and pyruvate, with and without inhibitor, and the cores incubated with glucose and amino acids
with and without inhibitor, at station @1).

process different from aerobic ammonia oxidation, or that4.2 Activity indicators and label uptake

this HPH-crenarchaeol is not stemming from live Thaumar- during incubation

chaeota at depth and was partly preserved. In any case, it is

not yet known what exactly the preferred environment for g era| parameters can be monitored during the incubation
Thaumarchaeota is, as they have been found to be active ig,ariments to cast a light on sedimentary microbial activ-
low and high ammonia and low and high oxygen environ- eq gtimylated by the addition of substrates. During incu-

ments (Martens-Habbena et al., 2009; Erguder et al., 2009440 4 decrease of oxygen penetration depths would indi-
Hatzenpichler, 2012). cate an increased aerobic metabolism at the surface, utilizing
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oxygen and preventing it from penetrating deeper, which wady the incubation. This could include HPH-GDGTSs as well,
expected in the slices where organic carbon was added. Howthough it is also possible that the bias during analysis, that is,
ever, at station 1, this was not observed and oxygen penetrdess during silica column chromatography (cf. Lengger et al.,
tion depths only decreased in the background core (Table 22012b), resulted in an underrepresentation of HPH-derived
This could be due to the aeration carried out by bubbling airGDGTs.
into the bottom water of the core, and oxygen penetrating The biphytanes analysed included a-, bi- and tricyclic bi-
deeper into the sandy sediment. However, the cores from stgshytane, which are mainly derived from the two most abun-
tion 2 showed a decrease of oxygen penetration depth aftedtant GDGTs: GDGT-0 (acyclic; general archaea), and cre-
incubation, except for the core incubated with pyruvate andnarchaeol (bi- and tricyclic; Thaumarchaeota). Importantly,
inhibitor. Also the cores from station 3 (i.e. those where oxy- in nearly all of the incubation experiments, #&C values
gen penetration depth could be measured) showed a decreasé all measured biphytanes, including those derived from cre-
indicating that the oxygen was consumed upon incubationparchaeol, changed by less than 2%, and sometimes even
independent of the type of substrate added to the cores. Andecreased if3C-content compared to the background val-
monia and nitrite concentrations in the bottom water showedues (Fig. 6). In some of the experiments, mainly at station 1,
no changes during the incubations. No significant differences slight enrichment in the tricyclic biphytane, derived from
can be seen if the cores incubated with and without nitrifica-crenarchaeol, of up to# 2 %. was observed though this dif-
tion inhibitor are compared, indicating that either the com- ference is not statistically significant for individual experi-
munities are not affected by it, or potentially that the inhibitor ments. Furthermore, the bicyclic biphytane, also predomi-
was not as effective in a sedimentary environment as in watenantly derived from crenarchaeol, shows, in general, lower
incubations (e.g. due to adherence to particles). Nitrate conl3C-enrichments than the tricyclic biphytane and also no sta-
centrations were, at station 2 and station 3, below detectiottistically significant enrichments for individual experiments.
limit after 6 and 5 days, respectively, suggesting consumptioriThus, there is no evidence for substantial uptakEetlabel
of nitrate (Table 2). This may indicate a strong contribution in archaeal GDGTSs, contrary to what is observed for the
of denitrification to organic carbon processing in these sedPLFA.
iments in the sections below oxygen penetration depth. The This apparent lack of uptake could be due to three rea-
increase ins13C of the DIC in the bottom water of all cores sons. Firstly, it is possible that the Thaumarchaeota were ac-
compared to the background cores (Table 2) clearly showedive, but the substrates were not taken up. It is possible that
that the organic substrates added were respired. Previous |l#he metabolism of the different Thaumarchaeota could be
beling experiments with similar substrates have been sucediverse, but in the case of the bicarbonate incubations it is
cessful in detecting uptake &fC-label into bacterial PLFA  unlikely, as in sea water incubations as well as enrichment
(e.g. Guilini et al., 2010), resulting in a highly labelegs@, cultures — including those of sedimentary Thaumarchaeota —
among other PLFAs. Indeed, the strong labeling of the bac3C from bicarbonate has been shown to be readily incorpo-
terial PLFA G0 at station 3 indicated that the organic sub- rated into biphytanes (Wuchter et al., 2003; Park et al., 2010;
strates were readily taken up by bacteria, and potentially nonPitcher et al., 2011c). Secondly, it is possible that most of
photosynthetic eukaryotes (PLFA &9, C1s0), and incorpo-  the IPLs measured (i.e. MH- and DH-GDGTSs, assuming the
rated into their biomass. Intriguingly, no incorporation was chromatographic discrimination against the HPH-GDGTS)
observed upon labeling with bicarbonate, which is in contrastare fossil, and thus only a small amount of these IPLs are
to other studies with oligotrophic sediment cores who usedpart of live and active sedimentary Thaumarchaeota. Finally,
similar concentrations (e.g. Guilini et al., 2010). The amountit is also possible that a higher proportion of the IPLs are part
of PLFA generated by chemoautotrophs present might havef sedimentary Thaumarchaeota, but that their metabolism
been too low to allow unambiguous detection of the incorpo-and growth rates are so slow (as opposed to Thaumarchaeota
ration in this case. in sea water and enrichment cultures), that no incorporation
The most abundant archaeal lipids were crenarchaeol, aould be detected over the timescales investigated. Thus, our
lipid specific for Thaumarchaeota (Sinninghe Damsté et al.jncubation times of 96—144 h may have been too short. How-
2002; de la Torre et al., 2008; Schouten et al., 2008; Pitcheever, longer incubation times inevitably result in spreading of
et al., 2011b; Sinninghe Damsté et al., 2012), and GDGT-0the label over the whole sedimentary food web as, for exam-
a lipid produced by Thaumarchaeota as well as some otheple, discussed by Radajewski et al. (2003) for stable isotope
Archaea (cf. Koga and Nakano, 2008). Their concentrationgrobing of nucleic acids. This is why this study, and nearly all
did not substantially change upon incubation, suggesting thadther incubation studies (e.g. Boschker et al., 1998, Guilini et
Thaumarchaeota abundances did not change (Fig. 5 shoval., 2010, cf. Middelburg, 2013 and references cited therein),
ing an average of all incubated cores, with standard deviincluding those for sediments (e.g. Middelburg et al., 2000,
ations). However, this could also indicate that the majority Moodley et al., 2002), use only a short time interval (mostly
of IPLs in these sediments were fossil (cf. Schouten et al.just a few days) to avoid this label scrambling. Indeed, our
2010; Logemann et al., 2011; Lengger et al., 2012a) and notesults show that the uptake in bacteria is occurring within a
part of living Thaumarchaeota, and thus not affected at all
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few days suggesting that, if active, microbes rapidly take upenrichment cultures (Park et al., 2010). The growth rates re-
label. ported here might be an underestimation if a large proportion
of archaeal cells is fossil; and the use of lipid turnover times

4.3 Estimating growth rates of Thaumarchaeota and  might be more suitable, as discussed below. Slow growth
turnover rates of IPL-GDGTs could potentially be due to the experiments not being carried

. ) _outin situ on the seafloor. However, incubations were carried
To investigate whether growth rates as well as degradation, i, whole, intact sediment cores, in the dark, immediately

rates of IPL_-(|313DGTS were responsible for the apparent lackyger recovery, and at in situ temperatures in order to mini-
of substantiaf“C-labeling, we used data from our experi- i, the deviations from in situ conditions, although, admit-

ments to estimate minimal growth rates and the turnover timgg )y, the pressure was at atmospheric conditions. Therefore,
of IPL-GDGTSs. The greatest label incorporation was found s is unlikely to explain the low growth rates.

at station 1 in the sandy sediment, indicating that Thaumar- g c5|culations above assume exponential growth of sed-
chaeota may have been active there. If all IPL-GDGT bi-jnentary Thaumarchaeota and an immediate translation of
phytanes are stemming from living cells, and an enrichmeniyis signal into the lipid pool. If, on the other hand, steady
of 2% of biphytanes is assumed, this can be converted Q16 conditions are assumed (i.e. cell numbers and lipid

growth rates by using a formula used for growth of phyto- ¢, centrations are not increasing but remain constant), the
plankton based on the isotope dilution theory of Laws (1984;

h ) ‘ ‘turnover time for the sedimentary lipid pagj can be calcu-
Eq. 1), withpe representing the growth ratgnc the incuba- | 540q according to Lin et al. (2012):
tion time, P* the atom %-excess of the product, in our case
the biphytane, andi* the atom %-excess of the substrate ,  A™ - finc 2
added (cf. alkenone lipids for eustigmatophyte algae; Poppto P )

etal., 2006): Using Eq. (2), the turnover time of IPL-crenarchaeol in sed-
p* iments would thus be at least4yr based on the 4 %o en-
(1— - ) (1) richment of the tricyclic biphytane in the bicarbonate incu-
bation experiment. Since labeling was not detected in the
Unfortunately, as natural concentrations of the added subether sediments, this turnover time estimate is likely to be
strates were not determined,* could not be calculated a minimal estimate. This large turnover time is not an un-
for the incubation experiments with pyruvate, glucose andusual postulate for thaumarchaeal lipids in sediments, as also
amino acids. In the bicarbonate experiments, we calculatedlin et al. (2012) found very low3C incorporation rates of
A* based on the amount of added 99 %-labeled DIC and natlabeled glucose into sugar moieties of glycosidic GDGTs
ural 13C and concentration of DIC (Table 2). Fér* we over >400d in slurry incubations of subsurface sediments
used the highest enrichment observed at 6—7 depth with nand used these to estimate turnover times of diglycosyl-lipids
inhibitor (i.e. 4 %0). This gives an estimate of the maximum of 1700-20 500 yr. Similarly, recently published degradation
w as 6.3x 104d~1, corresponding to a generation time of experiments by Xie et al. (2013) usingC-labeled IPL-
3yr. Clearly, for the other bicarbonate experiments whichdiether lipids found very high turnover times and estimated
resulted in even less label incorporation, generation timesalf-lives of up to 310 kyr under energy-deprived subsurface
will be much higher (e.g. for a 2%. enrichment, 9yr). In- conditions. This is in strong contrast to GDGTs in the wa-
terestingly, growth rates as low as estimated here have beeter column: Using the SIP data of Wuchter et al. (2003) and
predicted by Valentine (2007), who stated that the archaeaPitcher et al. (2011c) from incubations of North Sea water,
domain, other than bacteria and eukaryotes, has adapted toe obtainedy, of 76 and 128 d, respectively, for the thau-
low energy conditions and is thus characterized by the exmarchaeal GDGTSs.
ceptional ability to live in low energy environments. They  Our results are similar to those obtained by in situ in-
are thus not fast in adapting to settings with higher con-cubations carried out by Takano et al. (2010) and Nomaki
centrations of available carbon and redox substrates. Howet al. (2011), that is, they did not observe significant in-
ever, this has not been observed for pelagic Thaumarchaeotrporation after 405 days into the biphytanyl chains either
as SIP experiments showed a substantial enrichmel¥dn  (even though one single data point after 9 days does show
in IPL-GDGTs (Wuchter et al., 2003; Pitcher et al., 2011c) a 10 %0 enrichment), though they did observe incorporation
in incubation experiments of 168 and 24 h duration. Indeed,nto the glycerol moiety. A possibility, as suggested ear-
the generation times calculated from enriched North Sea walier, is that biphytanyl chains are not or hardly produced by
ter labeling experiments conducted by Wuchter et al. (2003sedimentary Thaumarchaeota, but recycled, and the sugar
A* =5%; P* = 0.46 %—400 % enrichment) and Pitcher et headgroups and/or the glycerol are only newly generated
al. (2011c;A* = 9%; P* = 0.07 %—44 %o enrichment) were and'3C-labeled. In this case, isotope ratios of whole ether
at least an order of magnitude lower than observed here {ipids instead of the biphytanes would enable detection of
50 and 88d, respectively. Also sedimentary Thaumarchaeotthe label, but this involves laborious clean-up of the iso-
have been shown to incorporatéC from bicarbonate in lated ether lipids (Takano et al., 2010). However, as also the
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