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N2 -fixing cyanobacteria play an essential role in sustaining primary
productivity in contemporary oceans and freshwater systems.
However, the significance of N2 -fixing cyanobacteria in past nitrogen cycling is difficult to establish as their preservation potential is
relatively poor and specific biological markers are presently lacking. Heterocystous N2 -fixing cyanobacteria synthesize unique
long-chain glycolipids in the cell envelope covering the heterocyst
cell to protect the oxygen-sensitive nitrogenase enzyme. We found
that these heterocyst glycolipids are remarkably well preserved in
(ancient) lacustrine and marine sediments, unambiguously indicating the (past) presence of N2 -fixing heterocystous cyanobacteria.
Analysis of Pleistocene sediments of the eastern Mediterranean
Sea showed that heterocystous cyanobacteria, likely as epiphytes
in symbiosis with planktonic diatoms, were particularly abundant
during deposition of sapropels. Eocene Arctic Ocean sediments
deposited at a time of large Azolla blooms contained glycolipids
typical for heterocystous cyanobacteria presently living in symbiosis with the freshwater fern Azolla, indicating that this symbiosis
already existed in that time. Our study thus suggests that heterocystous cyanobacteria played a major role in adding “new” fixed
nitrogen to surface waters in past stratified oceans.
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T

he global nitrogen cycle largely relies on biological nitrogen
fixation to maintain biological productivity with some 1.4 to
2.4 Teramole of combined nitrogen being annually added to the
marine nitrogen budget, counteracting the loss of bioavailable
nitrogen through processes such as denitrification and anaerobic
ammonium oxidation (anammox) (1). The filamentous cyanobacterium Trichodesmium sp. (2) and unicellular cyanobacteria (3)
are considered to be the major N2 -fixers in the contemporary
open ocean. Because the nitrogenase enzyme, utilized to convert
N2 into NH4 þ , is sensitive towards molecular oxygen, some groups
of N2 -fixing cyanobacteria perform photosynthesis separate in
time from N2 -fixation, while another subgroup performs the
fixation of N2 in specialized cells, so-called heterocysts, to protect
the oxygen-sensitive nitrogenase enzyme. Heterocystous cyanobacteria are often dominant diazotrophs in many freshwater
and brackish environments such as the Baltic Sea (4) whereas
in the marine environment they mainly occur in symbiosis with
diatoms (5). Although the importance of N2 -fixing cyanobacteria
in sustaining primary productivity in modern aquatic environments is clearly evident, their importance in ancient nitrogen cycling is less clear. Microfossils of heterocystous cyanobacteria
have been found in a number of ancient rocks, documenting their
evolutionary history (e.g., 6) but their preservation potential,
especially in open ocean settings, is relatively poor. Cyanobacteria
have been suggested to be major primary producers during times
of strong ocean stratification such as during the formation of
Pleistocene Mediterranean sapropels (7) and Cretaceous black
shales (8, 9) based on the depletion of 15 N of bulk organic matter
and chlorins, which is commonly associated with the relatively
small isotopic fractionation of diazotrophs (10). For the Cretac19190–19194 ∣ PNAS ∣ November 9, 2010 ∣ vol. 107 ∣ no. 45

eous black shales, elevated concentrations of 2-methyl hopanes,
general markers for cyanobacteria (11), have also been reported
(8). In combination, these proxies suggest that diazotrophic cyanobacteria may have been important in replenishing the reservoir
of combined nitrogen during the formation of these organic-rich
marine deposits.
Results
In this study, we employed biological markers specific for heterocystous N2 -fixing cyanobacteria to examine the importance of
these diazotrophs in recent and ancient nitrogen cycling. In
heterocystous cyanobacteria the oxygen-sensitive nitrogenase enzyme is protected by laminated layers of heterocyst glycolipids
(HGs) that are part of the heterocyst cell envelope (12). These
components consist of long-chain diols, triols, keto-ols, and
keto-diols that are glycosidically bound to hexose molecules
(see Fig. S1) (13, 14). To the best of our knowledge, HGs have
not been reported in any other organism and thus they represent
excellent tracers not only for heterocystous cyanobacteria but
also for the N2 fixation process itself. In order to establish the
applicability of heterocyst glycolipids as biological markers, we
developed a sensitive HPLC-MS2 technique based on previously
published methods (14) to allow their detection in complex
matrices (see Materials and Methods). In this way, C26 (I; Fig. S1)
and C28 HG diols (III) with distributions similar to those found in
pure cultures of the heterocystous cyanobacteria Anabaena spp.
and Nodularia spp. (15) were detected in microbial mats from the
North Sea barrier island Schiermonnikoog (Table S1). We then
determined the fate of HGs by screening sediments from a
number of modern environments, known to host heterocystous
cyanobacteria, for the presence of HGs (see SI Text). Analysis
of particulate organic matter from surface waters of an East African crater lake (Lake Challa), where heterocystous cyanobacteria
are part of the phytoplankton community, revealed the presence
of the C26 HG diol (I; Fig. 1). This HG was also present in Lake
Challa’s sinking particulate organic matter collected by a sediment trap at 35 m water depth and in the upper 10 m of sediments
of this lake (Fig. 1; Table S1), revealing that HGs are preserved in
the sedimentary record. We also detected HGs in Baltic Sea sediments buried up to 34 m deep (Table S1). In this brackish coastal
sea, heterocystous cyanobacteria form an important component
of the phytoplankton community in present-day surface waters
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Fig. 1. HPLC/ESI-MS/MS summed ion chromatograms of SRM transitions of heterocyst glycolipids in (A) particulate organic matter (1 m water depth),
(B) sediment trap (35 m water depth), and (C) sediment (10 m depth) taken from Lake Challa. The heterocyst glycolipid distribution is dominated 1-(O-hexose)-3,25-hexacosanediol (I), while 1-(O-hexose)-3-keto-25-hexacosanol (II), 1-(O-hexose)-3,27-octacosanediol (III), 1-(O-hexose)-3-keto-27-octacosanol (IV) and
an unknown isomer (possibly with a different sugar moiety) of 1-(O-hexose)-3,25-hexacosanediol (I′) were detected in lower abundances. Note that the heterocyst glycolipid distribution is relatively similar in the particulate organic matter, sediment trap material, and subsurface sediment suggesting no preferential
degradation of individual glycolipids.
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component of the subsurface sedimentary intact polar lipid
pool (21).
Discussion
The ability to detect specific markers for the past presence of
N2 -fixing cyanobacteria raises the exciting possibility to determine their paleoecology and their role in past nitrogen cycling.
We illustrate this approach by examining the role of heterocystous cyanobacteria in the Pleistocene Eastern Mediterranean
Sea and the Eocene Arctic Ocean.
Heterocystous Cyanobacterial N2 -Fixation in the Pleistocene
Eastern Mediterranean.
During the Quaternary, the Mediterranean Sea was occasionally
strongly impacted by the input of large amounts of freshwater,
leading to the development of a low salinity surface layer and
hence strong stratification of the upper part of the water column
(22, 23). These conditions have led to nutrient depletion and thus
possibly favored the proliferation of N2 -fixing cyanobacteria (7).
Indeed, the C26 (I) and C28 HG diols (III) were detected in sediments deposited at the onset of sapropel S1 and S5 formation,
while they were either absent or only present in trace amounts
in the adjacent organic-poor sediments (Table S2; Fig. 2). Maxima in the HG abundances within the S5 sapropel layer correlate
well with lowest bulk nitrogen isotope values (δ15 N ¼ −0.5‰),
providing direct proof for past N2 fixation by heterocyst cyanobacteria during the formation of Pleistocene sapropels. HGs were
also identified within the boundaries of the S1 sapropel, albeit in
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(4). In contrast, HGs were not detected in sediments of contemporary open oceans, in agreement with the observation that
heterocystous cyanobacteria represent only a small fraction of the
phytoplankton assemblage in open marine environments (16).
Hence, the presence of HGs in sediments reflects the (past)
presence of heterocystous N2 -fixing cyanobacteria.
HGs were also detected in a number of ancient lacustrine
deposits, ranging in age from Holocene to Eocene (Table S2
and Fig. S2), again attesting to the excellent preservation potential of these components. Sediments from all these locations
accumulated under anoxic conditions in stratified freshwater
lakes that were oligotrophic and likely permitted proliferation
of N2 -fixing cyanobacteria. The presence of HGs in these ancient
sediments is remarkable, given that glyceride lipids with glycosidic head groups are thought to be rapidly degraded and not
preserved over geological time scales (17). However, microbially
mediated degradation experiments and theoretical modelling
shows that glycosidic ether lipids are more recalcitrant towards
degradation than membrane lipids with a phospho-head group
(18, 19). Interestingly, the dominant intact polar lipids found in
subsurface sediments are glycosidic derivatives of archaeol and
glycerol dibiphytanyl glycerol tetraether lipids (20), which contain
glycosidically bound sugar head groups similar to those in heterocyst glycolipids. The presence of fossil HGs in sediments, thus,
raises the question whether certain intact polar lipids, especially
those with glycosidic head groups, may be more recalcitrant than
previously thought and possibly constitute a significant fossil

Fig. 2. Depth profile of the Eastern Mediterranean piston core MS66PC, showing the core and stratigraphic profiles of (A) TOC, (B) stable carbon isotopes or
organic matter δ13 CTOC ), (C) bulk stable nitrogen isotopes (δ15 N), concentrations of (D) 1-(O-hexose)-3,25-hexacoasanediol (C26 HG diol), and (E) 1-(O-hexose)-3,27-octacosanediol (C28 HG diol). Gray shaded intervals represent S1 and S5 sapropel layers. The increased concentrations of the heterocyst glycolipids at
times of sapropel deposition coincide with a depletion of 15 N suggesting enhanced dinitrogen fixation (7).

lower abundances, in agreement with less depleted bulk δ15 N
values (þ0.4‰). Some differences in the distribution of the individual HGs in the S1 and S5 sapropels are noted (Table S2),
which may either reflect adaptations to different environmental
conditions, such as temperature and oxygen concentration (15),
or contributions of different heterocystous cyanobacteria (15)
at times of sapropel formation.
The presence of HGs in the sapropel layers is direct proof that
heterocystous N2 -fixing cyanobacteria played a prominent role in
the N-cycle in the eastern Mediterranean Sea during sapropel
formation. These heterocystous cyanobacteria may have been
free-living species as found in freshwater and brackish environments like the Baltic Sea (5). Under open marine conditions,
however, free-living heterocystous species have only been reported in a few occasions (24), but they can form massive blooms
as endosymbionts of diatoms such as Rhizosolenia sp. and Hemiaulus sp. (5). Reconstruction of the sea surface salinity of the
Mediterranean Sea demonstrated that although surface salinity
decreased substantially during sapropel deposition, it did not
become truly brackish, remaining between 39‰ − 33‰ (25).
Given these still typical marine salinities of the surface waters
at the time of sapropel deposition, it is likely that heterocystous
cyanobacteria living in association with diatoms, rather than freeliving heterocystous species, were the important class of N2 -fixers.
High concentrations of diatoms have previously been reported
from the S5 layer and invoked to explain the organic-rich nature
of this deposit (26). Therefore, it is likely that symbiotic heterocystous cyanobacteria played a major role in sustaining primary
production during sapropel formation by providing a source of
“new” combined nitrogen.

Azolla-Nostocaceae Symbiosis in the Eocene Arctic Ocean.
Early/Middle Eocene sediments from the central Arctic Ocean
were found to contain abundant remains of Azolla megaspores
and microspore massulae as well as Azolla-specific biomarkers
(27, 28). The fact that the free floating aquatic fern Azolla grew
and reproduced in the Eocene Arctic (27, 29) is strong evidence
that the surface waters of the Arctic Basin freshened considerably
as Azolla cannot thrive at high salinities (>3‰; 29). At the same
time, bottom waters appear to have remained saline, facilitating
deep-water anoxia and salinity stratification (27, 29, 30). The
Azolla interval is characterized by total organic carbon (TOC) values between 3 and 6 wt%, covarying with Azolla spore abundance
(Fig. 3). Bulk sedimentary nitrogen isotope ratios are persistently
low, between −0.7% and −2.4%, throughout the Azolla interval,
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and average around −1% at peak Azolla occurrences (Fig. 3).
These values are consistent with the reported nitrogen isotopic
composition of diazotrophic cyanobacteria (10) and cultured
Azolla biomass with a similarly low average δ15 N of −1.5% (28).
The bulk sedimentary nitrogen isotope ratios are also substantially lower than δ15 N-values in the Early Eocene Arctic Ocean
preceding the Azolla interval which range from þ1 to þ4% (31).
Hence, the encountered δ15 N values point towards the presence
of N2 -fixing organisms during the Early/Middle Eocene Azolla
interval in the Arctic Ocean.
Extant Azolla species are known to live in symbiosis with
N2 -fixing heterocystous cyanobacteria of the genera Nostoc
and Anabaena (32). These symbionts are located inside a highly
specialized cavity in the dorsal leaf lobe of Azolla and provide the
fern with fixed organic nitrogen. Through the symbiosis the aquatic fern Azolla is not limited by fixed nitrogen availability (32),
thus facilitating rapid growth (33, 34). Indeed, analyses of extracts
of extant Azolla filiculoides show the presence of 1-(O-hexose)3,25-hexacosanediol (C26 HG diol) (I) and its corresponding
keto-ol (II) (Table S1), the predominant glycolipids in the order
of Nostocaceae (14).
To investigate whether Azolla lived already in symbiosis with
N2 -fixing cyanobacteria in the Eocene, we analyzed Early/Middle
Eocene sediments from the central Arctic Ocean (Integrated
Ocean Drilling Program (IODP) site 302, Lomonosov Ridge),
containing abundant remains of Azolla, for their HG content.
We detected the C26 diol HG in the sediments and found that
HG concentrations covaried with Azolla abundance throughout
the interval (Fig. 3). The HGs were absent after the last occurrence of Azolla. The good correlation between the Azolla megaspore counts and HG abundance, and the similar distribution of
HGs in the Eocene sediments and extant Azolla suggests that the
symbiotic relationship between Azolla and diazotrophic cyanobacteria of the order of Nostocaceae was already established in
the Early/Middle Eocene. Furthermore, in view of the inferred
marine setting of the site during the Eocene, atmospheric nitrogen fixation by these N2 -fixing heterocystous symbiotic cyanobacteria probably played an important role in supplying fixed
nitrogen and sustaining Azolla growth in the strongly stratified
Eocene Arctic Ocean. However, negative 15 N-values are also observed during times of low Azolla counts and HG concentrations,
as observed previously (29), suggesting that N2 -fixation was a
persistent feature at these times (29, 31).
Bauersachs et al.

Fig. 3. Depth profile of the ACEX, IODP leg 302 Hole 4A, Core 11× from the Middle Eocene Arctic ocean showing the stratigraphic profiles of (A) TOC,
(B) Azolla megaspore counts, (C) bulk stable nitrogen isotopes (δ15 N), and concentrations of (D) 1-(O-hexose)-3,25-hexacoasanediol (C26 HG diol). Gray shaded
intervals represent layers of enhanced Azolla abundance (see 29 for further details).

Conclusions
Our results show that HGs can be preserved in ancient sediments
of up to 49 million years old where they serve as unique biomarker lipids of N2 -fixing heterocystous cyanobacteria, enabling to
trace the past ecology of these microbes. Screening of ancient
sediments showed that these diazotrophs have played an important role in the nitrogen cycling of past stratified marine and
freshwater environments, including those in past greenhouse
worlds such as the Eocene. Examples from the Pleistocene
Eastern Mediterranean and the Eocene Arctic Ocean illustrate
that heterocystous cyanobacteria, likely in symbiosis with diatoms
and the freshwater fern Azolla, respectively, have played a key
role in supplying newly fixed nitrogen to these past stratified
marine systems.

Extraction of Heterocyst Glycolipids. Heterocyst glycolipids were extracted as
previously described by Bauersachs and coworkers (14). Briefly, freeze-dried
cell material (30–50 mg) was extracted using a modified Bligh and Dyer extraction procedure (37, 38). Freeze-dried sediments (1–5 g) were extracted
using the accelerated solvent extraction technique with a solvent mixture
of dichloromethane (DCM):methanol (MeOH; 3∶1 v∕v) at high temperature
(100 °C) and pressure (20 kPa). The extraction efficiencies of the different extraction methods used in this study were found to be similar for all heterocyst
glycolipids (see SI Text and Figs. S4, S5). The bulk of the solvent was first removed by rotary evaporation under vacuum and the remaining extract was
subsequently dried under a stream of nitrogen. The residue was dissolved by
sonication (10 min) in DCM/MeOH (9∶1, v∕v) through a 0.45 μm regenerated
cellulose filter (Alltech) prior to HPLC/MS-MS analysis. Procedure blanks were
produced with each extraction session and analyzed along with the samples
as described below: none of the blanks showed peaks above three times the
background level.

Sample Collection. The heterocystous cyanobacterium Anabaena CCY9613
was grown as an axenic batch culture on the freshwater medium BG11
(35). In order to induce the formation of heterocysts, combined nitrogen
sources were omitted from the media. The culture was inoculated in
250 mL Erlenmeyer flasks containing 100 mL of sterile medium and
maintained at an alternating 12∶12 h light-dark regime with a light intensity
ranging between 5 and 30 μmol m−2 s−1 . The culture was grown at a temperature of 14 °C. Azolla filiculoides was initially collected from a ditch near
arable land in the surroundings of Elst, The Netherlands (N51°55′48′′; E5°50′
6′′) and further cultivated under semicontrolled conditions. Also for Azolla
the nutrient solution used did not contain a fixed source of nitrogen.
Pleistocene sapropels (S1 and S5) were collected from the piston core
MS66PC, recovered from the deep-sea Nile fan, Eastern Mediterranean (location: 33N1.9′ 31E47.9′) in 2004 during the MIMES MEDIFLUX program. The
core was subsampled onboard and the sediments were placed in sterile
50 mL Greiner tubes and frozen at −40 °C immediately. Sediment samples
from the Eocene Azolla interval were obtained from lithological Unit 2, Core
M0004A-11X taken during the IODP 302 Arctic Coring Expedition (ACEX)
expedition at the Lomonosov Ridge, 87.87 °N, 136.18 °E (36). In this study
we used sediments from 300 to 302.63 mbsf (meters below sea floor), covering part of the Azolla interval (27). The ACEX sediments and sediments of
other locations were generally stored at −20 °C prior to analysis.
Analysis of Bulk Geochemical Parameters and Isotopes. TOC stable carbon isotopes of organic matter (δ13 CTOC ) and bulk stable nitrogen isotopes (δ15 N)
were analyzed in duplicate on a ThermoScience Delta Plus isotope ratio mass
spectrometer connected on-line to a Carlo Erba Instruments Flash 1112 elemental analyzer. Samples for TOC and δ13 CTOC measurements were treated
with 2 M hydrochloric acid, neutralized, and freeze-dried prior to analysis.
The δ13 C is given relative to the Vienna PeeDee Belemnite standard and
the δ15 N of each sample is expressed relative to atmospheric dinitrogen.
Precision is better than 0.1‰ for carbon and 0.2‰ for nitrogen.
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Development of HPLC/MS-MS Method. Normal-phase HPLC analysis of extracts
was accomplished using an Agilent 1100 series LC (Agilent) coupled to a
Thermo TSQ Quantum ultra Extended Mass triple quadrupole mass spectrometer with an Ion Max Source with electrospray ionization (ESI) probe
(Thermo Electron Corporation) operated in positive ion mode following
details published earlier (14, 39) with some modifications. Briefly, separation
was achieved on a LiChrospher Diol column (250 mm × 2.1 mm internal
diameter, 5 μm: Alltech) maintained at 30 °C. Injection volumes ranged from
1 μL for cultures to 10 μL for sediments. Heterocyst glycolipids were eluted
using the following linear gradient with a flow rate of 0.2 mL min−1 : 90%
eluent A to 70% eluent A—30% eluent B in 10 min and held for 20 min,
followed by 70% eluent A to 35% eluent A—65% eluent B in 15 min and
held for 15 min, subsequently back to 90% eluent A in 1 min and held
for 20 min to reequilibrate the column. Eluent A was composed of
hexane∕isopropanol∕formic acid∕14.8 M aqueous NH3 (79∶20∶0.12∶0.04,
v∕v∕v∕v) and eluent B was isopropanol∕water∕formic acid∕14.8 M aqueous
NH3 (88∶10∶0.12∶0.04, v∕v∕v∕v). HPLC/MS-MS analysis was performed in
selective reaction monitoring (SRM) mode. SRM transitions were optimized
by direct infusion experiments of culture extracts containing the various HGs
of interest. Table S3 lists the protonated molecular and selected product ions
and respective collision energies for maximal abundance for each of the
monitored HG. The selectivity of the newly developed SRM method was
demonstrated on cyanobacterial cultures previously shown to contain HGs
as dominant compounds, i.e., Anabaena CCY9613, Nostoc CCY0012, and
Calothrix CCY9923 (14). Fig. S3 depicts the heterocyst glycolipid distribution
of Anabaena CCY 9613 as analyzed in data dependant full scan mode and
under SRM conditions, respectively. Retention times of the various HGs were
verified by repeated analysis of two cultures containing all analyzed HGs at
the start of each analytical sequence. Solvent and procedure blanks were
monitored at regular intervals to detect potential cross contamination
and prevent false positive identifications of HGs.
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