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Deep subseafloor sediments host a microbial biosphere with un-
known impact on global biogeochemical cycles. This study tests
previous evidence based on microbial intact polar lipids (IPLs) as
proxies of live biomass, suggesting that Archaea dominate the
marine sedimentary biosphere. We devised a sensitive radiotracer
assay to measure the decay rate of ([14C]glucosyl)-diphytanylglycer-
oldiether (GlcDGD) as an analog of archaeal IPLs in continental mar-
gin sediments. The degradation kinetics were incorporated in model
simulations that constrained the fossil fraction of subseafloor IPLs
and rates of archaeal turnover. Simulating the top 1 km in a generic
continental margin sediment column, we estimated degradation rate
constants of GlcDGD being one to two orders of magnitude lower
than those of bacterial IPLs, with half-lives of GlcDGD increasing with
depth to 310 ky. Given estimated microbial community turnover
times of 1.6–73 ky in sediments deeper than 1 m, 50–96% of archaeal
IPLs represent fossil signals. Consequently, previous lipid-based esti-
mates of global subseafloor biomass probably are too high, and the
widely observed dominance of archaeal IPLs does not rule out a
deep biosphere dominated by Bacteria. Reverse modeling of existing
concentration profiles suggest that archaeal IPL synthesis rates
decline from around 1,000 pg·mL−1 sediment·y−1 at the surface to
0.2 pg·mL−1·y−1 at 1 km depth, equivalent to production of 7 × 105 to
140 archaeal cells·mL−1 sediment·y−1, respectively. These constraints
on microbial growth are an important step toward understanding
the relationship between the deep biosphere and the carbon cycle.
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Deep marine sediments host a large microbial population (1).
Estimates of cellular carbon in subseafloor sediments range

from 4 to 303 Pg C (2–5). Recalcitrant organic matter is con-
sidered to constitute the major source of metabolic energy (1).
Estimates of turnover times of microbial populations in the
subseafloor range from hundreds to thousands of years (3, 6, 7).
Intact polar lipids (IPLs) of both Archaea and Bacteria have

been proposed as life markers of microbes in sediments and soils
(8, 9). Because of the reactivity of the bond linking the polar
head group to the glycerol backbone of IPLs, these are assumed
to be unstable after cellular decay (10–12) and therefore have
been applied as proxies for live microbial cells in a variety of
ecosystems (e.g., refs. 4, 9, 13, and 14). The value of an IPL as
a life marker depends on the fate of extracellular IPLs, i.e.,
compounds no longer associated with intact cells that may ac-
cumulate as molecular fossils, and more specifically, on the re-
lationship between the turnover time of extracellular IPLs and
that of cellular biomass.
In marine subseafloor sediments, archaeal IPLs generally are

more abundant than their bacterial counterparts (4, 6, 15). This
observation led to the suggestion that Archaea are the dominant
microbial domain in this habitat (4, 6). The predominant ar-
chaeal IPL type consists of glycosidic ether lipids, whereas
phosphate ester–based IPLs commonly found in Bacteria and
Eukarya, so-called phospholipids, rarely are detected in deeply
buried subseafloor sediments (4, 6, 15). This dominance of
one structurally distinct IPL type raised questions regarding the

suitability of glycosidic IPLs as proxies for live biomass in the
deep biosphere (15, 16).
Previous experiments on IPL degradation showed generally

higher degradation rate constants for bacterial/eukaryal phos-
pholipids vs. archaeal IPLs (11, 12, 17). Although these experi-
ments generally are informative in qualitative terms, their
relevance to exploring the fate of microbial IPLs in the deep
biosphere is limited because studies either were conducted as
relatively short incubations of active surface sediments, partially
under aerobic conditions (11), or monitored the declining con-
centration of IPLs, which resulted in noisy data with high
uncertainties, especially for the more slowly decaying archaeal
IPLs (12, 17); this circumstance prevented extrapolation to
longer time scales. In addition, the recent 100-d–long degrada-
tion experiment of archaeal IPLs did not encompass the glyco-
lipids typically found in subseafloor sediments (12).
Laboratory-based simulation of biogeochemical processes op-

erating on geological time scales, such as IPL turnover in the deep
biosphere, is inherently difficult, and residual uncertainties are
a consequence. High-quality experimental data on the degradation
kinetics of relevant IPLs under suitable conditions are required to
establish models that simulate the turnover of IPLs and, by in-
ference, microbial turnover. Two recent studies quantitatively
examined turnover of archaeal IPLs but without using informed
estimates of the degradation kinetics under sedimentary con-
ditions. For example, Lipp and Hinrichs (15) assumed IPL half-
lives (1–500 ky in a hypothetical 1-km sediment column) to be in
the general range of existing estimates of subseafloor community
turnover times. Schouten et al. (16) examined a scenario in which
degradation of water column–derived archaeal glycolipids without
sedimentary in situ production governs the IPL concentration
profile and argued against the necessity of in situ production be-
cause of the striking similarity of the IPL regression line (4) and an
empirical total organic carbon (TOC) decay function (18)—
a phenomenon to be expected if glycosidic archaeal IPLs were to
degrade with kinetics similar to those of bulk TOC; the corre-
sponding IPL half-lives in a hypothetical 1-km sediment column
ranged from 2 ky to 220 My [a = 0.22, b = 1 (16); Eqs. S4A and
S11A when b = 1].
Given the above-mentioned uncertainties regarding the fate of

microbial lipids in the subseafloor, we designed a highly sensitive
radiotracer assay for determining the degradation rate during
300-d incubation of the partially 14C-labeled compound ([14C]
glucosyl)-diphytanylglyceroldiether (GlcDGD); Fig. 1A] using
a shallow-water surface sediment and a deeply buried conti-
nental margin sediment; we induced methanogenic conditions to
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mimic low–metabolic energy conditions presumed to prevail in
large volumes of continental margin sediments that are situated
below the sulfate–methane transition zone (19). GlcDGD served
as model compound for the most abundant class of archaeal
IPLs. In a next step, we assessed the validity of IPLs as proxies of
subseafloor biomass by simulating concentration profiles of ar-
chaeal and bacterial lipids in a generic continental margin sub-
seafloor sediment column. In this model, the production rate of
microbial lipids was linked to the decay rate of TOC and deg-
radation rates of IPLs were computed on the basis of experi-
mentally derived degradation rate constants. In an independent
model, we estimated the sedimentary production rates of ar-
chaeal lipids required to balance the experimentally determined
decay rates to account for observed subseafloor lipid profiles (4).
Collectively, this study provides unique quantitative information
regarding the significance of microbial lipid distributions in
subseafloor sediments and constrains the turnover of subseafloor
microbial populations.

Results and Discussion
Degradation Kinetics of IPLs in the Deep Biosphere. Partially 14C-
labeled GlcDGD enabled us to monitor hydrolysis of its glyco-
sidic bond during anaerobic incubation in both surface and
subseafloor sediment from the German Wadden Sea and the
Cascadia Margin, respectively. The premise of the experiment is
that intact GlcDGD is largely insoluble in water, whereas 14C-
labeled products resulting from cleavage of the polar headgroup
are either highly water soluble (14C-dissolved inorganic carbon
[DIC], [14C]glucose, and degradation products of glucose) or
detectable in the gas phase ([14C]CO2, [

14C]CH4) (compare Fig.
1). However, because of the slight solubility (equivalent to 2% of
initial radioactivity) of GlcDGD in water and the lack of sig-
nificant radioactivity change during the experiment, the potential
release and accumulation of radioactive organic intermediates
were not detectable (Fig. S1). This is consistent with observations
by Harvey et al. (11), who barely detected intermediates during
degradation of archaeal IPLs. Consequently, degraded products
were detected only as radioactive DIC, CH4, and CO2. The
reported degradation rates thus are minimum estimates; actual
rates may be slightly higher. After 300-d incubation, 0.5%
GlcDGD was degraded in Wadden Sea sediment, whereas only
0.15% was degraded in Cascadia Margin subsurface sediment
(Fig. S1).

A large majority of the diagenetic reactions and processes in
marine sediments are related either directly or indirectly to the
degradation of TOC (18), which follows first-order kinetics (18).
The degradation rate of IPLs (IPLdeg) in sediments also may be
described by first-order kinetics (Eq. S1; see II. SI Text, section
II.1, where all calculations are reviewed), using a degradation
rate constant k′ that decreases with time (12, 16) (Eqs. S2–S4
and Table S1). For experimental observations, values of k′ of
ester-bound IPLs are two to four orders of magnitude higher
than those of GlcDGD, whereas k′ of GlcDGD is an order of
magnitude higher in surface sediment than in subsurface sedi-
ment (Fig. 1C).
Simulation of the fate of IPLs in the deep biosphere requires

extrapolation of k′ to a geological time scale (Fig. 1C; II. SI Text,
sections II.1 and II.2; and Figs. S2–S4). Extrapolated values of k′
for both ester-bound IPLs and GlcDGD decline with depth but
converge as the result of different slopes b′; k′ values of GlcDGD
in both surface and subsurface sediment remain lower than those
of ester-bound IPLs for at least 107 years (Fig. 1C). The effect of
presumed higher microbial activity in the Wadden Sea surface
sediment is reflected in around four to five times higher k′ values
of GlcDGD relative to Cascadia Margin sediment in the pro-
jected time interval. Even higher values of k′ were obtained
previously in shorter degradation experiments of diglycosyl-
DGD using mangrove, beach, and marsh sediment (11; Fig. 1C).
Potential uncertainties induced by the extrapolation to geo-

logic time scales require careful examination of propagated
errors caused by reverse fitting of experimental results for the
determination of a′ and b′. The methodology and consequences
for subsequent models are discussed in II. SI Text, section II.2
and illustrated in Figs. S2–S4. The uncertainties are generally
larger for extrapolations of k′ for GlcDGD compared with ester-
bound IPLs, with the consequence that we can confidently pre-
dict k′ within less than two orders of magnitude for 10-My-old
sediments (Figs. S3 and S4).

Simulation of IPL Profiles in the Deep Biosphere and Implications for
Subseafloor Life. Simulation of the effect of different values of k′
on vertical sediment profiles of archaeal and bacterial IPLs
requires reasonable estimates of their production rates in the
subseafloor. We simulated the production of IPLs in a generic
model sequence of continental margin sediment under the as-
sumption that microbial growth and lipid biosynthesis are tightly
linked to the degradation kinetics of TOC. For this purpose, we

Fig. 1. Determination of the degradation kinetics of GlcDGD and resulting degradation constants as a function of time. (A) Molecular structure of partially
radiolabeled GlcDGD that serves as a model compound for prominent sedimentary archaeal IPLs. (B) Flow sketch of the anaerobic incubation experiment. (C)
Relationship of degradation constant (k′) of GlcDGD (this study), ester-bound IPLs (12) (representative of typical bacterial IPLs), and archaeal diglycosyl (2G)
DGD (11) (anaerobic incubation in mangrove, beach, and marsh sediment). ○ and ●, k′ values determined from experimental results. Lines for t < 1 y were
derived via linear fitting between calculated k′ and t (Eq. S2); lines for t > 100 y represent modeling results based on reverse fitting of experimental results
(Eq. S4; see II. SI Text, section II.1 for details). The gap is a result of the minimum age of the modeled sediment column (Fig. 2) of 100 y.

Xie et al. PNAS | April 9, 2013 | vol. 110 | no. 15 | 6011

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
EA

RT
H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT


used a diagenetic model of TOC decay (20) that has been vali-
dated independently as widely applicable (21). Detailed param-
eters used in the model are presented in II. SI Text, sections II.3–
II.5. In brief, sedimentation rates are set to 10 cm·ky−1, TOC
concentration at the sediment surface is set to 1%, and decreases
in response to simulated degradation are set to 0.2% at 1 km
subseafloor depth (Fig. 2A and II. SI Text, section II.3). The
biomass of microbial populations is scaled with the free-energy
yield of the used metabolic reaction (22), which is considered to
be minimal in the deep biosphere (19). We converted the rate of
degraded TOC into microbial biomass using carbon assimilation
efficiencies of 1%; such low values have been established for
anaerobic methanotrophic archaea (23, 24) that metabolize close
to the biological energy quantum (25); 1/13 of the assimilated
carbon is flowing into biosynthesis of IPLs (4, 26) (II. SI Text,
section II.4). For the sake of illustrating the fate of both archaeal
and bacterial IPLs, we divided the flow of carbon from microbial
cells equally between Archaea and Bacteria; other ratios resulted
in qualitatively similar results. Consequently, the resulting mi-
crobial biomass should comprise equal portions of both domains
if the respective cellular populations turn over at equal rates.
The simulated rate of IPL production, IPLpro-TOC, decreases

with depth from 90 to 0.02 pg·mL−1 sediment·y−1 in the 1-km
sediment column (Fig. 2B). IPL concentration then was modeled
using a simple box-model that assumes that IPL concentration at
each depth interval is represented by an input (IPLpro-TOC) and an
output (IPLdeg) flux (15) (Eq. S10 and Fig. 2 B and C). The
resulting profiles exhibit some of the general features also found in
a compilation of widely distributed IPL profiles (Fig. 2C) (4). For
example, the concentrations of archaeal IPLs exceed those of their
bacterial counterparts by up to two orders of magnitude in sedi-
ments below 1 meters below seafloor (mbsf). The minimum of
simulated bacterial IPL concentration in the top 5 cm was caused
by a higher rate of degradation relative to production and results
from the high starting concentration of IPLs at the sediment
surface, which is defined by the regression (4) and regulates
degradation (Eq. S1). The predicted concentration profiles of
archaeal and bacterial IPLs fall in the general concentration
ranges also observed in nature. These general trends remain
largely unchanged when we consider the error propagation related

to our extrapolation of k′ (Figs. S2–S4). This simulation thus
demonstrates that typical sedimentary IPLs applied as proxy for
microbial biomass and its taxonomic composition would over-
estimate both total biomass and the proportion of Archaea. We
therefore suggest that currently the most realistic estimates of
archaeal vs. bacterial biomass are derived from refined DNA-
based techniques (4, 27, 28); accordingly, Bacteria are similarly
abundant as Archaea, although predominance of one domain may
occur in specific environments.
The comparison of our simulated microbial biomass production

with the global regression of cellular counts (1) constrains the
turnover of pools of IPLs and cells as well as the fossil fractions of
the different IPL types (Fig. 3), keeping in mind the limitation that
the samples included in the global data set of subseafloor cells (1)
may not be ideally represented by the boundary conditions in our
model. Biomass turnover times generally range from 1.6 to 73 ky.
The steep decrease of cell concentrations in the top meter (1)
combined with the relatively low decrease of IPLpro-TOC [derived
from TOC degradation (20)] result in the minimum of biomass
turnover at 1 mbsf. Because the turnover times of archaeal IPL
pools exceed biomass turnover times for sediments below 0.1 mbsf
(Fig. 3A), fossil, noncellular archaeal IPLs accumulate to the ef-
fect that only 4–50% represent intact cells below a depth of 1 mbsf
(Fig. 3B). On the other hand, the rapid turnover of bacterial ester-
bound IPLs relative to biomass turnover qualify them as useful
markers for live bacterial cells in the deep biosphere. The size of
fractions of cellular and noncellular archaeal IPLs is controlled by
IPL turnover. Therefore, the shape of the curve of cellular IPLs
(Fig. 3B) is related to the relationship between production rate
and degradation rate (Fig. 2B). For example, maximum non-
cellular IPLs are expected in intervals in which production exceeds
degradation; this is the case at around 5–10 mbsf in our simula-
tion, in which the cellular component approaches a few percent. In
both shallower and more deeply buried sediment, archaeal IPL
production is lower than degradation (Fig. 2B), which results in
higher proportions of cellular archaeal IPLs (Fig. 3B). Accord-
ingly, in sediment deeper than 100 mbsf, the fossil fraction of
archaeal IPLs is projected to be lower than 70–90%, depending on
the kinetics used (Fig. 3B).

Fig. 2. Production, decay, and concentrations of IPLs in a model that simulates microbial growth linked to the degradation of TOC in a generic continental
margin sediment column. (A) Depth (age) profile of TOC concentration derived from diagenetic modeling of TOC decay using first-order kinetics (20). (B)
Depth profile of corresponding rates of TOC degradation, modeled production of bacterial and archaeal IPLs energetically linked to TOC decay, degradation
rates of bacterial IPLs (based on extrapolation of experimental data from ref. 12), and degradation rates of archaeal IPLs using degradation kinetics of
Cascadia Margin sediment (compare Fig. S4 for simulation with Wadden Sea kinetics). (C) Modeled concentration of archaeal and bacterial IPLs. Blue and red
●, observed concentrations of bacterial and archaeal IPLs (4); blue○, maximum concentration of bacterial IPLs considering the analytical limit of detection (4).
See text for model assumptions and methodology.
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Constraints on Growth Rates of Archaeal Populations in Subseafloor
Sediments. Independent of the above-described limitations of IPLs
as proxies for the abundance of archaeal cells in deep subseafloor
sediments, the degradation kinetics provide new constraints re-
garding the growth rates of archaeal populations. The experi-
mentally determined kinetics of GlcDGD now enable us to extend
a previous model (15) and demonstrate that in situ production of
archaeal IPLs in subseafloor sediments is required to balance
degradation; otherwise, the pool of archaeal IPLs would tend
toward nondetectable levels at depths between 10 and 100 mbsf
(Fig. 4A), and the general trends observed in subseafloor sedi-
ments (4) could not be reproduced. Although it is mathematically
possible to generate a solution that does not require in situ pro-
duction (16), the corresponding half-lives for the degradation of
archaeal IPLs (2 ky to 220 My in the top 1 km) are inconsistent
with our experimental data and probably unrealistic.
Estimates of the required production rates were derived by

reverse fitting (II. SI Text, section II.6 and Eq. S15). The rates
required to fit the concentration profile of archaeal IPLs closely
to the IPL regression line (4) (Fig. 4A; see II. SI Text, section II.6
for details) decrease from 1 ng IPL·mL−1 sediment·y−1 at the
sediment surface to ∼0.2 pg IPL·mL−1 sediment·y−1 at 1,000 mbsf.
Experimental evidence from a stable isotope-probing experiment
with an 8-m–deep subseafloor sample from Cascadia Margin (29)
provides independent support for the modeled growth rates (Fig.
4B). Conversion of IPLs to archaeal cells yields corresponding
population growth rates, e.g., at 100 mbsf an annual growth of
∼1,000 archaeal cells·mL−1 sediment is consistent with the IPL
concentrations represented by the regression line. Although the
uncertainties induced by the extrapolation of the degradation rate
constant to geologic time scales need to be considered, the
resulting biomass turnover times of microbial populations are
broadly consistent with estimates based on other methods. For
example, using the model based on TOC degradation (Fig. 2), we
obtain a biomass turnover time of 15,500 y for sediments at 100

mbsf. If we assume that 50% of the cellular population consists of
Archaea (cf. 4, 27, 28) and use the reverse model that matches
lipid production to the cell-vs.-depth regression line (1), we obtain
a range of 1,200–4,800 y of biomass turnover for the archaeal
community. For comparison, Lomstein et al. (7) estimated a few
hundred to 12,000 y for high-TOC sediments at the Peru Margin.
When comparing our two model simulations, the higher biomass
turnover times in the TOC-based model directly result from its
lower lipid production rates compared with the reverse model
(compare Figs. 2B and 4B). A plausible explanation for this dif-
ference is the bias of our IPL dataset (4) toward high-TOC sed-
iment off the Peru Margin, which is associated with higher
microbial activity, growth, and lipid production.
On the basis of newly determined experimental data on the

degradation kinetics of a glycosidic glyceroldiether lipid re-
sembling the properties of typical archaeal membrane lipids found
ubiquitously in marine sediments, we conclude that a substantial
portion of the archaeal IPLs found in subseafloor sediments are
probably fossil products of past cell generations. Consequently,
previous estimates of subseafloor biomass based largely on ar-
chaeal IPLs (4) were probably too high. Two independent model
simulations of decay and production of microbial IPLs in the
subseafloor established a quantitative framework that (i) demon-
strates the effects of different degradation kinetics on concentra-
tion profiles of typical microbial lipids and (ii) provides constraints
on the activity of the subseafloor biosphere. Our study highlights
the challenges of distinguishing between bio- and geomolecules in

Fig. 3. Turnover times of biomass and IPLs and relative fractions of cellular
IPLs for GlcDGD and bacterial IPLs. (A) Modeled half-life of archaeal and
bacterial IPLs (Eq. S11B) based on degradation kinetics obtained from our
degradation experiment and literature data [ester-bound IPLs (12)]. Biomass
turnover time (black curve) is the time required to accumulate the cellular
concentrations derived from the global regression line of direct cell counts
(1) when converting IPLpro-TOC into cell concentration (Eq. S12). (B) Percent-
age of cellular IPLs in subseafloor sediment, derived from dividing cell con-
centrations from the global regression line for each depth interval (1)
(converted to IPL concentration) through modeled IPL concentration (Fig. 2
and Eq. S10; see II. SI Text, section II.5 for details).

Fig. 4. Archaeal IPL production rates and corresponding population growth
rates consistent with observed IPL concentration profiles. (A) Red curves, IPL
concentration profile of a generic continental margin sediment column with
input of IPLs limited to surface sediment (red dotted curve, degradation
kinetics of GlcDGD in Cascadia Margin sediment; red dashed curve, degra-
dation kinetics of GlcDGD in Wadden Sea sediment); blue curves, simulated
IPL concentrations with production of archaeal IPLs balancing degradation
for the two scenarios from red curves. Black solid line is regression and black
dotted lines are 95% prediction intervals of observed IPL concentration (4).
(B) Corresponding IPL production rates required to obtain the concentration
profile of the blue curves in A. The IPL production rate at surface sediment is
set to be 1 ng·mL−1 sediment·y−1, which was determined in a recent stable
isotope-probing study for coastal sediments younger than 100 y (31). The
range of observations in that study is indicated by bar 1; bar 2 designates the
range of IPL production rates (0.006–0.031 ng·g−1 sediment·y−1) determined
in a stable isotope-probing study using a subseafloor sample at 8 mbsf from
Cascadia Margin (29). See text for model assumptions and methodology.

Xie et al. PNAS | April 9, 2013 | vol. 110 | no. 15 | 6013

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
EA

RT
H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218569110/-/DCSupplemental/pnas.201218569SI.pdf?targetid=nameddest=STXT


the deep sedimentary biosphere; these factors should be taken
into consideration in the microbial ecological studies based on
molecular techniques and may equally complicate assays based on
other types of biomolecules, such as DNA (e.g., refs. 30 and 32)
and cell wall components (7).

Materials and Methods
Samples are from the upper tidal flat of the Wadden Sea and the deep
methanogenic subseafloor from Cascadia Margin [Integrated Ocean Drilling
Program site U1326, 138.2 mbsf (33)]. Sediment slurries were prepared by
mixing the sediment with an equal volume of sterilized, sulfate-free artificial
seawater under anoxic conditions. Sterilized slurries were used as a control
for nonbiological degradation of the IPLs. Four-milliliter slurry aliquots were
incubated under N2 headspace with 3.4 μCi (45 ng/mL sediment slurry) of [14C]
GlcDGD in the dark at in situ temperature (4 °C and 20 °C) for 300 d. The
sterilized slurry was stored at 20 °C. At each time point, samples were taken in

triplicate for radioactivity measurements of [14C]CO2, [
14C]CH4, and

14C-DIC to
monitor degradation (further details are provided in I. SI Materials and
Methods, section I.4; the models are described in the main text and II. SI Text).
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