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Chapter 1
General introduction
The marine nitrogen cycle
Apart from living matter, most nitrogen (N) in the marine environment occurs in form of
dissolved dinitrogen gas (N2), nitrate (NO3-), nitrite (NO2), nitrous oxide (N2O), ammonium
(NH4+), urea, and dissolved organic N. These nitrogen species are intimately linked to each
other by a series of microbially mediated transformations that together form the marine
nitrogen cycle (Fig. 1). Dissolved dinitrogen gas comprises the largest reservoir of nitrogen in
the ocean, but its low reactivity makes it inaccessible as a source of nitrogen for most
autotrophic organisms. Only diazotrophs possessing the enzyme complex nitrogenase can tap
the N2 pool and reduce dinitrogen gas to NH4+ in a process called biological N2 fixation. The
ammonium generated by this process is utilized for growth and is liberated into the water
column upon cell death (Kuypers et al., 2004), where it is either directly taken up by
phytoplankton (nitrogen assimilation) or after it has been conversed to NO3- (nitrification).
An efficient recycling of nitrogen in the upper water column ensures that most N stays within
the euphotic zone and is available for primary production. However, a small fraction of the
nitrogen is not regenerated and is lost through export into the abyssal interior of the ocean,
where it is either remineralized to its inorganic forms (e.g. NO3- and NH4+) or escapes the
nitrogen cycle through long-term burial into the sediments of the deep sea. Microbial
processes such as denitrification, the reduction of nitrate to dinitrogen gas, and anaerobic
ammonium oxidation (anammox), the conversion of ammonium to N2 using nitrite as electron
acceptor (Strous et al., 1999), ultimately remove the combined nitrogen from the ocean and
return it back to gaseous dinitrogen, closing the marine nitrogen cycle (Gruber and Sarmiento,
1997; Deutsch et al., 2004; Kuypers et al., 2005).
Estimates of the nitrogen budget suggest that the marine nitrogen cycle is currently not in
balance with the loss of nitrogen exceeding the input by an order of magnitude (Codispoti,
2007). Denitrification is considered as the major removal pathway of N from the ocean

1

Chapter 1

Figure 1. Simplified diagram of the marine nitrogen cycle (after Francis et al., 2007). Arrows
represent the direction of named reactions.

accounting for a loss of ca. 175-400 Tg N year-1 (Gruber and Sarmiento, 1997; Codispoti et
al., 2001). Anammox constitutes an additional process that causes a loss of combined
nitrogen. Estimates of the effective N loss through anammox are at present not well constraint
but could account for a minimum of about 25-30% of marine denitrification (Brandes et al.,
2007). In order to sustain the marine nitrogen cycle, a continuous load of ‘new’ nitrogen has
to be supplied to the global oceans. Riverine discharge and atmospheric deposition account
for 76 and 30 Tg N year-1, respectively (Karl et al., 2002; Galloway et al., 2004). By far the
most important process in replenishing the reservoir of combined nitrogen in the ocean is
biological N2 fixation currently estimated as ranging from 125-200 Tg N year-1 (Karl et al.,
2002; Brandes et al., 2007). However, this number likely represents the lower limit of N input
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to the global ocean as the number of N2-fixers and their geographical distribution has
probably been underestimated in the past.

N2-fixing cyanobacteria
Cyanobacteria are the principal N2-fixers in the present day ocean. They include unicellular,
filamentous and heterocystous species (Fig. 2), which are subdivided in five divisions (Table
1). Members of all divisions contain nitrogenase, the enzyme complex that catalyzes the
reduction of N2 to NH4+ and which is highly sensitive to oxygen (Murry and Wolk, 1989). In
order to overcome the problem of the incompatibility of oxygenic photosynthesis and
concomitant N2 fixation, cyanobacteria evolved a variety of strategies that in essence lead to a

Table 1. Overview of cyanobacterial cultures analyzed in this study and their classification in the
traditional taxonomic scheme of Rippka et al. (1979).

Division
I. Chroococcales

II. Pleurocapsales
III. Oscillatoriales

IV. Nostocales

V. Stigonematales

Family

Species
Crocosphaera sp.
Cyanothece sp.
Gloeothece sp.
Synechococcus sp.
Myxosarcina sp.
Lyngby spp.
Leptolyngbya spp.
Plectonema sp.
LPP spp.
Microcoleus spp.
Oscillatoria spp.
Pseudanabaena
Trichodesmium sp.
Nostocaceae Anabaena spp.
Nostoc spp.
Nodularia spp.
Rivulariaceae Calothrix spp.
Mastigocladus sp.

Morphology
unicellular

unicellular
filamentous, non-heterocystous

filamentous, heterocystous

filamentous, heterocystous
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Figure 2. Photomicrographs of cyanobacterial cultures. Photomicrographs of the unicellular
cyanobacteria Gloeocapsa sp. (A) and Merismopedia sp. (B). Photomicrographs of the filamentous
cyanobacteria Microcoleus chthonoplastes (C), Lyngbya sp. (D), Oscillatoria sp. (E) and Spirulina sp.
(F). Photomicrographs of the filamentous heterocystous cyanobacteria Anabaena sp. (G), Nostoc sp.
(H) and Calothrix sp. (I). Photomicrographs are courtesy of U. Wollenzien (NIOO).

spatial or temporal separation of both processes. The most conspicuous form of spatial
separation is the differentiation of specialized cells, known as heterocysts (Wolk, 1982). In
the absence of combined nitrogen, such as NO3- and NH4+, cyanobacteria of the division
Nostocales and Stigonematales differentiate vegetative cells into heterocysts, which contain
nitrogenase and are the site of N2 fixation (Adams, 2000). In the filamentous nonheterocystous cyanobacteria Trichodesmium spp. the enzyme may be confined to a number of
adjacent cells located in the central region of the trichome (Bergman and Carpenter, 1991;
Janson et al., 1994). Fredriksson and Bergman (1997) suggested that these cells were
differentiated analogous to heterocysts, although they were lacking the thick glycolipid cell
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envelope, characteristic for heterocysts and termed them diazocytes. However, in other strains
of Trichodesmium all cells seemed to contain nitrogenase and no evidence for cell
differentiation was found (Ohki, 2008). Filamentous non-heterocystous cyanobacteria, such as
Lyngbya aestuarii perform photosynthesis during the daytime and confine N2 fixation to the
dark period and therewith separate both processes temporally (Stal and Krumbein, 1985). A
temporal separation of O2 evolving photosynthesis and N2 fixation has also been described for
the unicellular cyanobacterium Synechococcus sp. (Rippka and Waterbury, 1977).
In the contemporary ocean, N2 fixation is almost exclusively attributed to cyanobacteria and
primarily occurs in the tropical and subtropical regions with water temperatures well above
25 °C (Stal, 2009). Quantitatively most significant is the fixation of N2 by pelagic species
(Capone et al., 1997). The filamentous cyanobacterium Trichodesmium sp. is probably the
most important pelagic biological N2-fixer in the ocean and accounts for ca. 36% of the global
N2 fixation rates (Gallon, 2001). Other important diazotrophic cyanobacteria include
heterocystous species that live endosymbiotically with marine diatoms. The most frequently
reported is the cyanobacterium Richelia intracellularis (Nostocaceae) in association with the
diatom genera Rhizosolenia, Hemiaulus, Bacteriastrum and Chaetoceros (Villareal, 1992).
Calothrix rhizosoleniae (Rivulariaceae) has been described as an additional epibiont taxon
living in symbiosis with diatoms in the genera Bacteriastrum and Chaetoceros (Carpenter,
2002; Foster et al., 2007). Unicellular group A-C cyanobacteria have more recently been
identified in the surface waters of the global ocean (Zehr et al., 2001) and suggested to be a
significant source of new nitrogen (Brandes et al., 2007). At present, there seems to be little
doubt that the aforementioned cyanobacteria are the principle sources of N2 fixation in the
contemporary marine pelagic ecosystem.
Globally less significant, but locally important, is the fixation of N2 by cyanobacteria in
coastal regions. Benthic microbial mats dominated by diazotrophic cyanobacteria frequently
develop on sandy intertidal flats worldwide (Stal and Krumbein, 1985; Abed et al., 2008). For
example, filamentous cyanobacteria such as Microcoleus chthonoplastes and Lyngbya
aestuarii are principal mat building organisms along the coastline of the southern Wadden
Sea and at least L. aestuarii has been identified as N2-fixer (Stal and Krumbein, 1985). Other
diazotrophic cyanobacteria present in these microbial mats include filamentous heterocystous
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and unicellular species (Kremer et al., 2008). Together these N2-fixing cyanobacteria optimize
the flux of nitrogen into the microbial mats and thus sustain primary production in this
nitrogen-deprived environment. Microbial mat communities of similar structure and species
composition have also been reported from intertidal flats of Sanya Bay (Dong et al., 2008)
and the Pacific Atoll Kiritimati (Bühring et al., 2009).

Past occurrence of cyanobacteria
Although the importance of N2-fixing cyanobacteria in sustaining primary productivity in
modern aquatic environments is well known, their importance in ancient nitrogen cycling is
less clear. Diazotrophic cyanobacteria are thought to be major primary producers during the
formation of Pleistocene Mediterranean sapropels (Sachs and Repeta, 1999) and Cretaceous
black shales (Kuypers et al., 2004) based on depleted nitrogen isotopes (δ15N) of bulk organic
matter, which are commonly associated with the small isotopic fractionation of diazotrophs.
For the Cretaceous black shales elevated concentrations of 2-methylhopanes, general markers
for cyanobacteria (Summons et al., 1999), have also been reported (Kuypers et al., 2004). 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. Some of the most commonly used tracers to detect the past occurrences of
cyanobacteria are discussed below.

Microfossils
Arguably the first evidence for the existence of cyanobacteria as early as the Archean comes
from the presence of microfossil-like structures that have been identified in sediments as old
as 3.5 Ga (Schopf, 1993). For example, the Apex Chert of the Pilbara Craton, Western
Australia, was thought to contain some of the oldest morphological evidence for life on Earth
(Schopf and Packer, 1987). Other notable Archean microfossiliferous units comprise the 3.53.3 Ga Onverwacht Group and the 3.5 Ga Hooggenoeg Formation (both from South Africa)
(Walsh and Lowe, 1985). All of these rocks contain microfossil structures comprising
filamentous or coccoid morphologies that appear to be similar to modern cyanobacteria.
However, the authenticity of these microfossils has later been questioned as similar structures
could have been formed abiotically from amorphous graphite within multiple generations of
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metalliferous hydrothermal-vein chert and volcanic glass (Brasier et al., 2002; Pinti et al.,
2009). A firmer benchmark for the presence of cyanobacteria comes from the 2.6 Ga Campell
Group, South Africa. These sediments contain microfossils that resemble filamentous species
similar to present-day cyanobacteria genera such as Phormidium or Lyngbya (Altermann and
Schopf, 1995).
Other evidence for the presence of cyanobacteria in ancient sediments comes in form of
stromatolites. These laminated sequences represent analogues of present-day microbial mats
growing in the shallow sea and coastal regions (Logan, 1961; Reid et al., 2000). The
formation of stromatolites is thought to be largely attributed to the activity of cyanobacteria,
although this is not necessarily the case in their modern analogues (Burns et al., 2009).
Stromatolites date back 3.5 Ga and peaked by the Neoarchaeon (2.7-2.5 Ga), where they were
principal builders of wide carbonate platforms (Knoll, 2003). Strikingly, this date also
coincides with the first rise of O2 in the atmosphere that confirms the presence of oxygenic
photosynthesis, likely mediated by cyanobacteria, at that time.

Stable nitrogen isotopes
The measurement of the natural abundance of 15N in sedimentary organic matter is frequently
used to detect the past presence of N2-fixing cyanobacteria. The fixation of N2 imparts only a
small isotopic fractionation relative to the nitrogen source and the resulting organic matter is
consequently characterized by low δ15N values. N2-utilizing cyanobacteria, therefore, exhibit
δ15N values ranging from +1‰ to -3‰ as demonstrated for cyanobacterial cultures (Macko et
al., 1987) and natural populations of cyanobacteria (Minagawa and Wada, 1986). In the
marine fossil record, diazotrophic cyanobacteria have been invoked to explain depleted δ15N
values in Pleistocene Mediterranean sapropels (Sachs and Repeta, 1999) and Cretaceous black
shales deposited during the oceanic anoxic events (Rau et al., 1987; Kuypers et al., 2004;
Junium and Arthur, 2007). Similarly, depleted δ15N values of Archean kerogens have been
taken as evidence for cyanobacterial N2 fixation in the early period of Earth’s history
(Beaumont and Robert, 1999). The relationship between depleted δ15N values and
diazotrophic cyanobacteria in ancient sediments seems thus well established. However,
thermal maturation and metamorphism have been shown to alter the isotopic composition of
ancient sedimentary sequences because of enrichment in

15

N in the remaining nitrogen
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fraction (Bebout and Fogel, 1992). The single use of stable nitrogen isotopes to detect past N2
fixation, in particular in thermally altered rocks and sediments, can thus yield ambiguous
results.

Biological markers
Methylbranched alkanes
Mono-, di-, and trimethylbranched alkanes have frequently been reported from cyanobacterial
cultures (Gelpi et al., 1970; Han and Calvin, 1970; Köster et al., 1999), cyanobacterial mats
(Robinson and Eglinton, 1990; Shiea et al., 1991) as well as modern and ancient sediments
(Summons, 1987). Monomethyl alkanes (MMAs) present in cyanobacterial cultures usually
range from C17 to C21 with 7-methyl- and 8-methylheptadecane being most abundant (Fig.
3A) (Han et al., 1969; Gelpi et al., 1970). MMAs distributions similar to those found in
cyanobacterial cultures have been reported in late Precambrian crude oils, Siberia (Fowler and
Douglas, 1987), and the late Proterozoic Walcott Member, Arizona (Summons et al., 1988),
and their presence was taken as evidence for a cyanobacterial contribution to the preserved
organic matter. However, MMAs are not universally distributed in cyanobacteria and indeed
are absent in numerous strains (Gelpi et al., 1970). The absence of MMAs in sediments does
thus not necessarily indicate the absence of cyanobacteria in a given environment.
Furthermore, MMAs can be formed through diagenetic formations (Kissin, 1987) and may
also have alternative sources such as insect derived epicuticular waxes (Nelson, 1978; Nelson
and Blomquist, 1995) and Bacteria living in association with demosponges (Thiel et al.,
1999).
Bacteriohopanepolyols
Bacteriohopanepolyols (BHPs) are common cell membrane constituents of Bacteria that serve
a regulating and rigidifying function similar to that of sterols in Eukarya (Ourisson and
Rohmer, 1982; Rohmer et al., 1984). These components consist of a pentacylic ring system
that is attached to a side-chain with variable functional groups. Some cyanobacteria contain
BHPs with additional methylation at the C-2 position (Rohmer et al., 1984; Summons et al.,
1999) and probably are the major source for these components and their diagenetic products
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Figure 3. Chemical components commonly affiliated with a cyanobacterial origin. (A) 7methylheptadecane (Gelpi et al., 1970), (B) 2-methylhopane (Summons et al., 1999) and (C+D) side
chain structures of bacteriohopanepolyols that have only been reported from cyanobacteria (Talbot et
al., 2008).

(i.e. 2-methylhopanes) in the sedimentary record (Fig. 3B). Elevated concentrations of 2methylhopanes have been reported from Proterozoic and Archean rocks (Summons et al.,
1999; Knoll et al., 2007) as well as from oceanic anoxic events during the Phanerozoic
(Kuypers et al., 2004; Dumitrescu and Brassell, 2006). The similarity of 2-methylhopanoid
distributions in cyanobacterial cultures and their diagenetic counterparts in ancient sediments
has been taken as evidence for a cyanobacterial component in the preserved organic matter.
However, methylation at C-2 is not exclusive to cyanobacteria. 2-Methyl BHPs have also
been reported from two N2-fixing bacteria of Beijerinckia (Vilcheze et al., 1994),
methylotrophs (Zundel and Rohmer, 1985) and from a purple sulfur bacterium (Rashby et al.,
2007). Hence, the presence of 2-methyl BHPs and their diagenetic products is not
unequivocal evidence for the presence of cyanobacteria. It is also not indicative for N2-fixing
cyanobacteria as a direct link between the formation of BHPs and the fixation of N2 has yet to
be established.
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In addition to C-2-methylation, cyanobacteria appear to synthesize side-chain structures that
have not been observed in other Bacteria (Talbot et al., 2008). The C-30,32,33,34,35-pentol
structure (Fig. 3C), where the fifth hydroxyl is at C-30 and not C-31, has currently only been
observed in heterocystous cyanobacteria of the genera Nostoc (Bisseret et al., 1985; Zhao et
al., 1996). Another example is side chain structure 35-O-β-3,5-anhydro-galacturonopyranosyl
(Fig. 3D), which has only been reported from the cyanobacterium Prochlorothrix hollandica
(Simonin et al., 1996).

Scope and framework of this thesis
Although the importance of diazotrophic cyanobacteria in sustaining primary production is
well documented in the contemporary ocean, their role in the ancient nitrogen cycle is less
well constrained. Geochemical markers to trace for the presence of cyanobacteria are not
specific for diazotrophic species (see discussion above). Hence, the aim of the thesis was the
identification and application of novel proxies for N2-fixing cyanobacteria that can be used to
trace the importance of these microorganisms in the past nitrogen cycle. To this end, 42
cyanobacterial

cultures,

including

unicellular,

filamentous

non-heterocystous

and

heterocystous species were analyzed for their lipid and stable nitrogen isotopic composition.
Findings of these analyses were applied to modern and ancient sediments in order to
determine the importance of N2-fixing cyanobacteria in Earth history.
Chapter 2 investigates the potential of commonly used cyanobacterial tracers, i.e. stable
nitrogen isotopes and biological markers, in ancient and thermally mature sediments.
Morphological structures resembling those of contemporary unicellular and filamentous
cyanobacteria have previously been identified in carbonaceous cherts of the Holy Cross and
Bardzkie Mts., Poland (Kremer, 2006). Analysis of the cherts showed that a combination of
isotope and biomarker analysis can successfully be applied to identify cyanobacterial remains
in relatively mature and ancient sedimentary rocks.
Chapter 3 provides insights in the applicability of stable nitrogen isotopes as tracers for
N2-fixing cyanobacteria. The biological fixation of N2 imparts only a small isotopic
fractionation and diazotrophic cyanobacteria are consequently characterized by δ15N values
ranging from 0 to -3‰. A total of 39 cyanobacterial cultures, comprising unicellular,
filamentous, and heterocystous species was grown on both N2 and NO3- and the isotopic
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fractionation and composition associated with the uptake of the these nitrogen sources were
compared. Results of this study suggest that negative sedimentary δ15N values do not
necessarily reflect a contribution of N2-fixing cyanobacteria.
Chapter 4 reports on the detection of C35-C40 polyprenols in cyanobacterial cultures.
These components consist of regular (head-to-tail linked) isoprene units and were found only
in NO3--utilizing cyanobacteria. The structural similarity of these compounds to long-chain
isoprenoids reported from a number of Phanerozoic crude oils suggests that cyanobacteria
were their likely source organisms.
Chapter 5 deals with the development of a new method for the identification of
heterocyst glycolipids (HGs) in cyanobacterial cultures using high performance liquid
chromatography coupled to tandem mass spectrometry (HPLC/MS2). These components are
located in the heterocyst cell envelope found in N2-fixing cyanobacteria of the families
Nostocales and Stigonematales. HGs show characteristic mass spectra, which enables a rapid
and sensitive identification of these components in environmental matrices.
Chapter 6 describes the distribution of heterocyst glycolipids in cyanobacterial cultures
using the HPLC/MS2 technique described in chapter 5. Thirty-three strains of heterocystous
and non-heterocystous strains were grown as axenic batch cultures and analyzed for their
glycolipid content showing that HGs are exclusively synthesized by heterocystous species. In
addition, three heterocystous strains were grown at temperatures of 14 and 27 °C in order to
determine the effect of temperature on the heterocyst glycolipid distribution. Results of this
analysis suggest that heterocystous cyanobacteria modify the composition of HGs with
changing temperature likely to optimize the diffusion of atmospheric gases into the
heterocyst.
In Chapter 7, microbial mats growing on the intertidal flat of the North Sea barrier island
Schiermonnikoog have been investigated for their HG distribution. Mats were collected
following the littoral gradient and covering the intertidal as well as supratidal region. HGs
were present in microbial mats of the supratidal and changes in the HG distribution mirrored
shifts in the cyanobacterial community growing on the intertidal flat. This indicates the
potential of HGs to function as biological markers for heterocystous cyanobacteria and the
process of N2 fixation.
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Chapter 8 illuminates the preservation potential of HGs in ancient sediments. The
presence of HGs in a number of lacustrine to marine deposits ranging in age from the late
Holocene to the early Eocene suggests that these molecules fossilize and preserve-well in
ancient sediments. Specifically, the presence of HGs in Pleistocene sapropels of the eastern
Mediterranean Sea, in conjunction with negative δ15N values, indicates that heterocystous N2fixing cyanobacteria may have been important in replenishing the reservoir of combined
nitrogen and thus in sustaining primary productivity during the formation of these organicrich deposits.
In summary, diazotrophic cyanobacteria play a key role in sustaining the marine nitrogen
cycle by adding combined nitrogen to the photic zone of the contemporary ocean. However,
there is currently no biological tracer that could be employed to detect diazotrophic
cyanobacteria in ancient sediments. Heterocyst glycolipids might overcome this obstacle as
they represent unique biological markers not only for heterocystous cyanobacteria but also for
the process of N2 fixation and are, therefore, well suited to unravel the importance of
diazotrophic cyanobacteria in the past nitrogen cycle. Initial results indicate that the
importance of heterocystous N2-fixing cyanobacteria in the fossil nitrogen cycling has been
underestimated in the past and that these organisms played an important role as primary
producers during the formation of organic-rich lacustrine and marine deposits.
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Abstract
Early Silurian cherts from the Holy Cross and Bardzkie Mountains (Poland) contain abundant
microfossils morphologically resembling contemporary cyanobacteria. Most of the organic
matter preserved in the cherts is highly mature and extensively degraded as a result of
biological decomposition and progressive thermal alteration. These processes may have
changed the original morphology of the deposited microbial remains and thus, the microfossil
origin can be easily misinterpreted. The cherts were therefore examined using organic
geochemical and stable isotope techniques to provide support for the presence of
cyanobacterial remains. The nitrogen isotopic composition of bulk sediments and extractable
organic matter ranged from +0.1 to -2.2‰ and from +1.8 to -1.7‰, respectively. The δ15N
values are thus in good agreement with a contribution of diazotrophic cyanobacteria for both
locations. Biomarkers in the Holy Cross Mts. cherts included mid-chain branched
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monomethyl alkanes, indicative for a cyanobacterial contribution. However, molecular fossils
of a cyanobacterial origin were not detected in the Bardzkie Mts. cherts, most likely as a
result of the higher thermal maturity compared to those from the Holy Cross Mts.

Introduction
Remnants considered to be of cyanobacterial origin have been reported from a variety of
sediments up to 3.5 Ga old (Schopf and Packer, 1987). The biogenecity of these earliest
microfossils has lately been questioned as similar structures can be formed by abiotic
processes (Brasier et al., 2002; Brasier et al., 2004) and thermal alteration can significantly
change the original morphology of microbial remains (Kazmierczak and Kremer, 2002).
Indeed, most of the fossilised organic macro-structures in ancient sediments exposed to latter
stages of thermal maturity are usually poorly preserved and hard to identify using optical
techniques. In particular, organic matter (OM) in fully mature sedimentary sequences has
been shown to be highly disperse and amorphous (Tice and Lowe, 2006). As a consequence,
characteristic morphological structures become less apparent and only the lamination of a
given rock might suggest that microbial mats were involved in its origin (Altermann and
Kazmierczak, 2003).
Early Silurian cherts from the Holy Cross and Bardzkie Mts. represent a marine facies
deposited within the photic part of the Early Silurian epicontinental sea. Cyanobacterial
remains, radiolaria and acritarchs comprise the greatest part of the preserved microfossils in
both cherts (Kremer and Kazmierczak, 2005). Despite the similarity in the preserved
microfossils, both locations experienced different tectonic histories, resulting in contrasting
thermal maturities, with the Bardzkie Mts. cherts exhibiting a higher degree of thermal
maturity than their Holy Cross Mts. counterparts. The difference in maturity is expressed in
the different colouration of the OM, readily visible in thin sections of both sites. For example,
OM from the Holy Cross Mts. is characterised by a yellow to light brown colour, whereas that
from the Bardzkie Mts. cherts ranged from brown to black (Kremer and Kazmierczak, 2005).
Thermal alteration and microbial reworking of the preserved OM have resulted in the
coexistence of almost completely degraded mat fragments in close proximity to wellpreserved cellular structures and, in many instances, a gradual transition between various
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modes of preservation can be observed. Specifically, in horizons characterised by highly
degraded OM, the use of microscopical techniques has turned out to be complicated, making
an unambiguous identification of cyanobacterial remains difficult.
Alternative methods to microscopic identification of cyanobacterial remains include the use
of biomarkers and stable isotope analysis. Current biomarkers used to identify cyanobacterial
remains in ancient sediments include mid-chain mono- and dimethylalkanes (Gelpi et al.,
1970; Kenig et al., 1995). However, other organisms, such as eubacteria (Thiel et al., 1999)
and insects (Nelson, 1978; Nelson and Blomquist, 1995; Nelson and Blomquist, 1995), are
also known to be a source of mono- and dimethylalkanes. Another group of organic
compounds considered to be specific to cyanobacteria are 2-methylhopanoids and their
diagenetic products (Summons et al., 1999). To date, these compounds appear to hold the
most promise as biological markers for the presence of cyanobacteria in a given depositional
environment, although they have also been found in other organisms, including a dinitrogenfixing bacterium (Vilcheze et al., 1994) and a purple sulfur bacterium (Rashby et al., 2007).
In addition to lipid analysis, nitrogen isotopes have been used to trace the presence of
diazotrophic cyanobacteria in fossil sediments since N2 fixation discriminates only slightly
against 15N and results in OM characterised by a nitrogen isotopic composition of +1 to -3‰
(Wada and Hattori, 1978). For example, low δ15N values in the range of +0.5‰ to -2‰
measured for plankton in regions of the North Pacific, where the marine cyanobacterium
Trichodesmium sp. (in older literature sometimes assigned to Oscillatoria) is a major primary
producer, are thought to reflect atmospheric N utilisation through biological dinitrogen
fixation (Minagawa and Wada, 1984; Wada and Hattori, 1976). In a similar manner, bulk
δ15N values of modern and ancient sediments have been used to identify cyanobacterial
contributions to sedimentary organic matter (Wada and Hattori, 1991; Kuypers et al., 2004;
Dumitrescu and Brassell, 2006).
In this study, we have analysed Early Silurian cherts for nitrogen isotopes of bulk sediment
and extractable organic matter as well as for the presence of molecular fossils specific to
cyanobacteria to support the tentative identification of cyanobacterial remains based on
optical means. For this, we examined sediments of similar age but different maturity in order
to assess the impact of thermal stress on the relative degree of preservation of the original
biological signal.
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Geological setting and material
The study focused on Early Silurian cherts outcropping in two geographically separated
regions; in the southern part of the Holy Cross Mts. (central Poland) and in the Bardzkie Mts.
(part of the Sudetes, southwestern Poland; Fig. 1). The southern part of the Holy Cross Mts.
belongs to the Małopolska Block and palaeomagnetic data indicate that this tectonic unit was
moved from high latitude in the Middle Ordovician (60°S) to a lower latitude (10°S) in the
Late Silurian (Lewandowski, 1993; Trela, 2005). The Palaeozoic succession in the Bardzkie
Mts. has been assigned to the Saxothuringian zone of the European Variscides (Franke et al.,
1993) and its Silurian sequence experienced high temperature and pressure changes during the
Variscan orogeny. During that period, OM underwent thermobaric transformation, which led
to a non-uniform heating of the sedimentary sequence and resulted in a variety of stages of
OM preservation (Kazmierczak and Kremer, 2002). In comparison, the Holy Cross Mts.
cherts were submitted to a lower degree of thermal alteration.

Figure 1. Location of the outcrop areas in Holy Cross Mountains (A) and Bardzkie Mountains (B).
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Lower Silurian deposits in the Holy Cross and Bardzkie Mts. are composed predominantly of
a monotonous sequence of grey siliceous shales and black cherts. The latter occur as series of
intermittent finely laminated beds and contain abundant remnants of benthic coccoid
cyanobacterial mats with an admixture of acritarchs, graptolites, and conodonts (Figs. 2A-C).
Radiolaria are another important component of the palaeophytoplankton community and can
make up 20 to 30 % of the rock volume (Fig. 2B). For details of the geological sections see
Porebska (1982), Kremer and Kazmierczak (2005) and Kremer (2006). The presence of fossil
mats is indicated by a well-defined and distinct lamination of the organic material. Typically,
the densely packed OM forming the laminae is highly degraded and no characteristic features
are visible. In some less degraded laminae, organised structures are visible and were
identified as remnants of benthic coccoid cyanobacteria (Kremer and Kazmierczak, 2005).
These structures occur mostly as agglomerations of variously preserved subglobular colonies
composed of spherical cells of variable size and number (Figs. 2D-F). The preserved
structures can be compared to colonies of modern coccoid cyanobacteria, belonging to the
Pleurocapsales group (Kremer, 2006), particularly to members of the genera Stanieria and
Chroococcidiopsis (Komarek and Anagnostidis, 1998; Rippka et al., 2001).
The sequence of black cherts examined bears no indication of current or wave dominated
sedimentary processes. They are finely laminated and lack any clotted sedimentary structures
or allochthonous material (both mineral and skeletal). All macroscopic and microscopic
sedimentary features of the studied mats indicate an in situ position and mostly undisturbed
growth, below the wave-base depth.

Material and methods
Sample material
Microscopic studies of the radiolarian cherts have been carried out by Kremer and
Kazmierczak (2005). Remnants of cyanobacterial mats were examined using light microscopy
and scanning electron microscopy (Philips XL20) as well as dissecting microscopy. The
thermal maturity of the OM was assessed using Rock Eval pyrolysis performed by the Oil and
Gas Institute in Krakow. Based on the results, eight outcrop samples were selected for
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Figure 2. Optical micrographs of Early Silurian radiolarian cherts in thin sections at various levels of
magnification. A: Section of black radiolarian chert showing fine lamination of the organic matter. B:
Section of pyritised radiolarian skeleton incorporated within organic laminae. C: Fragment of chert
showing typical lamination of organic matter. D, E: Magnified fragment of cyanobacterial colony
showing spherical structures representing remains of variously degraded coccoid cyanobacterial cells.
F: Globular aggregates composed of partly degraded coccoid cyanobacteria of different size.

24

Biomarkers in Silurian cyanobacterial mats

geochemical investigation. Samples were freeze-dried and crushed to a homogenous powder
using a swing mill prior to analysis.

Elemental and isotope analysis
Total organic carbon (Corg), total nitrogen (Ntot), δ13C and δ15N values were determined using
a Thermofinnigan Delta Plus isotope ratio mass spectrometer after high temperature flash
combustion with a Carlo Erba Instruments Flash 1112 elemental analyser. Sediments
measured for Corg and δ13Corg were acidified with 2 M HCL for 24 h to remove inorganic
carbon, neutralised using distilled water and subsequently freeze-dried. Bulk δ13Corg and
δ15Ntot analyses were performed on powdered and weighed sediment samples. In addition,
δ15N values of the extractable organic matter were determined by dissolving aliquots of the
bitumen (see below) in dichloromethane (DCM) and transferring it into tin capsules. After the
DCM had evaporated, the capsules were folded and analysed. All isotope abundances are
reported in standard delta notation as follows: δsample(‰) = [(Rsample/Rstandard)-1]  1000, where
Rsample and Rstandard are the C and N isotope ratios of the sample and the standard, respectively.
The δ13C and δ15N values were calibrated against the laboratory standards, benzoic acid (δ13C
= -27.8‰; Corg = 68.8%) and glycine (δ15N = 2.4‰; Norg = 18.6%), and are expressed with
respect to deviation from the standard reference material, Vienna PeeDee Belemnite (VPDB)
and atmospheric N2 (air), respectively. Reproducibility of the isotopic analysis was
determined by running samples in duplicate, resulting in pooled standard errors of 0.1‰ for
δ13C and 0.2‰ for δ15N.

Lipid analysis
Crushed samples were extracted using accelerated solvent extraction with methanol
(MeOH):DCM (2:1 v/v) as solvent at high temperature (100 °C) and pressure (7.6 ×106 Pa).
Extracts were evaporated to near dryness, transferred to pre-weighed vials and blown dry
under N2. Elemental sulphur was removed by addition of activated copper turnings to the total
lipid extract. Aliquots of the extract were analysed for δ15N values as described above. Apolar
and polar hydrocarbon fractions of the total extract were obtained using Al2O3 column
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Bardzkie Mts. n.a. not analysed.

Table 1. Elemental and isotopic composition of organic matter preserved in sediments of the Holy Cross and
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chromatography and eluted with hexane:DCM (9:1 v/v) and MeOH:DCM (1:1 v/v),
respectively. The apolar fractions were analysed using gas chromatography-mass
spectrometry (GC-MS) with a Thermofinnigan Trace GC coupled to a Thermofinnigan Trace
DSQ. Samples were injected on-column into a fused silica capillary column (25 m x 0.32
mm) coated with CP-Sil 5 (film thickness 0.12 µm) with He as carrier gas. The oven was
programmed from 70 to 130 °C at 20 °C/min and to 320 °C (held 20 min) at 4 °C/min. The
spectrometer was operated in the electron ionisation (EI) mode, scanning from m/z 50-800 in
1.0 s, with electron energy of 70ev. In addition, single ion monitoring (SIM) of m/z 191 and
m/z 205 (dwell time = 100 ms) was performed to enhance the sensitivity in the analysis of
hopanes and their C-2 methylated homologues. Structural assignments were made by
comparison with published spectral data and the use of retention time indices.

Results
Elemental composition
Sediments of the Holy Cross and the Bardzkie Mts. were characterised by variable Corg and
Ntot concentrations. Corg content ranged from 0.4 to 8.1% in cherts from the Bardzkie Mts. and
from 0.9 to 8.0% in those from the Holy Cross Mts. (Table 1). Although the overall range for
sediments from both locations was comparable, cherts from the latter location had on average

Figure 3. Ntot versus Corg crossplot for
Holy Coss Mts. cherts () and Bardzkie
Mts. cherts (▲).
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higher Corg values (~4%) than those from the Bardzkie Mts. (~2.5%). The Ntot content for
cherts from both locations were comparable and varied between 0.03 and 0.36% (Table 1).
Corg and Ntot contents showed a strong positive correlation (Fig. 3), with atomic Corg/Ntot ratios
that were close to 30 for sediments from the Holy Cross Mts. but varied between 15 and 26
for cherts from the Bardzkie Mts.

Isotopic composition
The stable carbon isotopic composition of the bulk OM ranged from -28 to -31‰ for
sediments from the Bardzkie Mts. (Table 1). In contrast, cherts from the Holy Cross Mts.
were characterised by similar δ13Corg values of ca. -31‰. Nitrogen isotopic values for the
Bardzkie Mts. cherts varied between +0.1 and -1.1‰ and were slightly more positive than
those of the Holy Cross Mts. cherts, which had values of -0.4 to -2.2‰ (Table 1). In addition
to the nitrogen isotopic composition of the bulk OM, the δ15N of the extractable organic
matter was determined. Values ranged from +1.8 to -1.0‰ in the Bardzkie Mts. cherts and
from -0.1 to -1.5‰ in the Holy Cross Mts. cherts. The overall nitrogen isotopic composition
of the sedimentary lipid extracts therefore closely resembled that of the bulk sediments,
except for the Lupianka I chert, for which the extract was enriched by +1.6‰ relative to the
bulk sediment.

Biomarker composition
The apolar fractions of the Holy Cross Mts. cherts were dominated by a unimodal distribution
of n-alkanes in the range of C16 to C38 with maxima at C18 or C19 and no odd/even
predominance (Fig. 4a). The Bardzkie Mts. cherts showed n-alkane distributions that ranged
from C16 to C32 with maxima at C17 or C18 and again with no odd/even predominance (Fig.
4b). Higher relative abundances of short-chain n-alkanes were found in the Bardzkie Mts.
cherts compared to those from the Holy Cross Mts. The latter also contained clusters of
monomethyl alkanes (MMAs) with iso and anteiso configurations, ranging from C17 to C23
with a maximum at C17 for both isomer series. Besides the presence of 2- and 3-MMAs, the
apolar fractions of the Holy Cross Mts. cherts were characterised by substantial amounts of
co-eluting mid-chain branched MMAs with dominant 6- and 7-methylisomers (Fig. 5). As
with the n-alkanes, the MMAs showed a predominance of low carbon numbers (C17 to C20)
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and decreased in abundance with increasing carbon number. In addition to normal and
branched alkanes, pristane and phytane were present in relatively high abundance and
homologous series of n-alkyl cyclohexanes, with carbon number distributions similar to those
of the n-alkanes, were present in all samples.
The distribution of hopanes (m/z 191) and 2-methylhopanes (m/z 205) in the Holy Cross and
Bardzkie Mts. cherts was analysed using full scan and single-ion-monitoring (SIM) mass
spectrometry. The Holy Cross Mts. cherts were characterised by a series of C30-C35
homohopanes, with the C30 17α,21β(H)-hopane dominating (Fig. 6). Other hopanes included
18α(H)-trisnorneohopane (Ts), 17α(H)-trinorhopane (Tm), C29 17α,21β(H)-norhopane and
C29Ts. Minor amounts of C29 and C30 17β,21α(H)-hopanes occurred in the Holy Cross Mts.

Figure 4. Total ion chromatograms of the apolar hydrocarbon fractions of (a) Szumsko-2 (Holy Cross
Mts.) and (b) GBP Podtynie (Bardzkie Mts.) sediments. n-Alkanes are labelled as (●); monomethyl
alkanes are labelled as (■).

29

Chapter 2

Figure 5. M/z 71 chromatogram of the saturated hydrocarbon fraction from sampling site Zbrza (Holy
Cross Mts.) showing alkane distributions. The insert depicts the distribution of the low-molecular
weight MMAs in the range of C17 to C20 with numbers indicating the position of the methyl group.

cherts with the exception of the Zbrza sample, which contained higher abundances of these
compounds. 2-methylhopanes were not detected in the Holy Cross Mts. cherts. Hopane
concentrations were below the detection limit for the Bardzkie Mts. cherts.
Relatively high amounts of diasteranes and steranes were present in the Holy Cross Mts.
cherts: C27 to C29 20S and 20R 13β,17α(H)-diasteranes, with the C29 homologue most
abundant, and C27 to C29 steranes with the C29 sterane dominating. The m/z 231 and 253
chromatograms revealed the presence of triaromatic and monoaromatic steranes although only
in trace amounts. Steranes and aromatic sterane concentrations were below our detection limit
for the Bardzkie Mts. cherts.

Discussion
Thermal maturity of OM
Parameters used to assess the thermal maturity of the Holy Cross Mts. cherts are summarised
in Table 2. The 22S/(22S+22R) 17α,21β(H)-hopane ratio and the 20S/(20S+20R)
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13β,17α(H)-diasterane ratio have both reached equilibrium values of ca. 0.6 (MacKenzie et
al., 1980; Seifert and Moldowan, 1980), which suggests at least the onset of the oil generation
window. Maturity indices based on the isomerisation ratios of C27 and C29 regular steranes,
i.e. 20S/(20S+20R), have not reached equilibrium and fall within the range of 0.47 and 0.45,
respectively, indicating a maturity close to the peak stage of oil generation. Ts/(Ts+Tm) ratio
values are in the range of 0.6 to 0.8 and correspond to the peak level of oil generation, in
agreement

with

the

sterane

maturity

parameter.

The

ratio

of

17β,21α(H)-

moretanes/(17α,21β(H)-hopanes + 17β,21α(H)-moretanes) is slightly higher in the Zbrza
sediment (~0.17) than the average value of 0.10 for the remaining Holy Cross Mts. cherts,
suggesting a slightly higher maturity. The maturity assessment based on biomarkers is
supported by Tmax values, which are in the range of 442 to 448˚C, corresponding to a
calculated vitrinite reflectance of 0.79 to 0.90% (Jarvie and Lundell, 2001).
Assessment of the maturity of the Bardzkie Mts. cherts is more difficult due to the lack of
suitable biomarker maturity parameters. However, several lines of evidence indicate that the
OM has reached a higher degree of maturity than that in the Holy Cross Mts.

Table 2. Organic geochemical maturity parameters based on molecular fossils present in sediments
from the Holy Cross Mts.

Sampling
Location
Holy Cross Mts.
Szumsko – 2
Zalesie – 41
Zalesie – 46
Zbrza – 14

CPI

Ts/Tm

Sterane
C29a

Diasterane
C27b

Hopane
C31c

Mor./Hop.
C30d

1.17
1.18
1.12
1.10

0.62
0.76
0.70
0.18

0.48
0.52
0.50
0.57

0.52
0.56
0.55
0.59

0.57
0.60
0.62
0.60

0.11
0.10
0.09
0.17

a

C29 14α(H)-sterane: 20S/(20S+20R)
C27 13β,17α(H)-diasterane: 20S/(20S+20R)
c
C31 17α,21β(H)-hopane: 22S/(22S+22R)
d
C30 moretane and 17α,21β(H)-hopane: (moretane/(hopane + moretane)
b
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Figure 6. M/z 191 chromatogram of the saturated hydrocarbon fraction from sampling site Zbrza
(Holy Cross Mts.) showing hopane distributions. C31-C35 homohopanes are labelled as (♦).

sediments. During catagenesis the relative abundance of low molecular weight components
increases with maturity as, for example, reported for the Middle Proterozoic sediments from
the McArthur Basin (Summons et al., 1988). The higher relative abundances of short chain nalkanes and only minor concentrations of long-chain n-alkanes in the Bardzkie Mts. compared
to the Holy Cross Mts. cherts suggest that the former are more mature (Fig. 4b). Furthermore,
carbon preference indices (CPIs) for C23 to C33 n-alkanes in the Bardzkie Mts. cherts are close
to unity, suggesting a higher maturity (Peters et al., 2005). Finally, the Bardzkie Mts.
sediments have slightly heavier δ13C values than the Holy Cross Mts. cherts. This difference
may indicate a somewhat higher thermal maturity of the Bardzkie Mts. sediments as δ13C
values tend to become more positive, i.e. the OM becomes more 13C-enriched, with increasing
maturity (Lewan, 1983).

OM sources

Elemental ratios
In OM-rich sediments, most of the nitrogenous components derive from a biotic source and a
strong correlation between the organic carbon and nitrogen content is observed. However, in
OM-poor sediments, a relatively large contribution from inorganic nitrogen species to Ntot can
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considerably influence the Corg/Ntot and

15

N/14N ratios (Stein and Rack, 1995). This is of

particular importance for clastic sediments, in which a large portion of the Ntot content can
consist of ammonium bonded to clay particles (Müller, 1977). To determine the effect of
inorganic N on the Corg/Ntot ratio of the cherts, we calculated the biotic N content. In a crossplot of Corg vs. Ntot, the average Corg/Ntot value is the regression coefficient and the
contribution of inorganic N can be inferred from the offset on the y-axis (Fig. 3; Table 1).
Cherts from both locations are characterised by a strong positive correlation of Corg and Ntot,
with r2 values of 0.99. A positive intercept for Ntot close to zero in the Holy Cross Mts. cherts
suggests that the nitrogen preserved in the Holy Cross Mts. sediments is primarily derived
from a biotic source. Thus, the effect of inorganic N on the Corg/Ntot ratio and the nitrogen
isotopic ratio should be relatively small. However, for the Bardzkie Mts. cherts the regression
line intersects the y-axis at 0.02% and, given that the Ntot content of these cherts ranged
between 0.03 and 0.36‰, a considerable amount of the total nitrogen may derive from an
inorganic nitrogen source in at least some of these sediments. This is most obvious in the
Lupianka I chert, which has the lowest Ntot content (0.03%) of all cherts analysed. The high
concentration of inorganic N likely explains the large discrepancy between the bulk δ15N
signal of the chert and that of the extractable organic matter (see below).
C and N isotopic composition
The carbon isotopic ratios of the bulk OM in the Holy Cross and Bardzkie Mts. cherts ranged
from -29.6 to -31.8‰. This is in agreement with fractionation by ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) utilising photosynthetic organisms (Park and Epstein,
1960; Quandt et al., 1977; Schidlowski, 2001), including those of natural populations and
cultures of cyanobacteria (Schidlowski, 1988). However, there is no specific carbon isotopic
fractionation difference between cyanobacteria and other photosynthetic organisms.
Therefore, the δ13Corg values cannot be used to infer a cyanobacterial origin for the OM.
The nitrogen isotopic composition of OM depends on the N source and the metabolic pathway
utilised during N assimilation. Aquatic algae grow at the expense of dissolved inorganic N
and are typically characterised by δ15N values of +3 to +15‰ (Cloern et al., 2002). Biological
N2 fixation shows only modest discrimination against inorganic 15N and produces OM that is
isotopically slightly depleted relative to atmospheric N2 (Wada and Hattori, 1991). Thus, OM
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biosynthesised by diazotrophs exhibits δ15N values in the range of +1 to -3‰ and these have
been used to trace biological dinitrogen fixation in both ancient and modern environments
(Rau et al., 1987; Kuypers et al., 2004; Meyers and Bernasconi, 2005). Bulk δ15N values for
the Holy Cross and the Bardzkie Mts. cherts varied between +0.1 and -2.2‰ and are thus in
good agreement with those considered to indicate biological dinitrogen fixation. Furthermore,
the nitrogen isotopic ratios of the sediment extracts, containing only OM and no inorganic N,
ranged from +1.8 to -1.7‰ and were similar to those of the bulk sediment. This suggests that
the nitrogen isotopic composition of the sediment was not significantly affected by a
contribution from inorganic nitrogen species and that the δ15N signal primarily reflects that of
the OM.
In general, microbial degradation of phytoplankton is associated with an enrichment in 15N of
the residual organic matter as a result of discrimination against 15N during metabolic reactions
(Saino and Hattori, 1987; Schafer and Ittekkot, 1993). For example, an increase in δ15N
values was observed for suspended particulate matter during aerobic degradation (Sigman et
al., 1999). Further support for this idea comes from incubation experiments that revealed an
increase in the nitrogen isotopic ratios of particulate OM during oxic degradation (Holmes et
al., 1999). In a similar fashion, increasing thermal maturity is considered to preferentially
release the lighter nitrogen isotope, leading to a
though no systematic

15

N-enrichment of the sedimentary OM,

15

N-enrichment was observed with increasing maturity in sedimentary

OM from various geological sites (Pitcairn et al., 2005; Boudou et al., 2008). Thus, if
diagenesis and thermal maturity had affected the isotopic composition of the preserved OM,
the original δ15N value would most likely have been even more depleted than that measured in
these sediments. Therefore, although nitrogen isotope values from ancient sediments should
be interpreted with caution, it is plausible that the nitrogen isotopic composition of the Holy
Cross and Bardzkie Mts. cherts is consistent with the presence of diazotrophic cyanobacteria
in the depositional environments in which the cherts were formed.
OM sources inferred from biomarkers
Sediments from the Holy Cross Mts. contain relatively high abuandances of MMAs,
predominantly 2- and 3-methyl isomers, but also considerable quantities of 6- and 7-methyl
isomers (Figs. 4, 5). Mid-chain branched MMAs have been reported to be a characteristic
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feature of cyanobacteria and have been found in numerous cyanobacterial cultures (Gelpi et
al., 1970; Han and Calvin, 1970), modern cyanobacterial mats (Shiea et al., 1990), as well as
ancient sediments characterised by a substantial input of OM derived from cyanobacteria
(Kenig et al., 1995). More recently, the presence of various methyl branched heptadecanes (C2 to C-7 substituted isomers) has been reported from the heterocyst-forming cyanobacterium
Calothrix scopulorum (Köster et al., 1999) and the filamentous cyanobacterium Microcoleus
vaginatus (Dembitsky et al., 2001). Microbial mats from an Icelandic hot spring, dominated
by the heterocystous cyanobacterium Mastigocladus laminosus, have been shown to contain
abundant 5- and 6-monomethyl alkanes (Robinson and Eglinton, 1990). However, organisms
other than cyanobacteria are also known to synthesise mid-chain branched MMAs. Kenig et
al. (1995) related the occurrence of C24 to C40 mid-chain branched MMAs in microbial mats
from Abu Dhabi to the presence of insects feeding on these structures. This is in agreement
with observations by Nelson and Blomquist (1995), who detected mid-chain branched MMAs
in the range of C24 to C38 as major constituents of insect waxes. However, the carbon number
of these insect-derived MMAs is considerably higher (>C24) than for those in the Silurian
cherts (<C24). Thus, insects are unlikely to be a source of MMAs in these sediments.
Apart from cyanobacteria (Köster et al., 1999; Dembitsky et al., 2001), alternative sources for
2- and 3-monomethyl alkanes exist. The generation of fossil 2- and 3-monomethyl alkanes
from iso- and anteiso-carboxylic acids in a limestone from the Triassic Cassian beds
(Dolomites, northern Italy) was suggested by Thiel et al. (1999). These acids are of
widespread occurrence in anoxygenic bacteria (Kaneda, 1991), marine phytoplankton and
fungi (Perry et al., 1979) but do not appear to be present in cyanobacteria (Cohen and
Vonshak, 1991). Thus, although the presence of 2- and 3-monomethyl alkanes cannot be used
to unambiguously establish a cyanobacterial origin, their presence and that of mid-chain
MMAs in sediments from the Holy Cross and Bardzkie Mts. does strongly suggest a
significant cyanobacterial contribution to the OM.
Evidence for a cyanobacterial input to the sedimentary OM can also be provided by the
presence of 2-methylhopanoids or their diagenetic products (Summons et al., 1999). Although
regular hopanes were present in the Holy Cross Mts. sediments, 2-methylhopanes, which can
be identified by their characteristic m/z 205 and m/z 383 mass fragment ions, were below the
detection limit, even when SIM was employed for the detection of these compounds.
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Furthermore, hopanes in general were below the detection limit in the Bardzkie Mts.
sediments, possibly due to the higher degree of thermal maturity. However, the absence of 2methylhopanes does not exclude the presence of cyanobacteria in the depositional
environment. Marine cyanobacteria of the genera Prochlorococcus, Synechococcus,
Crocosphaera and Trichodesmium sp. were reported to contain regular hopanes only and the
biosynthetic pathways that produce C-2 methylated BHPs in cyanobacteria are yet unclear
(Talbot et al., 2008). Thus, the fact that 2-methylhopanes were below our detection limit does
not rule out the presence of cyanobacteria in the Silurian cherts’ original depositional
environment and could simply reflect the absence of cyanobacteria which biosynthesise 2methylhopanoids.
The sterane compositions are characterised by a predominance of C29 homologues, which is
often interpreted as a significant contribution from terrestrial material to the sedimentary OM
(MacKenzie, 1984; Moldowan et al., 1985). However, terrestrial higher plants were yet to
fully evolve as primary producers in the Late Silurian and, so are unlikely to constitute a
significant OM source in the cherts. C29 sterols have also been reported as major constituents
of photosynthetic algae cell membranes (Volkman, 1986; Volkman et al., 1998) and sterane
distributions similar to those found in the cherts have been reported from other marine
settings of Lower Palaeozoic age (Volkman, 2005). The high amounts of steranes in the
sequence from the Holy Cross Mts. therefore suggest that not only cyanobacteria, but also
eukaryotic algae, were a major component of the phytoplankton community.

Conclusion
Lipid and stable isotope analyses of Early Silurian cherts from the Holy Cross and the
Bardzkie Mts., considered to contain cyanobacterial microfossils, partially support the idea
that cyanobacteria were a significant member of the phytoplankton community at time of
deposition. This is primarily based on the presence of mid-chain branched MMAs in the most
immature sediments from the Holy Cross Mts. In addition, low δ15N values for both bulk and
extractable organic matter indicate that the preserved OM derived from diazotrophic
organisms such as cyanobacteria. Steranes and diasteranes were identified in the Holy Cross
Mts. chert extracts, in good agreement with the presence of remnants of eukaryotic algae in
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these sediments. In the more mature Bardzkie Mts. sediments, diagnostic biomarkers for both
cyanobacteria and eukaryotic algae were not detected. However, indications for the presence
of these organisms in the depositional environment were derived from the δ15N signal and
microscopical observations. Our study shows that, individually, microfossils, molecular
fossils and stable carbon and nitrogen isotopes are difficult to interpret in thermally mature
settings but that a combination of such techniques may be applied to ancient and mature
sediments to assess OM sources in the original depositional environment, such as the presence
of cyanobacteria.
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Abstract
This study investigated the bulk nitrogen isotopic composition and fractionation of marine
and freshwater cyanobacteria growing at the expense of atmospheric dinitrogen gas (N2) or
nitrate (NO3-). In agreement with previous studies, cyanobacteria using N2 had 15N values
ranging from -2‰ to -1‰ and fractionated by 2‰ to 3‰ against atmospheric N2. When
grown on NO3-, the analyzed cyanobacteria had a remarkably large range in δ15N, from -14‰
to 1‰, and fractionated by 4‰ to 19‰ relative to the supplied NO3-. Interestingly, several of
the NO3--utilizing cyanobacteria expressed a nitrogen isotopic signal similar to the one
expected for diazotrophic species. Extrapolation to the natural environment suggests that δ15N
signals considered to be associated with dinitrogen fixation could also be generated by NO3-utilization, depending on the isotopic composition of the nitrogen source, the degree of
fractionation, and the type of cyanobacterium involved.
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Introduction
Nitrogen is an essential element that often limits primary productivity in oligotrophic oceans
and freshwater systems. Although dinitrogen gas is the most abundant species of nitrogen in
seawater (Sharp, 1983), it is inaccessible for most phytoplankton due to the high initial energy
needed to break the triple bond between the two N atoms. A few members of the
phytoplankton community belonging to the cyanobacteria, are capable of converting N2 to
ammonia in a process that is called biological dinitrogen fixation (Paerl, 1992). In
oligotrophic regions of the subtropical and tropical oceans, cyanobacteria are recognized as
major primary producers responsible for more than 50% of the primary productivity (Karl et
al., 1997). In these regions, diazotrophic species are of particular importance because most of
them combine the concurrent fixation of carbon and nitrogen. Hence, N2-fixing cyanobacteria
play a key role in replenishing the reservoir of combined nitrogen in the euphotic layer of the
world’s oceans by counteracting the losses of bioavailable nitrogen through processes such as
denitrification and anaerobic ammonium oxidation (Altabet, 2005). For example,
cyanobacteria of the genus Trichodesmium annually add 80 Tg N to large parts of the tropical
oceans (Capone et al., 1997) and this fixation of dinitrogen equals the vertical NO3- flux from
the deep ocean (Karl et al., 1997). In freshwater systems, combined nitrogen usually derives
from weathering of igneous rocks, terrestrial runoff, and anthropogenic inputs

Table 1. Summary of previously reported δ15N and ε values for cyanobacterial cultures grown on
different source of nitrogen. n.r.: not reported

Species

Isolate

Anabaena cylindrica
Anabaena sp.
Anabaena sp.
Anabaena sp.

IF
IF
CA

Nostochineae
Synechococcus sp.
Synechococcus sp.
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SYN2
DC2

Nitrogen
source

δ15N (‰)

ε (‰)

Reference

N2

-0.6

n.r.

Minagawa and Wada (1986)

N2

-2.7

2.3

Macko et al. (1987)

-

-7.1

13.3

Macko et al. (1987)

NH4

+

-5.0

13.9

Macko et al. (1987)

N2

-0.2

n.r.

Minagawa and Wada (1986)

3.9

n.r.

Sachs et al. (1999)

n.r.

5.4

Needoba et al. (2003)

NO3

n.r.
NO3

-
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(Bobbink et al., 1998). However, unicellular and heterocystous cyanobacteria that fix
atmospheric dinitrogen gas also represent important sources of combined nitrogen in
oligotrophic lakes and rivers (Paerl, 1992).
Evidence for dinitrogen fixation has been derived from, amongst others, bulk nitrogen isotope
measurements since it has been found that the fixation of N2 results in the formation of
organic matter with a nitrogen isotopic composition close to 0‰ (Wada and Hattori, 1991;
Montoya et al., 2002). Therefore, the nitrogen isotopic composition of diazotrophic
cyanobacteria is distinctly different from that of eukaryotic algae that grow at the expense of
nitrate or ammonia and which express δ15N values ranging from 5‰ to 12‰ (Minagawa and
Wada, 1984). Field studies have revealed that there is a strong relationship between
dinitrogen fixation in surface waters, mediated by cyanobacteria, and depleted δ15N values of
organic matter found in the underlying water column and sedimentary archive (Karl et al.,
1997; Brandes et al., 1998). For example, low δ15N values in the range of -2‰ to 0.5‰,
measured for plankton in the North Pacific Ocean, where the filamentous non-heterocystous
cyanobacterium Trichodesmium sp. (in older literature sometimes assigned to Oscillatoria) is
a major primary producer, were interpreted to reflect an input of atmospheric N2 through
biological dinitrogen fixation (Minagawa and Wada, 1984; Wada and Hattori, 1976).
Likewise, N2 fixation carried out by Trichodesmium in the Gulf of Mexico (Macko et al.,
1984) and the East China Sea (Minagawa and Wada, 1986) led to planktonic organic matter
that is characterized by a nitrogen isotopic composition of -2‰ to -1‰. In addition, negative
δ15N values of organic matter in Cretaceous black shales (Kuypers et al., 2004), Pleistocene
sapropels (Meyers and Arnaboldi, 2005), and Holocene freshwater deposits (Talbot and
Johannessen, 1992) have been used to infer that diazotrophic cyanobacteria have contributed
substantially to the organic matter during these time intervals.
Although the link between cyanobacterial N2 fixation and 15N-depleted organic matter seems
well established, only a few laboratory studies have been carried out to investigate the effect
of isotopic fractionation associated with the fixation of dinitrogen in cyanobacterial cultures
and only a limited number of cyanobacterial strains has been analyzed so far (Table 1). These
studies show that the isotopic fractionation associated with dinitrogen fixation averages
between 2‰ and 3‰, which is distinctly different from the isotopic fractionation associated
with the uptake of inorganic nitrogen species. Cultures experiments with various eukaryotes
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CCY0011
CCY9201
CCY9501
CCY9505
CCY9506
CCY9618
CCY9903
CCY0601
CCY0110
CCY9620
CCY0025

CCY0004
CCY0019
CCY0022
CCY0021

filamentous
Leptolyngbya sp.
Leptolyngbya sp.
LPP
LPP

CCY
number

unicellular
Synechococcus sp..
Synechococcus sp.
Synechococcus sp..
Synechococcus sp.
Synechococcus sp..
Synechococcus sp.
Synechococcus sp.
Crocosphaera sp.
Cyanothece sp.
Gloeothece sp.
Myxosarcina sp.

Species

PCC6909

WH9501

Other collection
number

= Pasteur Culture Collection; WH = Woods Hole.

YBCII
YBCII
YBCII
YBCII

BG11
BA
BA
BA
BA
BG11
BA
YBCII
YBCII
BG11
YBCII

Growth
medium

NO3
NO3
NO3
NO3

NO3
NO3
NO3
NO3
NO3
NO3
NO3
N23
N2
N2
N2

Nitrogen
sources

30 - 33
30 - 33
30 - 33
30 - 33

0
- 11
- 11
- 11
- 11
0
10 - 11
30 - 33
30 - 33
0
30 - 33
10
10
10
10

Salinity

5
5
5
5

15
15
15
15
15
15
15
30
30
30
15

Light
(μmol m-2s-1)

14
14
14
14

18
18
18
18
18
18
18
27
27
27
18

Temp
(°C)

-3.9
-4.7
-2.9
-1.5

-1.6
-1.3
-2.3
-0.8
-0.9
-3.6
-1.1
-1.3
-1.9
-1.7
-2.0

δ15N
(‰)

8.8
9.6
7.8
6.4

6.4
6.2
7.1
5.6
5.8
8.5
5.9
1.9
2.5
2.3
2.6

ε
(‰)

without NaNO3; AB = mixture of ½ YBCII + ½ BG11; BA = mixture of ⅓ YBC + ⅔ BG11. ATCC = American Type Culture Collection; PCC

NaNO3; BG11° = freshwater medium without NaNO3; YBCII = artificial seawater medium with NaNO3; YBCII° = artificial seawater medium

LPP: a group with cyanobacteria belonging to morphotypes of Lyngbya, Plectonema, and Phormidium. BG11 = freshwater medium with

isotopic composition (δ15N), and nitrogen isotopic fractionation (ε). All cultures were obtained from the Culture Collection Yerseke (CCY).

Table 2. Cyanobacteria analyzed in this study with culture conditions (growth medium, salinity, light intensity, and temperature), nitrogen
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CCY
number

CCY0002
CCY9417
CCY0001
CCY0028
CCY9701
CCY9702
CCY9703
CCY9408
CCY9409
CCY9625

CCY9402B
CCY9402C
CCY9613
CCY9901
CCY9910
CCY9921
CCY9922
CCY9922
CCY0018
CCY0202
CCY0014
CCY9415
CCY9416
CCY0012

Species

Microcoleus sp.
Microcoleus sp.
Phormidium formosum
Oscillatoria sp.
Pseudanabaena sp.
Pseudanabaena sp.
Pseudanabaena sp.
Lyngbya sp
Lyngbya sp
Trichodesmium thiebautii

heterocystous
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena cylindrica
Anabaena variabilis
Anabaena variabilis
Calothrix sp.
Calothrix sp.
Nodularia sp.
Nodularia sp.
Nodularia sp.
Nostoc sp.
ATCC27899
ATCC29413
ATCC29413

IMS-101

Other collection
number

BG11°
BG11°
BG11°
BA
BG11°
BG11°
BG11°
BG11°
BA
YBCII°
BA°
BA°
BA°
BG11°

YBCII
YBCII
YBCII
AB
BG11
BG11
BG11
YBCII°
YBCII°
YBCII°

Growth
medium

0
0
0
10 - 11
0
0
0
0
10 - 11
30 - 33
10 - 11
10 - 11
10 - 11
0

30 - 33
30 - 33
30 - 33
15 - 16
0
0
0
30 - 33
30 - 33
30 – 33

NO3NO3NO3NO3NO3NO3NO3N23
N23
N233

N23
N23
N233
N233
N23
N2
N2
N2
N23
N23
N233
N233
N233
N233

Salinity

Nitrogen
sources

30
30
30
30
30
30
30
30
25
25
5
5
5
30

5
5
5
5
5
5
5
25
25
25 – 30

Light
(μmol m-2s-1)

14
14
14
14
14
14
27
14
14
14
14
14
14
14

14
14
14
14
14
14
14
14
14
27

Temp
(°C)

-0.8
-1.8
-1.8
-1.9
-1.6
-1.6
-1.8
-1.9
-1.2
-0.9
-1.3
-2.2
-1.6
-1.6

-5.0
-1.8
+1.1
-5.3
-1.0
+1.2
-4.5
-1.6
-0.8
+0.5

δ15N
(‰)

1.4
2.4
2.4
2.5
2.2
2.2
2.4
2.5
1.8
1.5
1.9
2.8
2.2
2.2

9.9
6.7
3.7
10.2
5.8
3.6
9.4
2.2
1.4
0.1

ε
(‰)
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showed that fractionation associated with growth on ammonium resulted in fractionation
values of 18‰ to 25‰, while the utilization of nitrate usually yielded lower fractionation
values of 2‰ to 6‰ (Montoya and Mccarthy, 1995; Needoba et al., 2003; Granger et al.,
2004; York et al., 2007) However, isotopic fraction of nitrate by certain diatom species has
been demonstrated to yield an isotopic fraction of 8‰ to 13‰ (Montoya and Mccarthy, 1995;
Granger et al., 2004). Similar to eukaryotic algae, cyanobacteria will preferably utilize
combined nitrogen and deplete these sources before switching to the energy-expensive
process of N2 fixation (Mulholland et al., 2001). Hence, cyanobacteria that utilize combined
nitrogen sources may possess a nitrogen isotopic signal that is indistinguishable from that of
other phytoplankton in natural environments. However, few studies have investigated the
isotopic composition and fractionation of nitrogen by cyanobacteria growing at the expense of
inorganic nitrogen species other than N2 (Table 1). For example, nitrate uptake by the
heterocystous cyanobacterium Anabaena IF resulted in an isotopic fractionation of ~13‰
(Macko et al., 1987), while a value of ~5‰ was observed for the unicellular cyanobacterium
Synechococcus sp. (Needoba et al., 2003). The nitrogen isotopic fractionation associated with
the uptake of ammonium has been investigated for the cyanobacterium Anabaena CA and an
value of ~13‰ has been reported (Macko et al., 1987).
In this study, cultures of 39 cyanobacteria, including unicellular, filamentous, nonheterocystous and heterocystous species originating from marine and freshwater habitats,
were investigated for their nitrogen isotopic composition and isotopic fractionation associated
with growth on either N2 or NO3-. Changes in the nitrogen isotopic composition and
fractionation of three cyanobacteria were monitored over a period of four weeks to determine
the isotopic variability over time. In addition, three strains were grown on both N2 and NO3in order to investigate the effect of different nitrogen sources on the nitrogen isotopic
composition and fractionation within a single strain. The results were used to infer nitrogen
isotopic fractionation patterns of cyanobacteria in natural environments.
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Methods
Cultivation
The cyanobacteria used in this study were obtained from the Culture Collection Yerseke
(CCY) at the Netherlands Institute of Ecology (NIOO-KNAW; Table 2). The cyanobacteria
were grown as axenic batch cultures in freshwater (BG11; Castenholz, 1988), artificial
seawater (YBCII; Chen et al., 1996) or a mixture of both media. The cultures were inoculated
in 250 mL Erlenmeyer flasks containing 100 mL of sterile medium. Most strains were grown
at 14°C with the exception of Synechococcus spp. and Myxosarcina sp., which were grown at
18°C and 23°C, respectively. Anabaena variabilis was grown at temperatures of 14°C and
27°C, while the unicellular strains of Crocosphaera sp., Cyanothece sp., Gloeothece sp., and
Trichodesmium sp. were cultivated at 27°C. The Erlenmeyer flasks were shaken to obtain a

Table 3. Nitrate concentrations, δ15N of cyanobacteria, δ15N of the residual NO3- pool, and the
nitrogen isotopic fractionation (ε) during growth of Anabaena CCY9922 (ATCC 29413), Gloeothece
CCY9620 (PCC6909), and Cyanothece CCY0110.

Species
Anabaena
CCY9922

Gloeothece
CCY9620

Cyanothece
CCY0110

Time

NO3-

δ15N (biomass)

δ15N (nitrate pool)

ε

(weeks)

(μmol L-1)

(‰ air)

(‰ air)

(‰)

1
2
3
4
1
2
3
4
1
2
3
4

182.7
178.8
173.5
170.0
180.2
176.1
175.8
174.6
183.3
177.2
175.9
174.4

-0.2
-1.0
-1.3
-0.8
2.5
-0.5
-1.9
-3.1
-11.6
-13.9
-14.1

4.8
5.0
5.2
5.3
4.8
5.0
5.0
5.1
4.8
5.4
5.6
5.8

5.1
5.8
6.1
5.6
2.3
5.3
6.8
8.0
16.6
19.0
19.2
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Figure 1. (A) Nitrogen isotopic composition and (B) nitrogen isotopic fractionation of cyanobacteria
grown on dinitrogen gas and nitrate. The dashed lines represent the δ15N value of the nitrogen source.
Note that Cyanothece CCY0110 grown on nitrate is not included in this graph because of its
anomalously high fractionation (δ15N = -14‰; ε = 19‰).

homogeneous culture and allowing representative sampling. The cultures were maintained at
an alternating 12:12 h light-dark regime with a light intensity ranging between 5 and 30 μmol
m-2s-1. All strains were grown either on atmospheric dinitrogen gas or with 180 μmol L-1
nitrate as the source of nitrogen to established non-limiting nitrogen conditions in the culture.
Biomass was grown for a maximum of 7 weeks, harvested, washed three times with 5 mL of
double distilled water in order to remove salts, freeze-dried and stored at -20°C until analysis.
In order to follow nitrogen isotopic fractionation associated with the uptake of NO3-, three
diazotrophic cyanobacteria, i.e., Anabaena variabilis CCY9922 (ATCC29413), Gloeothece
CCY9620 (PCC6909), and Cyanothece CCY0110, were grown as batch cultures. The
filamentous heterocystous A. variabilis and the unicellular Gloeothece were grown in BG11,
while the unicellular marine Cyanothece was grown in YBCII. All cultures were grown at
conditions as described above. Cells and the growth media were sampled weekly over a
period of one month.
To investigate isotopic fractionation of a single species grown on different nitrogen sources,
three diazotrophic cyanobacteria, i.e., the marine unicellular Crocosphaera CCY0601
(WH8501) and the heterocystous freshwater strains Anabaena variabilis CCY9922 (ATCC
29413) and Nostoc CCY9626 (PCC7120), were grown both with and without nitrate (180
μmol L-1). Crocosphaera was grown in YBCII, whilst A. variabilis and Nostoc were
cultivated in BG11. These strains were grown as batch cultures at 27°C with 30 µmol m-2s-1
incidental photon flux density and a 12:12 h light-dark regime. After six weeks the cells were
collected and treated as described above.
Nitrate concentration analysis
Aliquots of the sampled culture media were passed through 0.2 μm Acrodisc syringe filter
(Pall) and stored frozen in order to prevent degradation of the inorganic nitrogen species.
Prior to analysis, the culture media were thawed to room temperature and nitrate
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concentrations were measured spectrophotometrically using a TRAACS 800+ (Bran and
Luebbe) continuous flow analyzer (Grasshoff et al., 1983).
Nitrogen isotope analysis
The nitrogen isotopic composition of organic matter and nitrate was determined by using a
Thermofinnigan Delta Plus isotope ratio mass spectrometer connected on-line to a Carlo Erba
Instruments Flash 1112 elemental analyzer. All isotope abundances are given in conventional
delta notation: δ15Nsample (‰) = [(Rsample - Rstandard)/Rstandard - 1]  1000, where R is the ratio of
15

N:14N. The nitrogen isotopic composition was calibrated against laboratory standards

glycine (δ15N = -2.4‰) and acetanilide (δ15N = -1.3‰). Reproducibility of the isotopic
analysis was determined by duplicate analysis, which yielded pooled standard errors of
<0.2‰. The isotopic fractionation of the biomass relative to that of nitrate was calculated as
ε (‰) = [(δ15NSource + 1000)/(δ15NBiomass + 1000) – 1] × 1000, where δ15NSource and δ15NBiomass
are the nitrogen isotopic composition of the nitrate and the biomass, respectively. The isotopic
composition of the supplied NaNO3 was 4.810.05‰. The nitrogen isotopic composition of
atmospheric N2 is defined as 0‰. However, dissolved N2 is isotopically enriched by 0.1‰ to
0.6‰ relative to atmospheric dinitrogen gas (Benson and Parker, 1961; Emerson et al., 1991).
In this study, a δ15N value of 0.6‰ for dissolved N2 was used to calculate the isotopic
fractionation associated with growth on dinitrogen. The δ15N of the residual NO3- pool in
culture experiments with A. variabilis CCY9922, Gloeothece CCY9620, and Cyanothece
CCY0110 was determined through a mass balance calculation as described by Montoya and
McCarthy (1995) using the nitrogen isotopic composition and initial concentration of NO3- in
the growth medium, the residual concentration of NO3- present at time of sampling and the
δ15N of the cyanobacterial biomass.

Results
The bulk nitrogen isotopic composition and isotopic fractionation of the cyanobacterial strains
analyzed in this study are summarized in Table 2. In general, diazotrophic strains had similar
δ15N values, ranging from -0.8‰ to -2.2‰ with an average δ15N value of -1.5%. An
exception was found in Trichodesmium CCY9625, which had a nitrogen isotopic composition
of 0.5‰. The isotopic fractionation factor (ε) varied within a limited range of 1.4‰ to 2.8‰
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(Fig. 1), with an average value of 2.1‰. The isotopic fractionation of Trichodesmium
CCY9625 was with 0.1‰ distinctly different from that of the other diazotrophic species. In
general, the nitrogen isotopic composition and fractionation of diazotrophic species varied
less than 1‰ within the same genus (Fig. 1).
The nitrogen isotopic composition of the nitrate-utilizing species ranged from -5.3‰ to
+1.2‰ with ε varying from 3.6‰ to 10.2‰ (Fig. 1; Table 2). Hence, the magnitude and range
in fractionation was much larger than those observed for diazotrophic cyanobacteria. Even
strains belonging to the same genus and grown under the same conditions showed
considerable differences in their isotopic composition. For example, two strains of the
filamentous Microcoleus possessed nitrogen isotope values as different as -1.8‰ and -5.0‰.
In contrast, unicellular Synechococcus species showed much less variation and displayed δ15N
values, ranging from -0.8‰ to -2.3‰. An exception was found in Synechococcus CCY9618,
which had a δ15N value of -3.6‰.

Figure 2. (A) Time course of nitrate
concentrations and (B) variation of the
nitrogen isotopic composition and the
nitrogen

isotopic

fractionation

in

cultures of Cyanothece CCY0110,
Gloeothece CCY9620, and Anabaena
variabilis CCY9922 grown on nitrate.
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To investigate whether the isotopic fractionation during uptake of NO3- varied with cell
growth, three cyanobacteria were cultured for four weeks and biomass was sampled weekly
(Fig. 2; Table 3). During this experiment, the nitrate concentration in all cultures decreased
only little (4% to 7%) and thus nitrate was always present in excess amounts (Fig. 2A). The
δ15N of the nitrate increased only by 0.2‰ to 0.4‰ during the time course in most cultures.
However, the nitrate in the culture media of Cyanothece CCY0110 was isotopically enriched
by 1‰ at the end of the experiment. Isotopic fractionation of the freshwater cyanobacteria
Anabaena variabilis CCY9922 remained relatively constant between 5‰ to 6‰, resulting in
δ15N values close to -1‰ (Fig. 2B). In contrast, the marine cyanobacterium Cyanothece
CCY0110 showed a decrease in δ15N from -11.6‰ to -14.1‰ and thus ε increased from
16.6‰ to 19.2‰. Similarly, the δ15N of Gloeothece CCY9620 declined from +2.5‰ to -3.1‰
over the time course and ε increased from 2.3‰ to 8.0‰. To investigate whether the observed
differences in the nitrogen isotopic fractionation are consistent within species, the marine
cyanobacterium Crocosphaera CCY0601 and the freshwater cyanobacteria Anabaena
variabilis CCY9922 and Nostoc CCY9626 were cultured either on N2 or NO3- (Table 4). All
species grown on N2 showed only little fractionation relative to the substrate used, resulting in
δ15N values of -1.3‰ to -1.9‰ and ε values of 1.9‰ to 2.5‰. In contrast, the freshwater
cyanobacteria grown on nitrate showed a much larger isotopic fractionation with ε values of
ca. 5‰ and δ15N values close to 0‰. Nitrate-utilization of the marine cyanobacterium
Crocosphaera resulted in an isotopic fractionation of 7.1‰ and a δ15N value of -2.2‰.

Discussion
Nitrogen isotopic fractionation associated with N2 fixation
In our study, the δ15N of diazotrophic cyanobacteria ranged from 0.5‰ to -2.2‰ with an
average of -1.5‰. These results are in agreement with observations made in other laboratory
cultures of diazotrophic organisms and are similar to those in natural populations of
cyanobacteria. For example, Macko et al. (1987) found a δ15N value of -2.8‰ for the
heterocystous cyanobacterium Anabaena IF grown on N2 as the sole source of nitrogen.
Moreover, the nitrogen isotopic composition reported for natural populations of
Trichodesmium sp. in the North Pacific Ocean (Wada and Hattori, 1976) and the Gulf of
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Mexico (Macko et al., 1984) were similar to the δ15N value of Trichodesmium CCY9625
analyzed in this study.
Isotopic fractionation associated with the uptake of N2 does not appear to depend on the
analyzed strains and their growth conditions based on a one-way analysis of variance
(ANOVA). For instance, there is no apparent relationship between the nitrogen isotopic
fractionation associated with the uptake of N2 and temperature in Anabaena CCY9922 since
the δ15N values were -1.8‰ and -1.9‰, when this organism was grown at 14°C and 27°C,
respectively. There is also not a significant difference in ε between cyanobacteria of different
size or morphology, i.e., between unicellular and filamentous species (p-value = 0.44), or
between heterocystous and non-heterocystous cyanobacteria (p-value = 0.78). The latter
observation suggests that the mechanism that protects the nitrogenase enzyme from
inactivation by oxygen does not affect the isotopic composition of the bulk biomass.
Nitrogen isotopic fractionation associated with NO3- uptake
Isotopic fractionation of nitrate-utilizing cyanobacteria ranged from 3.6‰ to 10.2‰ with an
average of 7.1‰ and was, thus, much larger and more variable than observed for diazotrophic
species. Even strains belonging to the same genus and grown under the same conditions
showed considerable differences in their isotopic composition. However, the isotopic

Table 4. Nitrogen isotopic composition (δ15N) and isotopic fractionation factor (ε) associated with
growth of three cyanobacterial species on dinitrogen gas (N2) and nitrate (NO3-). ATCC = American
Type Culture Collection; PCC = Pasteur Culture Collection; WH = Woods Hole.

Species
Crocosphaera sp.

Isolate

Other collection
number

Type

Nitrogen
source

Growth
Media

δ15N
(‰)

ε
(‰)

CCY0601

WH 8501

unicellular

N2

YBCII

-1.3

+1.9

-2.2

+7.1

-1.9

+2.5

+0.2

+4.7

-1.6

+2.2

-0.6

+5.5

NO3Anabaena variabilis

CCY9922

ATCC 29413

heterocystous

BG11

N2
-

NO3
Nostoc sp.

CCY9626

PCC 7120

heterocystous

BG11

N2
NO3

-
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fractionation associated with uptake of NO3- was not related to cell size and morphology (pvalue = 0.33), or growth conditions (p-value = 0.33). Interestingly, certain nitrate-utilizing
cyanobacteria showed δ15N values closely resembling those found for dinitrogen-fixing
species. This is most evident for strains of Synechococcus, but also for species of other
genera, i.e., Microcoleus or Pseudanabaena (Fig. 1). It is unlikely that these δ15N signals
were generated by N2 fixation rather than by NO3--utilization as even low concentrations of
nitrate are known to repress nitrogenase activity (Mulholland et al., 2001). For instance, in
Trichodesmium sp. N2 fixation was inhibited by nitrate concentrations as low as <5 μmol L-1
(Holl and Montoya, 2005). The nitrate concentration applied in this study was 180 μmol L-1
well above the level that prevents N2 fixation. Hence, the fixation of dinitrogen should not
have had an effect on the overall nitrogen isotopic composition of the NO3--utilizing
cyanobacteria. The large variability in δ15N among nitrate-utilizing cyanobacteria could be
caused by nitrate-limitation occurring during growth, which would not easily happen with N2fixing cyanobacteria because of ample supply of atmospheric N2. However, nitrate
concentrations and the calculated δ15N of the residual nitrogen pool changed only little during
the time course, suggesting that the variability in ε cannot be explained by the limited
availability of NO3- (Fig. 2A; Table 3). Nevertheless, changes in ε values for Gloeothece and
Cyanothece CCY110 were observed during growth on nitrate. Proteins and chlorophylls have
recently been shown to be depleted in δ15N compared to the isotopic composition of the whole
cell (Chikaraishi et al., 2005) and an increased biosynthesis of these molecules may be an
explanation for the decreasing bulk δ15N values in the analyzed species. Nonetheless, the
observed δ15N values are in good agreement with isotope values commonly found for
diazotrophic cyanobacteria. This suggests that at high nitrate concentrations a maximum ε can
be expressed, which results in low δ15N values of the particulate organic matter.
Other studies have also reported considerable variability in the isotopic fraction of nitrateutilizing cyanobacteria. Needoba et al. (2003) showed that Synechococcus sp. fractionates
nitrogen at ~5‰, when grown on nitrate as the sole source of nitrogen. Macko et al. (1987)
found that the isotopic fractionation associated with the uptake of nitrate by Anabaena IF was
~13‰. These ε values agree well with those found in our study. However, isotopic fraction of
nitrate by Gloeothece CCY9620 was as high as 19‰ and this is to the best of our knowledge
the largest ε value for nitrate-utilizing cyanobacteria reported so far. In contrast, most
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eukaryotic algae grown on NO3- are characterized by an isotopic fractionation ranging from
2‰ to 6‰ (York et al., 2007). The difference in the isotopic fractionation of NO3- by
cyanobacteria and eukaryotic algae might be explained by different enzymatic pathways
involved in the uptake and assimilation of nitrate (Granger et al., 2004).
The observed differences in isotopic fractionation associated with the uptake of inorganic
nitrogen might also be because of species differences. However, growth of three
cyanobacteria on either NO3- or N2 showed that for the same species the isotopic fractionation
associated with the uptake of nitrate resulted in larger ε values (5.8±1.2‰) compared to those
associated with N2 fixation (2.2±0.3‰) (Table 4). Interestingly, the isotopic fractionation
associated with growth on NO3- resulted in δ15N values of -2.2‰ to 0.2‰, which are similar
to those obtained by growth on N2 fixation. These results suggest that δ15N values considered
to derive from the uptake of N2 can also be generated by the utilization of nitrate, depending
on the isotopic composition of the nitrogen source and the fractionation processes associated
with its uptake and assimilation.
Implications for nitrogen isotopic fractionation patterns in the natural environment
When extrapolating our results to the natural environment, then communities of diazotrophic
cyanobacteria will likely have δ15N values of -2‰ to +0.5‰ and ε values of 0.1‰ to 2.8‰,
which is in good agreement with previous studies (Minagawa and Wada, 1986; Wada and
Hattori, 1991). However, this assumption is based on the prerequisites that the isotopic
composition of dissolved N2 is rather constant in natural environments and that there is an
unlimited availability of this nitrogen source. Under certain circumstances, however, the δ15N
of dissolved dinitrogen can deviate from the expected nitrogen isotopic composition of ca.
0.6‰ (Emerson et al., 1991). The transformation of nitrate to N2 during denitrification is
accompanied by isotopic fractionation processes that result in isotopically enriched N2
compared to dissolved dinitrogen that derived from an atmospheric source. For example, N2
formed by denitrification in the Arabian Sea was characterized by a δ15N of 1.5‰ (Devol et
al., 2006). Thus, in areas of intense denitrification like the Arabian, North and South Pacific
oxygen minimum zones (OMZ), utilization of isotopically enriched N2 by diazotrophic
cyanobacteria could potentially alter their nitrogen isotopic composition. Bates et al. (1998)
demonstrated that the isotopic composition of N2 produced by denitrification in freshwater
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environments is highly variable, ranging from -5.3‰ to +17‰. Selective uptake of N2
produced during denitrification may thus result in δ15N values different from those generated
by the uptake of atmospheric N2. However, N2 entering the euphotic zone via diffusion at the
water-air-interface most likely represents the majority of the dissolved dinitrogen available
for N2 fixation in regions of denitrification and the isotopic composition of diazotrophic
cyanobacteria living above the OMZ may not be highly affected by isotopically enriched
molecular nitrogen.
In contrast to N2 fixation, the fractionation patterns of nitrate-utilizing cyanobacteria are more
difficult to extrapolate to the natural environment because of the large range in fractionation
observed in our study and because the isotopic composition and availability of nitrate is more
variable than is the case with N2. Nitrate is generated in the deep ocean via the oxidation of
sinking organic nitrogen and has an average δ15N value of ~5% (Sigman et al., 1997; Casciotti
et al., 2008). Compared to the deep ocean, the isotopic composition of nitrate in the surface
waters is much more variable and ranges from 1‰ to 3‰ in regions of N2 fixation (Liu et al.,
1996), from 15‰ to 25‰ at sites of intense denitrification (Brandes et al., 1998), and from
5‰ to 8‰ in the open ocean (Sigman et al., 1997). The majority of nitrate-utilizing
cyanobacteria in this study had ε values of 6‰ to 10‰, and assuming δ15N values of 5‰ to
8‰ for NO3- in natural environments, the nitrogen isotopic composition of nitrate-utilizing
cyanobacteria should range from -5‰ to +2‰, assuming that nitrate is not limiting. These
isotopic compositions are close to those expected for N2-fixing cyanobacteria and hence,
depleted δ15N values may not be unique indicators for the presence of dinitrogen fixation
cyanobacteria in modern or in ancient environments.
Nitrate may be non-limiting in certain areas of the Southern Atlantic and Pacific Oceans and
in certain coastal upwelling regions as well as in freshwater environments and estuaries
(Pennock, 1987; Sigman et al., 1997). Hence, the isotopic fractionation associated with the
uptake of NO3- is likely expressed fully in these regions. Indeed, a sedimentary trap study in
the Weddell Sea suggested that high nitrate concentrations result in particulate organic matter
with low δ15N values (Biggs et al., 1988), consistent with the large isotopic fractionations
observed in our study. However, in marine and freshwater systems where nitrate becomes
limiting and is used to depletion, the δ15N of the resulting particulate organic matter is
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expected to approach the original δ15N value of the nitrate (~5-8%) and thus in an isotopic
composition quite distinct from those of N2-fixing cyanobacteria (-1 to -2‰).
Difficulties in interpreting δ15N signals may be encountered in oceanic regions where
injections of nutrient-rich deep waters occur that replenish the reservoir of combined nitrogen
sources and thus prevent a complete nitrate-utilization. In freshwater systems, a complete
utilization of nitrate could be prevented in lakes that receive a greater part of their nitrogen
supply as terrestrial run off or in holo- or dimicitic lakes where the periodical mixing of
nutrient-rich waters from the hypolimnion fuels up combined nitrogen source. In these
environments, NO3--utilizing cyanobacteria could express a nitrogen isotopic composition
similar to those of N2-fixing species and, thus, care has to be taken in interpreting the δ15N
values of particulate and sedimentary organic matter.
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Abstract
Polyprenols, regular (head-to-tail) isoprenoid alcohols with 7 to 9 prenyl units, were
tentatively identified in several cultivated cyanobacteria. Heptaprenol (C35), octaprenol (C40)
and a suite of nonaprenols (C45) were present in unicellular and filamentous nonheterocystous cyanobacteria, while they were absent in heterocystous species. Structurally
related components, e.g. long-chain (≥C35) acyclic regular isoprenoid hydrocarbons, have
been reported in petroleum and cyanobacterial polyprenols may be potential precursors.

Introduction
Polyprenols are isoprenoid alcohols with 6 to 12 prenyl units that are common constituents of
bacterial cell membranes (Rezanka and Votruba, 2001). They occur in di-trans or poly-cis
configuration with the latter containing one or a small number of saturated prenyl units
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(Hemming, 1985). The most common bacterial polyprenol is bactoprenol, a C55 isoprenoid
alcohol, which has originally been identified in three species of Lactobacillus (Thorne and
Kodicek, 1962) and has subsequently been reported from Staphylococcus aureus
(Sandermann and Strominger, 1971). A suite of C45-C60 polyprenols has also been described
from Bacillus acidocaldarius (de Rosa et al., 1973), while polyprenols ranging from C50-C60
have been found in Streptococcus mutans (Szabo et al., 1978). More recently, Wolucka and
de Hoffmann (1998) reported the presence of C35-polyprenyl-phospho-mannose in
Mycobacterium smegmatis.
Polyprenols are thus present in several Bacteria, where they act as lipid carriers in the
biosynthesis of cell surface polymers (Rezanka and Votruba, 2001). However, these
components have not yet been described from cyanobacteria. In this study, we report the
tentative identification of C35-C45 polyprenols in unicellular and filamentous cyanobacteria. In
addition, we discuss the role of cyanobacterial polyprenols as potential precursors of longchain acyclic isoprenoid hydrocarbons in petroleum.

Table 1. Cyanobacterial strains analyzed in this study and their culture conditions. LPP: morphotypes
of Lyngbya-Plectonema-Phormidium. BG11° = freshwater medium without NaNO3 (Rippka et al.,
1979); ASN3 = artificial seawater medium with NaNO3 (Rippka et al., 1979); AB = mixture of ½
ASN3 + ½ BG11; BA = mixture of ⅓ ASN3 + ⅔ BG11; BA° = mixture of ⅓ ASN3 + ⅔ BG11
without NaNO3.

Strain

Growth
Medium

Nitrogen
source

Salinity
(PSU)

Light
(µmol·m-2·s-1)

Temp
(°C)

Anabaena sp.

CCY9402

BG11°

N2

0

30

14

Nodularia sp.

CCY9416

BA°

N2

0

30

14

Leptolyngbya sp.

CCY0004

ASN3

NO3

33

5

14

LPP sp.

CCY0022

ASN3

NO3

33

5

14

Oscillatoria sp.

CCY0001

ASN3

NO3

33

5

14

Oscillatoria sp.

CCY0028

AB

NO3

16

5

14

Synechococcus sp.

CCY9510

BA

NO3

11

15

18

Synechococcus sp.

CCY9506

BA

NO3

11

15

18

Organism
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Materials and methods
Cyanobacterial cultures were obtained from the Culture Collection Yerseke (CCY) at the
Netherlands Institute of Ecology (NIOO-KNAW). All strains were grown as axenic batch
cultures in 250 mL Erlenmeyer flasks containing 100 mL of culture medium. Detailed
information on the culture conditions are given in Table 1. Cells were grown for six weeks,
harvested, and washed with 5 ml of double distilled water. Cells were subsequently freezedried and stored at -20°C prior to analysis.
Freeze-dried cells (30-50 mg) were three times ultrasonically extracted with DCM/MeOH
(2:1, v/v) to yield the total lipid extract (TLE). Apolar and polar fractions of the TLE were
obtained using Al2O3 column chromatography and eluted with hexane/DCM (9:1 v/v) and
MeOH/DCM (1:1 v/v), respectively. Polyprenols were detected in the polar fraction after
conversion

to

trimethylsilyl

(TMS)

ether

derivatives

using

N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine (1:1; 20 min at 60 °C).
In order to characterize the chemical structure of these components, aliquots of the polar
hydrocarbon fraction were hydrogenated by bubbling H2 in 2 ml ethyl acetate containing
acetic acid and using Adams catalyst (PtO2). The resulting saturated polyprenols were
subsequently converted to alkyl iodides by refluxing with 56 wt% HI (in H20) for 1 h and
further reduced to isoprenoid hydrocarbons by refluxing with LiAlH4 in 1,4-dioxane for 1 h
(Schouten et al., 1998).
GC-MS analysis was performed using a Thermofinnigan Trace GC coupled to a
Thermofinnigan Trace DSQ operated at 70 eV with a mass range of m/z 50-800 and a cycle
time of 1.0 s. The gas chromatograph was equipped with a fused silica capillary column (25 m
× 0.32 mm) coated with CP Sil-5 (film thickness 0.12 mm). The carrier gas was helium. The
samples were injected on column at 70 °C and subsequently the oven was programmed to
130 °C at 20 °C/min and then at 4 °C/min to 320 °C at which it was held for 20 min.

Results and discussion
The polar fraction of the filamentous cyanobacterium Leptolyngbya CCY0004 contained high
abundances of phytadienes, phytol, α-tocopherol, some C16 and C18 fatty acids as well as C26
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Figure 1. Gas chromatogram of the polar fraction of the solvent extract of Leptolyngbya CCY0004.
Insert shows the distribution of C45:7 (III), C45:8, (IV) and C45:9 (V) nonaprenols. Roman numerals refer
to polyprenols depicted in Fig. 3.

and C28 n-alcohols (Fig. 1). In addition, a homologous series of unknown components (I-V)
was eluting in the high molecular weight range of the chromatogram. The mass spectrum
obtained for the trimethylsilyl (TMS) derivative of the most abundant of these components
(III) exhibited a molecular ion at m/z 706 (Fig. 2A). The ion at m/z 616 (M+-90) was in
agreement with the presence of one TMS ether group. The molecular weight of the alcohol
was thus deduced to be 634 Da, corresponding to C45H78O or a C45 alkanol with 7 double
bonds or rings. The base peak ion at m/z 69 represented the ω-terminal prenyl residue, which
retained charge upon fragmentation (Wellburn et al., 1967). The ion at m/z 135 likely derived
from the α-terminal and adjacent prenyl residue upon loss of the trimethylsilyl ether group. A
series of ions at m/z 135, 203, 271, and 339 corresponded to sequential losses of prenyl units
(68 Da). Hydrogenation of the polar fraction and subsequent silylation resulted in a dominant
component with a molecular weight of 720 Da, which represents the hydrogenated derivative

Figure 2. Mass spectra of (A) C45:7 nonaprenol (III), (B) C45:0 nonaprenol, (C) C45 regular isoprenoid
hydrocarbon, (D) C35:4 heptaprenol (I), and (E) C40:5 octaprenol (II).
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of III (Fig. 2B). The increase in molecular weight by 14 Da confirmed the presence of 7
double bonds within compound III and the ion at m/z 103 indicated the presence of a terminal
TMS ether group. In order to identify the carbon skeleton of III, a HI/LiAlH4 treatment was
performed on the hydrogenated polar fraction, resulting in the cleavage of the TMS ether
group and yielding the fully saturated hydrocarbon derivative of III (Fig. 2C). The obtained
mass spectrum was in agreement with that of a regular acyclic isoprenoid hydrocarbon, i.e.
2,6,10,14,18,22,26,30,34-nonamethyltetratriacontane. Consequently, III was identified as a
C45:7 nonaprenol (Fig. 3). Other major components, e.g. I and II, exhibited mass spectra
similar to the one obtained for III (Fig. 2D-E) though with molecular ions at m/z 572 and m/z
640, suggesting that they were C35 and C40 alkanols. Hydrogenation and subsequent
conversion to their saturated hydrocarbon derivatives indicated that I and II are head-to-tail
linked isoprenoid alcohols with 4 and 5 double bonds, respectively. Therefore, we tentatively
identified I as C35:4 heptaprenol and II as C40:5 octaprenol (Fig. 3). In addition, two isoprenoid
alcohols with molecular ions at m/z 704 and m/z 702, respectively, were identified. These
components showed a fragmentation pattern similar to the one obtained for the C45:7
nonaprenol (III). However, the decrease in molecular weight by 2 and 4 Da suggested that
they contained one and two additional double bonds, respectively. Therefore, these
components were tentatively identified as C45:8 (IV) and C45:9 (V) nonaprenols. From the eight
cyanobacterial strains analyzed in this study, polyprenols were not detected in the N2-fixing,
heterocystous species, i.e. strains of Anabaena sp., and Nodularia sp. In contrast, they were

Figure 3. Generalized chemical structures of C35:4 heptaprenol (I), C40:5 octaprenol (II) as well as C45:7
(III), C45:8 (IV), and C45:9 nonaprenols (V). Note that the position of the double bonds has not been
established.
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abundant in the polar fraction of all nitrate-utilizing species (Table 2). In general, the
distribution of polyprenols in the different cyanobacterial strains is variable, ranging from
simple distributions of C40:5 (II) and C45:8 (IV) in Synechococcus spp. to the most complex
distribution found in Leptolyngbya CCY0004, which included a total of six different
polyprenols. Although polyprenols are well known to be ubiquitously distributed in animals
and plants, they have not yet been reported in cyanobacteria. Previous reports on the
polyprenol content in Bacteria indicated that these components usually occur as higher
molecular weight homologues, i.e. ≥C55 (Rezanka and Votruba, 2001). In contrast,
polyprenols found in cyanobacteria are of shorter chain length, i.e. C35, C40, and C45.
However, it has to be noted that the analytical technique used in this study, GC/MS, precluded
the detection of polyprenols with molecular weights higher than C45 and their presence in
cyanobacteria cannot be excluded.
Short-chain regular acyclic isoprenoid hydrocarbons (<C20) are usually the most prevalent
class of hydrocarbons in crude oils and rock extracts after normal alkanes (Moldowan and
Seifert, 1979). Despite their low abundances, regular series of acyclic isoprenoid
hydrocarbons extending towards the C45 homologues have also been identified in a number

Table 2. Relative abundance of polyprenols (in percentage of total polyprenol content) in axenic
cultures of cyanobacteria obtained from the Culture Collection Yerseke (CCY). The genus LPP
consists of a group of cyanobacteria belonging to morphotypes of Lyngbya, Plectonema, and
Phormidium.

Strain

C35:4
(I)

C40:5
(II)

C45:7
(III)

C45:8
(IV)

C45:9
(V)

Anabaena sp.

CCY9402

-

-

-

-

-

Nodularia sp.

CCY9416

-

-

-

-

-

Leptolyngbya sp.

CCY0004

17

19

48

13

3

LPP sp.

CCY0022

-

6

65

16

13

Oscillatoria sp.

CCY0001

-

5

-

49

46

Oscillatoria sp.

CCY0028

-

10

-

75

15

Synechococcus sp.

CCY9501

-

15

-

85

-

Synechococcus sp.

CCY9506

-

11

-

89

-

Organism
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of crude oils (Albaigés et al., 1978; Albaigés, 1980). The structural similarity of these longchain acyclic isoprenoid hydrocarbons and the cyanobacterial polyprenols identified in this
study may suggest a relationship between both compound classes and it is likely that acyclic
isoprenoid hydrocarbons can be formed from polyprenols by maturation. We, therefore,
suggest that cyanobacterial polyprenols may be diagenetic precursor components for acyclic
regular isoprenoid hydrocarbons reported in petroleum.
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Abstract
Under nitrogen-depleted conditions, N2-fixing cyanobacteria of the order Nostocales and
Stigonematales biosynthesize specialized cells termed heterocysts. The cell envelope of the
heterocyst contains unique glycolipids, consisting of a sugar moiety glycosidically bound to
long-chain diols, triols and hydroxyketones. Only few reports have been published on these
glycolipids in cultured cyanobacteria and none have reported them in natural environments.
Here we show that heterocyst glycolipids can be rapidly and sensitively analyzed using high
performance liquid chromatography coupled to electrospray ionization tandem mass
spectrometry (HPLC/ESI-MS2). Positive ion mass spectra of the glycolipids consisted of
protonated molecules and diagnostic product ions, indicating losses of sugar groups as well as
hydroxyl and carbonyl functionalities from an alkyl chain. Using this method, heterocyst

73

Chapter 5

glycolipids were for the first time identified in a natural ecosystem, i.e., a microbial mat from
the North Sea barrier island Schiermonnikoog, The Netherlands. This technique will facilitate
the quick screening of cyanobacterial cultures and natural environments for the presence of
heterocyst glycolipids, which may aid in assessing the role of these microorganisms in the
global nitrogen cycle.

Introduction
N2-fixing cyanobacteria play an important role in adding new nitrogen to the surface waters of
many freshwater and marine environments. Under nitrogen-depleted conditions, some
cyanobacteria are known to differentiate specialized cells, so-called heterocysts. These
contain nitrogenase, the enzyme required for the conversion of dinitrogen (N2) to ammonia,
which is subsequently assimilated for cell biosynthesis. Heterocysts differ from the adjacent
vegetative cells in size and pigmentation. However, the most conspicuous structural
difference from vegetative cells is the thick envelope that is composed of an inner laminated
layer consisting of glycolipids and an outer homogeneous layer made of polysaccharides
(Lang and Fay, 1971). These glycolipid and polysaccharide layers serve as a gas diffusion
barrier, thereby limiting the flux of oxygen into the heterocyst and thus protecting the oxygensensitive nitrogenase (Walsby, 1985; Murry and Wolk, 1989).
Nichols and Wood (1968) were the first to report heterocyst glycolipids (HGs) in the
cyanobacterium Anabaena cylindrica using thin layer chromatography (TLC). A partial
structural identification of these compounds was done by gas chromatography-mass
spectrometry (GC-MS) analysis after removal of the sugar moiety by hydrolysis. This showed
that the alkyl chain of the analyzed heterocyst glycolipids consisted of 1,3,25trihydroxyhexacosane and 1,3,25,27-tetrahydroxyoctacosane (Bryce et al., 1972; AbreuGrobois et al., 1977). The first full structural characterization of HGs was achieved using
nuclear magnetic resonance (NMR) spectroscopy, revealing that the most common HG in
heterocystous

cyanobacteria

was

1-(O-α-D-glucopyranosyl)-3,25-hexacosanediol

(Gambacorta et al., 1995; Gambacorta et al., 1998). In addition to the latter component, a
wide structural diversity has been observed with heterocyst glycolipids differing in terms of
sugar moiety, chain length, and position of hydroxyl and ketone functionalities (Gambacorta
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et al., 1998). However, the analytical techniques used did not permit a rapid screening of
cultures, nor were they suitable for rapid analysis of complex environmental matrices for the
presence of heterocyst glycolipids. Indeed, to the best of our knowledge HGs from natural
environments have not been reported yet.
Here we describe a method for rapid screening of HGs using high performance liquid
chromatography coupled to electrospray ionization tandem mass spectrometry (HPLC/ESIMS2). The method was tested on three heterocystous cyanobacteria and applied on a natural
ecosystem, i.e., a microbial mat from the North Sea barrier island Schiermonnikoog, The
Netherlands.

Materials and methods
Cultures and microbial mat collection
The heterocystous cyanobacteria Anabaena CCY9402B, Anabaena CCY9614 and Calothrix
CCY9923 were analyzed for their glycolipid content. All strains were obtained from the
Culture Collection Yerseke (CCY) at the Netherlands Institute for Ecology (NIOO). Cells
were grown as axenic batch cultures in a freshwater medium (BG11o) (Castenholz, 1988) with
dinitrogen gas as the sole source of nitrogen in order to induce the formation of heterocysts.
The organisms and the culturing conditions are summarized in Table 1. The strains were
inoculated in 250 mL Erlenmeyer flasks containing 100 mL of sterile medium. The cultures
were grown at 14°C under a 12:12 h light/dark regime with a light intensity of 30 μmol m-2s-1.

Table 1. Cyanobacterial cultures analyzed for the presence of heterocyst glycolipids. ATCC =
American Type Culture Collection; BG11° = artificial freshwater medium without N sources.

Organism
Anabaena sp.
Anabaena sp.
Calothrix sp.

Strain
CCY9402B
CCY9614
CCY9923

Other name

ATCC27905

Growth
Medium

Salinity
(PSU)

Light
(µmol·m-2·s-1)

Temp.
(° C)

BG11°
BG11°
BG11°

0
0
0

30
30
30

14
14
14
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Culture vessels were shaken to avoid wall growth and to guarantee homogeneous conditions.
Cells were grown for a maximum of 7 weeks, harvested, washed three times with 4 ml of
double distilled water, freeze-dried, and stored at -20°C until analysis. Microbial mats from
the North Sea barrier island Schiermonnikoog, The Netherlands, known to contain
heterocystous cyanobacteria (Severin and Stal, 2008), were sampled for the analysis of their
HG content. The microbial mats were collected from the surface of an intertidal flat, freezedried, homogenized, and kept at -20°C prior to analysis.

Sample preparation
Freeze-dried cell material of cyanobacterial cultures (30-50 mg dry weight) and the microbial
mat (1 g dry weight) were extracted using an ultrasonic bath with MeOH (4 mL; 3 aliquots),
DCM:Methanol (MeOH) (1:1 v/v; 4 mL; 3 aliquots) and dichloromethane (DCM) (4 mL; 3
aliquots). The extracts were combined and evaporated to near dryness, transferred to preweighted vials and dried under a flow of nitrogen. The total lipid extracts were re-dissolved
by ultrasonication (10 min) in DCM:MeOH (9:1 v/v) at a concentration of 1 mg mL-1 and
filtered through a 0.45 μm regenerated cellulose (RC) filter (Alltech, Deerfield, IL) prior to
HPLC/ESI-MS2 analysis.
HPLC/ESI-MS2 analysis of glycolipids
Normal-phase high-performance liquid chromatography (HPLC) analysis was carried out
using an Agilent 1100 series LC (Agilent, San Jose, CA) coupled to a Thermo TSQ Quantum
ultra EM triple quadruple mass spectrometer with an Ion Max Source with ESI probe
(Thermo Electron Corporation, Waltham, MA). Separation was achieved on a LiChrospher
DIOL column (250 mm × 2.1 mm, 5 µm: Alltech, Deerfield, IL) maintained at 30 °C.
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 re-equilibrate the column.
Eluent A was composed of hexane/isopropanol/formic acid/14.8M aqueous NH3
(79:20:0.12:0.04, v/v/v/v) and eluent B was isopropanol/water/formic acid/14.8M aqueous
NH3 (88:10:0.12:0.04, v/v/v/v). All chemicals were at least HPLC-grade. Hexane was
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obtained from LGC Promochem (Wesel, Germany). Isopropanol, formic acid and water were
purchased from Biosolve BV (Valkenswaard, NL) and ammonium from Fluka Chemie
(Zwijndrecht, NL). ESI settings were as follows: capillary temperature 250°C, sheath gas (N2)
pressure 49 (arbitrary units), auxiliary gas (N2) pressure 21 (arbitrary units), spray voltage 4.2
kV, and source CID -14V. HPLC/ESI-MS2 was performed in data-dependent mode with two
scan events, where a positive ion scan (m/z 300-1000) was followed by a product ion scan of
the base peak of the mass spectrum of the first scan event (collision energy 30 V, collision gas
argon at a pressure of 0.8 mTorr).

Isolation and chemical degradation of heterocyst glycolipids
Selected heterocyst glycolipids were isolated by repeated semi-preparative HPLC using an
HP 1100 LC system (Hewlett Packard, Palo Alto, CA) equipped with a thermostatted
autoinjector, column oven, and a Foxy Jr. fraction collector (Teledyne Isco, Lincoln, NE).
After injection of the filtered lipid extract onto a LiChrospher DIOL column (250 × 10 mm, 5
µm; Alltech, Deerfield, IL), all fractions were eluted using the identical gradient and mobile
phase composition described above for the HPLC/ESI-MS2 analysis, but with a flow rate of 3
mL min-1. The eluents were collected in 1 min fractions and aliquots were analyzed by flow
injection analysis using an Agilent 1100 series LC (Agilent, San Jose, CA) coupled to an HP
1100 MSD mass spectrometer equipped with ESI source and operated in positive ion mode to
identify fractions that contained the target analyte (Smittenberg et al., 2002). Conditions for
ESI were as follows: nebulizer pressure 20 psi, vaporizer temperature 200 °C, capillary
voltage 3500 V, drying gas (N2) 10 L min-1. Injections of 10 L were made into a stream of
60% A and 40% B (as defined above) at a flow rate of 0.2 mL min-1. Positive ion spectra for
identification of HGs were generated by scanning m/z 400-850.
Heterocyst glycolipids were subsequently converted to the corresponding triols, tetrols, and
hydroxyketones using acid hydrolysis. For this, the isolated glycolipids were dissolved in 2 M
HCl:MeOH (1:1, v/v) and refluxed for 3 h. After cooling, the pH was adjusted to 3 by adding
2 M KOH:MeOH. Subsequently, DCM and bidistilled water were added to achieve separation
into two layers. The bottom layer, containing the organic fraction, was transferred to a glass
vial and the remaining MeOH/water phase was extracted three times with 2 mL of DCM. The
combined organic fractions were then dried under a stream of nitrogen. Compounds
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containing hydroxyl groups were converted to trimethylsilylester derivatives using N,Obis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine (1:1; 20 min at 60°C). The
derivatised extract was dissolved in ethyl acetate at a concentration of 1 mg mL-1 and
analyzed by gas chromatography-mass spectrometry.

GC-MS analysis
GC-MS analysis was performed using a Thermofinnigan Trace GC coupled to a
Thermofinnigan Trace DSQ. Samples were injected on-column on a fused silica capillary
column (25 m x 0.32 mm) coated with CP-Sil 5 (film thickness 0.12 µm) with helium as

Figure 1. Structures of investigated heterocyst glycolipids. 1-(O-hexose)-3,25-hexacosanediol (I); 1(O-hexose)-3,27-octacosanediol (II); 1-(O-hexose)-3,25,27-octacosanetriol (III); 1-(O-hexose)-3keto-25-hexacosanol (IV); 1-(O-hexose)-3-keto-27-octacosanol (V); 1-(O-hexose)-27-keto-3,25octacosanediol (VI).
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carrier gas. The oven was programmed at a starting temperature of 70°C, which rose to 130°C
at 20°C/min and then to 320°C at 4°C min-1, at which it was maintained for 20 min. The mass
spectrometer was operated in the electron ionization (EI) mode scanning m/z 50-800 with a
scan time of 1.0 s, and electron energy of 70eV. Structural assignments of lipids were made
by comparison with published mass spectral data (Bryce et al., 1972).

Results and discussion
HPLC/ESI-MS2 analysis of heterocyst glycolipids in cultures of cyanobacteria
For analysis of HGs we used an HPLC/ESI-MS method initially developed for general intact
polar lipid analysis (Sturt et al., 2004) because this method is suited to analyze lipids with
glycosidically bound sugar moieties (Schouten et al., 2008). To test the applicability of the
method we screened the heterocystous cyanobacteria Anabaena CCY9402B, Anabaena
CCY9614 and Calothrix CCY9923 (Table 1). Compound I (Fig. 1) was dominating the base
peak chromatogram of Anabaena CCY9614 (Fig. 2(a)). The mass spectrum of this compound
showed a protonated molecule at m/z 577 as well as an ammoniated molecule (m/z 594) under
the chromatographic conditions used (Fig. 3(a)). Initial structural confirmation was based on
the ESI-MS2 mass spectrum generated from the protonated molecule (Fig. 3(b)). This showed
the loss of 162 Da, corresponding to a hexose moiety, from the protonated molecule resulting
in a product ion at m/z 415 ([M+H-C6H12O5]+). The additional loss of the glycosidic oxygen
and two hydroxyl functionalities was indicated by three successive losses of 18 Da (water),
resulting in ions at m/z 397, 379 (base peak ion) and 361. Fragmentation of the alkyl chain

Table 2. Assignment of ions observed for ESI-MS2 spectra of identified heterocyst
glycolipids. Numbers between brackets indicate relative abundance of ions. For glycolipid
structures see Fig. 1. Y = C6H12O5; X = H20
Ion
[M+H]+
[M+H-Y]+
[M+H-Y-X]+
[M+H-Y-2X]+
[M+H-Y-3X]+
[M+H-Y-4X]+

I
577 (0.1)
415 (0.8)
397 (0.5)
379 (100)
361 (24)

II
605 (0.3)
443 (1.0)
425 (0.7)
407 (100)
389 (36)

III
621 (0.1)
459 (1.5)
441 (0.4)
423 (5)
405 (100)
387 (44)

IV
575 (0.3)

V
603 (1.2)

395 (50)
377 (35)
359 (100)

423 (43)
405 (55)
387 (100)

VI
619 (0.2)
457 (0.5)
439 (3.6)
421 (100)
403 (86)
385 (65)
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Figure 2. Partial ESI-MS base peak chromatograms showing the distribution of heterocyst glycolipids
(filled peaks) in the total lipid extract of (a) Anabaena CCY9614; (b) Anabaena CCY9402B and (c)
Calothrix CCY9923. Numerals refer to structures shown in Fig. 1. Other components include
monogalactosyldiacylglycerols (MGDG); phosphatidylglycerols (PG); digalactosyldiacylglycerols
(DGDG); sulfoquinovosyldiacylglycerols (SQDG).
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was indicated by consecutive losses of 14 Da, yielding ions in the low molecular weight range
of the mass spectrum. Some of the fragmentation also occurred in-source as is shown by
fragment ions at m/z 415 (loss of hexose moiety) and m/z 379 (additional loss of two hydroxyl
groups as water) in the ESI-MS mass spectrum. To confirm the identity of I, it was isolated
using semi-preparative HPLC, followed by acid hydrolysis and GC-MS analysis of the
hydrolyzed HG. The mass spectrum obtained for the trimethylsilyl derivative of the longchain triol was identical to the mass spectrum of 1,3,25-trihydroxyhexacosane (Fig. 4(a))
isolated from Anabaena cylindrical (Bryce et al., 1972), confirming the position of the

Figure 3. Mass spectra of heterocyst glycolipids. (a) ESI-MS and (b) ESI-MS2 mass spectra of 1-(Ohexose)-3,25-hexacosanediol (I); (c) ESI-MS and (d) ESI-MS2 mass spectra of 1-(O-hexose)-3,25,27octacosanetriol (III).

81

Chapter 5

hydroxyl groups and suggesting that compound I was 1-(O-hexose)-3,25-hexacosanediol.
The base peak chromatogram of Anabaena CCY9402B was dominated by II (Fig. 2(b)). The
ESI-MS mass spectrum of this component revealed a protonated molecule at m/z 605 (Table
2). In addition to the protonated molecule, the ammoniated (m/z 622 = [M+NH4]+) and
sodiated molecules (m/z 627 =[M+Na]+) were present in the ESI-MS mass spectrum. The
ESI-MS2 spectrum of the protonated molecule showed a similar fragmentation pattern to that
of 1-(O-hexose)-3,27-hexacosanediol (I) with a product ion at m/z 443, indicating the loss of
the sugar moiety and ions at m/z 425, 407 (base peak ion) and 389 resulting from the
fragmentation of the glycosidic oxygen and two hydroxyl functionalities. The molecular
weight (28 Da higher than compound I) and the similar fragmentation behavior suggest that
this component is a higher molecular weight homologue of compound I. The positions of the
hydroxyl groups were tentatively assigned to C-3 and C-27, which is in agreement with the
reported structure of 1-(O--D-glucopyranosyl)-3,27-octacosanediol from Cyanospira
rippkae (Soriente et al., 1993). Therefore, compound II was tentatively identified as 1-(Ohexose)-3,27-octacosanediol.
In the base peak chromatogram of Calothrix CCY9923 (Fig. 2(c)) a dominant compound (III)
with a protonated molecule at m/z 621 was identified. In addition to the protonated molecule,
the ammonium and sodium adducts [M+NH4]+ at m/z 638 and [M+Na]+ at m/z 643 were
present (Fig. 3(c)). The ESI-MS2 mass spectrum of m/z 621 again showed the loss of a sugar
moiety (product ion at m/z 459) and successive losses of 18 Da yielded ions at m/z 441, 423,
405 (base peak ion) and 387, indicating the presence of four hydroxyl functionalities (Fig.
3(d)). This, in combination with its molecular weight, suggests a HG with one glycosidically
bound hexose functionality and three hydroxyl groups at the alkyl chain. To confirm the
identity of III, the HG was isolated using preparative HPLC and subsequent acid hydrolysis
released a compound with a GC-MS mass spectrum identical to that of 1,3,25,27tetrahydroxyoctacosane (Fig. 4(b)) reported from Anabaena cylindrical (Bryce et al., 1972).
Consequently, compound III was identified as 1-(O-hexose)-3,25,27-octacosanetriol, which is
in agreement with the presence of 1-(O--mannopyranosyl)-3,25,27-octacosanetriol in the
heterocystous cyanobacterium Calothrix desertica (Gambacorta et al., 1998).
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Figure 4. GC-MS mass spectra of the TMS derivatives of (a) 1,3,25-trihydroxyhexacosane; (b)
1,3,25,27-tetrahydroxyoctacosane and (c) 1,3,25-trihydroxy-27-keto-octacosane derived from the acid
hydrolysis of 1-(O-hexose)-3,25-hexacosanediol (I), 1-(O-hexose)-3,25,27-octacosanetriol (III) and 1(O-hexose)-27-keto-3,25-octacosanediol (VI), respectively.
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We also observed a suite of components, which eluted slightly earlier than the HGs discussed
above and showed a similar fragmentation pattern. The protonated molecules of these
compounds were 2 Da lower than that of the corresponding glycolipid with only hydroxyl
moieties, which suggests that either an unsaturation is present or that one hydroxyl group is
replaced by a ketone group. The latter possibility is in agreement with the reported presence
of hydroxyketones in heterocystous cyanobacteria (Gambacorta et al., 1998). As with the allhydroxyl glycolipids, the HG ketones expressed a similar fragmentation pattern, but in
contrast to the HG diols and triols, no product ion indicating the loss of the sugar moiety was
observed in the ESI-MS2 spectra. Instead, a loss of 180 Da was observed corresponding to the
combined loss of the sugar moiety and presumably the glycosidic oxygen. An exception was
found in the mass spectra of compound VI, which also had a minor [M+H-C6H12O5]+ ion
indicating the loss of the sugar functionality.
In the total lipid extract of Anabaena CCY9614 (Fig. 2(a)) a compound (IV) with the
protonated molecule m/z 575 was found (Fig. 5(a)), together with the ammonium adduct (m/z
592) and the sodium adduct (m/z 597). In the ESI-MS2 spectrum, a product ion at m/z 395 was
observed, indicating the loss of the sugar moiety and its glycosidic oxygen. The product ions
at m/z 377 (base peak ion) and 359 indicated losses of the remaining hydroxyl and carbonyl
groups (Fig. 5(b)). Some of these fragmentations were also observed in the ESI-MS mass
spectrum, such as m/z 395. Interestingly, an ion at m/z 413, indicating the loss of the glycone
moiety was observed in the ESI-MS spectrum, but not in the ESI-MS2 mass spectrum. The
mass spectral characteristics agree with the identification of 1-(O--glucopyranosyl)-3-keto25-hexacosanol in Nodularia harveyana (Soriente et al., 1992). Compound IV was thus
tentatively identified as 1-(O-hexose)-3-keto-25-hexacosanol.
A similar mass spectral fragmentation pattern was observed for compound V (protonated
molecule of m/z 603) present in Anabaena CCY9402B (Fig. 2(b)), with losses of the sugar
group and the glycosidic oxygen (m/z 423) followed by two successive losses of water (m/z
405 and m/z 387). The increase of the molecular weight by 28 Da relative to IV suggests two
additional carbon atoms. Therefore, V was tentatively identified as 1-(O-hexose)-3-keto-27octacosanol. The total lipid extract of Calothrix CCY9923 contained a predominant
component eluting slightly earlier than 1-hexose-3,25,27-octacosanetriol (Fig. 2(c)),
suggesting that it might be the corresponding ketone variety of III. Its ESI-MS mass spectrum
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showed a protonated molecule ion at m/z 619 (Fig. 5(c)). In addition to the protonated
molecule, the ammonium and sodium adducts were present as indicated by ions at m/z 636
and m/z 641, respectively. Under ESI-MS2 conditions, this component readily lost its sugar
moiety and the glycosidic oxygen from the protonated molecule, producing a product ion at
m/z 439 (Fig. 5(d)). Three consecutive losses of 18 Da reflected the loss of the remaining
hydroxyl and carbonyl groups and yielded product ions at m/z 421, 403 and 385, respectively.

Figure 5. Mass spectra of heterocyst glycolipids with a ketone functionality. (a) ESI-MS and (b) ESIMS2 mass spectra of 1-(O-hexose)-3-keto-25-hexacosanol (IV); (c) ESI-MS and (d) ESI-MS2 spectra
of 1-(O-hexose)-27-keto-3,25-octacosanediol (VI).
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Major ions were also observed at m/z 361 and 343 but at present, their origins are unclear and
interference from co-eluting compounds cannot be excluded. Confirmation of the structural
characteristics of component VI was achieved using preparative HPLC, followed by acid
hydrolysis and GC-MS analysis (Fig. 4(c)). The ions at m/z 103 and 219 indicate TMS ether
groups at the C-1 and C-3 positions (Bryce et al., 1972). In comparison to the mass spectral
characteristics of 1,3,25,27-tetrahydroxyoctacosane, the ion at m/z 117, resulting from the cleavage of a hydroxyl group at -1 (Bryce et al., 1972), is lacking. Ions at m/z 58 and m/z
130 (TMS via McLafferty rearrangement (de Leeuw et al., 1981) indicate the presence of a

Figure 6. HPLC-ESI-MS2 base peak (a) and neutral loss (b) chromatograms, indicating the presence
of 1-(O-hexose)-3,25-hexacosanediol (I) in the total lipid extract of a microbial mat from
Schiermonnikoog,

The

Netherlands.

diacylglyceryltrimethylhomoserine
methylphosphatidylethanolamine

Other
(DGTS);

(MPE);

compounds

that

were

detected

include

digalactosyldiacylglycerols

(DGDG);

monogalactosyldiacylglycerols

(MGDG);

phosphatidylcholine (PC); phosphatidylglycerols (PG); sulfoquinovosyldiacylglycerols (SQDG),
which are each represented by multiple isomers differing in fatty acid chain-length thereby resulting in
broad and complex peaks.
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ketone functionality. This, together with the absence of an ion at m/z 117, suggests that the
carbonyl group is located at the -1 position. The mass spectra is in agreement with the
structure of 1,3,25-trihydroxy-27-keto-octacosane. Compound VI was thus tentatively
identified as 1-(O-hexose)-27-keto-3,25-octacosanediol.

Environmental occurrence of heterocyst glycolipids
Having established the major mass spectral features of heterocyst glycolipids under ESI-MS2
conditions, we analyzed a microbial mat from the North Sea barrier island Schiermonnikoog,
The Netherlands, known to contain low numbers of heterocystous cyanobacteria (Severin and
Stal, 2008), for the presence of heterocyst glycolipids (Fig. 6(a)). A complex mixture of intact
polar lipids, likely derived from prokaryotic and eukaryotic sources, dominated the base peak
chromatogram and, therefore, HGs were difficult to recognize. In order to trace HGs we made
use of the fact that all HGs showed a loss of 198 Da from their protonated molecule,
representing the successive loss of the sugar moiety and two water molecules that derive from
hydroxyl or carbonyl functionalities. Hence, we used a neutral loss chromatogram of 198 Da,
which revealed the presence of a single HG (Fig. 6(b)). The heterocyst glycolipid in the
microbial mat had a protonated molecule of m/z 577 and an ESI-MS2 mass spectrum identical
to that observed for I in Anabaena CCY9614 and was thus identified as 1-(O-hexose)-3,25hexacosanediol. Interestingly, the Anabaena CCY9614 strain was originally isolated from a
microbial mat of the German barrier island Mellum (Stal and Krumbein, 1985), comparable to
that of the mats growing on Schiermonnikoog. This suggests that the method presented here,
specifically the use of a neutral loss chromatogram in complex matrices, is able to identify
HGs in environmental samples.

Conclusion
Heterocyst glycolipids were readily identified in cultured cyanobacteria and in a microbial
mat using HPLC/ESI-MS2. This method allows to rapidly screen cyanobacterial cultures and
natural environments for the presence of HGs. A better understanding of the distribution of
heterocyst glycolipids in natural environments will greatly enhance our knowledge of the
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spatial and temporal distribution of N2-fixing heterocystous cyanobacteria and their impact on
the global nitrogen cycle.
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Abstract
Thirty-four axenic strains of cyanobacteria were analysed for their glycolipid content using
high performance liquid chromatography coupled to electrospray ionisation tandem mass
spectrometry (HPLC/ESI-MS2). Species of the families Nostocaceae and Rivulariaceae,
capable of biosynthesising heterocysts, contained a suite of glycolipids consisting of sugar
moieties glycosidically bound to long-chain diols, triols, keto-ols and keto-diols. The
aglycone moiety consisted of C26 or C28 carbon-chains with hydroxyl groups at the C-3, ω-1
or ω-3 positions. Keto-ols and keto-diols contained their carbonyl functionalities likely at the
C-3 position. These compounds were absent in all analysed unicellular and filamentous nonheterocystous cyanobacteria and in the heterocyst-forming cyanobacterium Anabaena
CCY9922 grown in the presence of combined nitrogen, supporting the idea that the longchain glycolipids are an important and unique structural component of the heterocyst cell
envelope. The glycolipids 1-(O-hexose)-3,25-hexacosanediol and 1-(O-hexose)-3-keto-25hexacosanol were ubiquitously distributed in species of the family Nostocaceae.
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1-(O-hexose)-3,25,27-octacosanetriol and 1-(O-hexose)-3-keto-25,27-octacosanediol were
dominant in members of the Calothrix genus, while traces of these compounds were detected
only in one species of the Nostocaceae family. Their distribution in heterocystous
cyanobacteria suggests a chemotaxonomic relevance that might allow distinguishing between
species of different genera. Culture experiments indicate that the amount of keto-ols and ketodiols decreases relatively to their corresponding diols and triols counterparts with increasing
temperature. Possibly, this is an adaptation to optimise the cell wall gas permeability,
preventing inactivation of the oxygen-sensitive nitrogenase while allowing the highest
diffusion of atmospheric dinitrogen into the heterocyst.

Introduction
Cyanobacteria comprise a morphologically heterogeneous group of oxygenic phototrophic
bacteria, which are currently divided into five morphological groups (Rippka et al., 1979).
Species of two of these five groups, i.e. the orders Nostocales and Stigonematales, are capable
of differentiating vegetative cells into heterocysts under nitrogen-depleted conditions. These
cells contain nitrogenase, the enzyme required for the conversion of dinitrogen (N2) to
ammonia. As nitrogenase is readily inactivated by even low amounts of oxygen, the
heterocysts are covered by a thick cell envelope, which limits gas diffusion into the cell and
consists of distinct polysaccharide and glycolipid layers (Walsby, 1985; Murry and Wolk,
1989). The latter is known to contain a suite of unique glycolipid structures that were initially
reported from the heterocystous cyanobacterium Anabaena cylindrica (Nichols and Wood,
1968) and further structurally characterized by Bryce et al. (1972) and Lambein and Wolk
(1973).
To date, ca. 20 heterocyst-forming strains have been analysed for their glycolipid content,
including species of the orders Nostocales and Stigonematales (Gambacorta et al., 1999;
Bauersachs et al., 2009). The reported heterocyst glycolipid (HG) structures consisted of
sugar functionalities glycosidically bound to long-chain diols, triols, keto-ols, and keto-diols
(Fig. 1). The alkyl chain was even-carbon numbered and ranged from C26 to C32. Functional
groups were located at the C-3, ω-1 and ω-3 positions, and were either hydroxyl or ketone
moieties (Gambacorta et al., 1999). The carbonyl group was usually positioned at C-3 with
exceptions found in the cyanobacteria Cyanospira rippkae (Soriente et al., 1993) and
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Calothrix CCY9923 (Bauersachs et al., 2009), where it was located at the ω-1 position. The
sugar moieties of the glycolipids were usually α-glucosides in species of the order Nostocales
(Gambacorta et al., 1999). Exceptions have been found in Anabaena sp. WSAF in which αgalactosides were accompanied by β-glucoside (Gambacorta et al., 1996) and in Tolypothrix
tenuis, which besides α-glucosides also contained β-glucoside (Gambacorta et al., 1998). In
Calothrix desertica and in Chlorogloeopsis fritschii α–mannosides have been found together
with α–glucosides (Gambacorta et al., 1998).

Figure 1. Structures of heterocyst glycolipids detected in cyanobacterial cultures. 1-(O-hexose)-3,25hexacosane-diol (1); 1-(O-hexose)-3-keto-25-hexacosanol (2); 1-(O-hexose)-3,27-octacosanediol (3);
1-(O-hexose)-3-keto-27-octacosanol (4); 1-(O-hexose)-3,25,27-octacosanetriol (5) and 1-(O-hexose)3-keto-25,27-octacosanediol (6a) and 1-(O-hexose)-27-keto-3,25-octacosanediol (6b).
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Although a number of cyanobacteria have now been investigated for their glycolipid
distribution, the reports are relatively few considering the large diversity in cyanobacteria.
Recently, we developed a method for the rapid screening of glycolipids using high
performance liquid chromatography coupled to electrospray ionisation tandem mass
spectrometry (Bauersachs et al., 2009). We employed this method to screen 34 cyanobacterial
strains for their heterocyst glycolipid content, including strains of the genera Anabaenopsis
and Aphanizomenon that have not been analysed for their HG content before. In addition, we
studied changes in HG distributions under varying temperature conditions and discuss the
potential of heterocyst glycolipids as chemotaxonomical tools to distinguish between different
cyanobacterial genera.

Results and discussion
Distribution of heterocyst glycolipids in cyanobacteria
Nineteen strains of heterocystous cyanobacteria were analysed, including strains of the
families Nostocaceae and Rivulariaceae, which all contained heterocyst glycolipids. In order
to confirm that HGs represent a component of the heterocyst cell envelope, the
cyanobacterium Anabaena CCY9922 was grown on both N2 and NO3-. Indeed, the strain
utilising N2 was characterised by the presence of 1-(O-hexose)-3,25-hexacosanediol (1) and
1-(O-hexose)-3-keto-25-hexacosanol (2), while heterocyst glycolipids were absent in
Anabaena CCY9922 grown in the presence of combined nitrogen. This observation, together
with the absence of HGs in the fifteen unicellular and filamentous non-heterocystous strains
analysed in this study, confirms that HGs are unique compounds of the heterocyst cell
envelope and, thus, for dinitrogen fixation (Table 1).
Heterocyst glycolipids were a major component of the intact polar lipid fraction of
heterocystous cyanobacteria under electrospray ionisation-mass spectrometry (ESI-MS)
conditions (Fig. 2). They were assigned to four aglycone structures, which differed in their
chain-length and the position of their functional groups. The chain-length of the aglycone
moiety was either C26 or C28 and hydroxyl groups were likely located at the C-3, ω-1 and ω-3
positions. An unambiguous assignment of the carbonyl group in the analysed strains could
only be made for the cyanobacterium Calothrix CC9923, where it was located at the ω-1
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position (Bauersachs et al., 2009). Other species of the Calothrix genus contained a
compound with similar mass spectral properties to 1-(O-hexose)-27-keto-3,25-octacosanediol
but with a slightly different retention time. Gambacorta et al. (1999) showed that the majority
of heterocystous cyanobacteria contained keto-ols and keto-diols with carbonyl groups
located at the C-3 position. Therefore, we tentatively identified the structural isomer of 1-(Ohexose)-27-keto-3,25-octacosanediol (6b), observed in species of the Calothrix genus, as 1(O-hexose)-3-keto-25,27-octacosanediol (6a). The obtained mass spectra do not allow the
determination of the structure of the sugar moieties. However, the fragmentation behaviour,
i.e. loss of 162 Da, is in agreement with the presence of hexose functionalities as a component
of the HG molecule. As all of the heterocystous species analysed in this study belong to the
Nostocaceae family, it is most likely that the sugar functionalities are composed of αglucosides (Gambacorta et al., 1999). However, cyanobacteria belonging to Calothrix may
also contain α–mannosides instead of α-glucosides (Gambacorta et al., 1998).
In general, all analysed strains of the family Nostocaceae showed similar heterocyst
glycolipid distributions with only minor structural variations (Table 1). All Nodularia and
Nostoc species and most Anabaena species had an identical heterocyst glycolipid distribution,
consisting of 1-(O-hexose)-3,25-hexacosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosanol
(2). However, Anabaena CCY9910 and Anabaena CCY0017 also contained 1-(O-hexose)3,27-octacosanediol (3) and 1-(O-hexose)-3-keto-27-octacosanol (4), while the latter two
compounds were the only heterocyst glycolipids detected in Anabaena CCY9402. Besides
compounds 1 to 4, Aphanizomenon CCY9905 also contained 1-(O-hexose)-3,25,27octacosanetriol (5) and its corresponding ketone (6), although in trace amounts only. Three
strains, i.e. Anabaena CCY9921, Nodularia CCY9414 and Nodularia CCY9416, contained
two isomers of 1-(O-hexose)-3,25-hexacosanediol (1), which were present in almost equal
amounts. Previous studies on the glycolipid content of heterocystous cyanobacteria revealed
that C26 diols and their corresponding ketones were ubiquitously distributed in species of the
family Nostocaceae. For example, 1-(O-hexose)-3,25-hexacosanediol (1) and 1-(O-hexose)-3keto-25-hexacosane (2) were found in seven out of ten Nostocaceae species, including
members of the genera Anabaena sp., Nodularia sp. and Nostoc sp. (Gambacorta et al., 1999).
1-(O-hexose)-3,27-octacosanediol (3) and 1-(O-hexose)-3-keto-27-octacosanol (4) have also
been reported from species of the Nostocaceae family, e.g. the cyanobacteria Cyanospira
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Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena cylindrica
Anabaena sp
Anabaenopsis sp.
Aphanizomenon sp.
Aphanizomenon sp.
Nodularia chucula
Nodularia sp.
Nodularia sp.
Nostoc sp.
Nostoc sp.
Calothrix sp.
Calothrix sp.
Calothrix sp.
Calothrix sp.
Anabaena sp.

Heterocystous

Species

CCY0017
CCY9402a
CCY9613
CCY9614
CCY9910
CCY9921
CCY9922
CCY0520
CCY0368
CCY9905
CCY0103
CCY9414
CCY9416
CCY0012
CCY9926
CCY0018
CCY0202
CCY0327
CCY9923a
CCY9922b

CCY number
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Rivulariaceae
Rivulariaceae
Rivulariaceae
Rivulariaceae
Nostocaceae

Family
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales

Order
++
+
++
++
++
++
++
++
++
++
++
++
++
++
tr.
-

1
+
+
+
+
+
+
+
+
+
+
+
+
+
+
tr.
-

2
+
++
+
+
+
+
+
-

3
+
+
+
+
+
-

4

(-) Not detected; (+) minor amounts; (++) major amounts; (tr.) traces. LPP = morphotypes of Lyngbya-Phormidium-Plectonema

tr.
++
++
++
++
-

5

tr.
+
+
+
+
-

6

Table 1. Distribution of heterocyst glycolipids in heterocystous and non-heterocystous cyanobacteria. Numbers refer to structures shown in Fig. 1.
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-

1
-

2
-

3
-

4
-

5

heterocystous strain grown on NO3-

Oscillatoriales
Oscillatoriales
Oscillatoriales
Oscillatoriales
Oscillatoriales
Oscillatoriales
Pleurocapsales
Oscillatoriales
Oscillatoriales
Oscillatoriales
Chroococcales
Chroococcales
Chroococcales
Chroococcales
Chroococcales

Order

b

-

Family

HG distributions of Anabaena CCY9402, Anabaena CCY9614, and Calothrix CCY9923 have previously been reported by Bauersachs et al. (2009).

CCY0004
CCY9627
CCY0021
CCY0022
CCY0024
CCY9409
CCY0025
CCY0028
CCY0001
CCY9703
CCY0011
CCY9201
CCY9503
CCY9505
CCY9506

CCY number

a

Leptolyngbya sp.
Leptolyngbya sp.
LPP sp.
LPP sp.
LPP sp.
Lyngbya sp.
Myxosarcina sp.
Oscillatoria sp.
Phormidium formosum
Pseudanabaena sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.

Non-heterocystous

Species

-

6
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Figure 2. Partial ESI-MS base peak chromatogram showing the presences of 1-(O-hexose)-3,25hexacosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosanol (2) in the total lipid extract (TLE) of
Nostoc CCY0012. Other compounds identified in the TLE of Nostoc CCY0012 were
monogalactosyldiacylglycerols (MGDG); phosphatidylglycerols (PG); digalactosyldiacylglycerols
(DGDG); sulfoquinovosyldiacylglycerols (SQDG). Broad or double peaks result from the presence of
multiple isomers differing in fatty acid chain-length.

rippkae (Soriente et al., 1993) and Anabaena sphaerica (Gambacorta et al., 1996). The overall
HG distribution in the present study is, thus, in agreement with previous reports on the
distribution of heterocyst glycolipids in species of the family Nostocaceae (Gambacorta et al.,
1996; Gambacorta et al., 1999). The distribution of HGs in species of the Rivulariaceae
family exhibits noticeable differences compared to that of the Nostocaceae family. First,
species of the Calothrix genus contained heterocyst glycolipids dominated by a C28 rather
than a C26 carbon chain. Second, 1-(O-hexose)-3,25,27-octacosanetriol (5) was dominating
the HG distribution in species of the Calothrix genus, while only traces were present in one
species of the Nostocaceae family (Tab. 1). In Calothrix CCY0018 only the heterocyst
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glycolipid 1-(O-hexose)-3,25,27-octacosanetriol (5) was identified, while Calothrix CCY0202
also

contained

1-(O-hexose)-3,25-hexacosanediol

(1)

and

1-(O-hexose)-3-keto-25-

hexacosanol (2). The major long-chain glycolipids in Calothrix CCY9923 were 1-(O-hexose)3,25,27-octacosanetriol (5) and 1-(O-hexose)-27-keto-3,25-octacosanediol (6). In addition,
minor amounts of 1-(O-hexose)-3,27-octacosanediol (3) and 1-(O-hexose)-3-keto-27octacosanol (4) were found. The presence of 1-(O-hexose)-3,25,27-octacosanetriol (5) as an
constituent of the cell envelope in species of the Calothrix genus is in agreement with
previous reports of 1-(O-α-mannopyranosyl)-3,25,27-octacosanetriol in C. desertica
(Gambacorta

et

al.,

1998;

Gambacorta

et

al.,

1999).

However,

1,3,25,27-

tetrahydroxyoctacosane, thought to derive from the hydrolysis of 1-(O-hexose)-3,25,27octacosanetriol, has also been reported as a minor component in the alcohol fraction of
Anabaena cylindrica (Bryce et al., 1972) and this, together with the presence of 1-(O-hexose)3,25,27-octacosanetriol in Aphanizomenon CCY9905, shows that the C28 triol is not
exclusively synthesised by species of the Calothrix genus. Interestingly, compounds 1 and 2,
which are major HGs in species of the Nostocaceae family, were only detected in traces in
one species of the Rivulariaceae family, i.e. Calothrix CCY0202. This difference in HG
distribution suggests a chemotaxonomical significance that might allow distinguishing
cyanobacteria of the Calothrix genus from other heterocystous cyanobacteria. Differences in
the heterocyst glycolipid content between species of different families have also been
recognised by Gambacorta et al. (1998). These authors observed higher molecular weight
HGs, i.e. C30 and C32 triols and keto-diols, predominantly in species of the families
Scytonemataceae and Stigonematales. This is in agreement with our results, which shows that
species of the Nostocaceae and Rivulariaceae families do not contain HGs with alkyl chains
longer than C28.
Gambacorta et al. (1995) showed that the aglycone moiety of heterocyst glycolipids derived
from a de novo biosynthesis using the acetate pathway. The concurrent presence of long-chain
alcoholic glycolipids and their corresponding ketones suggests a possible precursor-product
relationship as one could be formed by oxidation or reduction of the other. However,
biosynthetic studies using labelled

13

C as precursor showed that there is no apparent

interconversion between the long-chain diols or triols and their corresponding hydroxyketones
(Gambacorta et al., 1995). In a more recent study, Fan et al. (2005) reported that long-chain
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lipids, such as the HG aglycones, are synthesised by fatty acid synthases (FASs) and
polyketide synthases (PKSs). During the elongation process, ketones are converted into their
hydroxides by a ketoreductase providing a direct biosynthetic link between the long-chain
alcoholic glycolipids and their corresponding ketones. The co-occurrence of ketones and their
alcoholic glycolipids in our study is in agreement with this finding.

Distribution of heterocyst glycolipids with temperature
Organisms of all three domains of life (Eukarya, Bacteria and Archaea) are known to adjust
their membrane lipids in response to changing environmental conditions, especially with
respect to temperature (Suutari and Laakso, 1994). To investigate changes in HG distributions
with temperature, we grew three heterocystous cyanobacteria at 14 °C and 27 °C (Table 2). In
general, the distribution of HGs remained similar in species grown at both temperatures with
1-(O-hexose)-3,25-hexcosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosanol (2) being
dominant. However, a decrease of the relative amount of the ketone HGs occurred at higher
temperatures. To quantify these changes, we calculated the HG26-index, defined as:

HG26 

C 26 keto  ol
(C 26 diol  C 26 keto  ol )

[1]

HG26 values ranged from 0.18 to 0.31 in cultures grown at 14 °C, while growth at 27 °C
resulted in lower HG26 values, ranging from 0.05 to 0.11 (Table 2). Possibly, the decreasing
abundance of hydroxyketones with increasing temperature may be a physiological adaptation
that optimises the gas diffusion of atmospheric dinitrogen into the heterocysts. Besides the
passive protection of nitrogenase by a gas diffusion barrier, nitrogenase is also protected by a
respiration mechanism that effectively decreases oxygen levels within the heterocyst.
Recently, Stal (2009) argued that respiration removes oxygen within the cell faster at higher
temperatures. An increased respiration rate would thus decrease the need to consolidate the
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Table 2. Distribution of heterocyst glycolipids and the HG26-index as function of temperature in the
species Anabaena CCY9613, Nostoc 0012 and Nostoc 9926. (-) Not detected; (+) minor amounts; (++)
major amounts.

Species
Anabaena CCY9613
Nostoc CCY0012
Nostoc CCY9926
a

Temperature (°C)
14
27
14
27
14
27

1
++
++
++
++
++
++

2
+
+
+
+
+
+

3
+
+

4
-

5
-

6
-

HG26a
0.18
0.11
0.14
0.05
0.31
0.07

HG26 = C26 keto-ol/(C26 diol + C26 keto-ol)

gas diffusion barrier, which could explain the observed decrease in hydroxyketone abundance
with temperature. However, further studies are necessary in order to provide evidence for this
hypothesis. Interestingly, Anabaena CCY9613 and Nostoc CCY9926 grown at 27 °C also
contained 1-(O-hexose)-3,27-octacosanediol (3), which was not detected in cultures grown at
14 °C. Elongation of alkyl chains as a response to increasing temperatures is well known from
various microbes where it is thought to keep the viscosity of the cell membrane constant
(Sandercock and Russell, 1980).

Experimental

General experimental procedures
HPLC/ESI-MS2 analysis was performed as reported elsewhere (Bauersachs et al., 2009).
Briefly, normal-phase HPLC analysis of extracts was accomplished using an Agilent 1100
series LC (Agilent, San Jose, CA) coupled to a Thermo TSQ Quantum ultra EM triple
quadruple mass spectrometer with an Ion Max Source with ESI probe (Thermo Electron
Corporation, Waltham, MA) operated in positive ion mode. Separation was achieved on a
LiChrospher DIOL column (250 mm × 2.1 mm i.d., 5 µm: Alltech, Deerfield, IL) maintained
at 30 °C. The separation was achieved with a flow rate of 0.2 ml min-1 using the following
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linear gradient: 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 re-equilibrate the column.
Eluent A consisted 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/ESI-MS2 was carried out in data-dependant mode with two
scan events, where a positive ion scan (m/z 300-1000) was followed by a product ion scan of
the base peak of the mass spectrum of the first scan event. Structural assignments were made
by comparison with published spectral data (Bauersachs et al., 2009).

Plant material
Cyanobacterial strains were obtained from the Culture Collection Yerseke (CCY) at the
Netherlands Institute of Ecology (NIOO-KNAW). Heterocystous strains were cultivated as
batch cultures on freshwater media BG11 (Rippka et al., 1979), artificial seawater ASN3
(Rippka et al., 1979) or a mixture of both. In order to induce the formation of heterocysts in
Nostocaceae and Rivulariaceae species, nitrate was omitted from the media. The
heterocystous cyanobacterium Anabaena CCY9922 was also grown in the presence of
combined nitrogen (NaNO3) with an initial concentration of 180 μmol l-1. Non-heterocystous
species were grown under conditions as shown in Table 3. All strains were grown axenically
in 100 ml of culture medium in 250 ml Erlenmeyer flaks and under a 12/12 h light/dark cycle
with a photon irradiance of 5 to 30 μmol m-2 s-1 provided by cool white fluorescent tubes.
Cells were harvested after a growth period of six weeks, washed three times with 4 ml of
double distilled water, freeze-dried and stored at -20 °C until analysis.

Extraction procedure
Freeze-dried cell material (ca. 30-50 mg) was ultrasonically extracted using dichloromethane
(DCM) (3 ml; 3×10 min), DCM:methanol (MeOH) (3 ml; 1:1 v/v; 3×10 min) and MeOH (3
ml; 3×10 min). The extracts were combined and rotary evaporated to near dryness, transferred
to pre-weight vials and reduced to dryness under a gentle stream of nitrogen.
Cultures of temperature experiments, i.e. Anabaena CCY9921, Nostoc CCY0012 and Nostoc
CCY9926, were extracted using a modified Bligh and Dyer extraction (Bligh and Dyer, 1959;

102

Heterocyst glycolipid distribution in cyanobacteria

Table 3. Cyanobacterial strains analysed in this study and their culture conditions. LPP: morphotypes
of Lyngbya-Plectonema-Phormidium. BG11 = freshwater medium with NaNO3; BG11° = freshwater
medium without NaNO3; ASN3 = artificial seawater medium with NaNO3; ASN3° = artificial
seawater medium without NaNO3; AB = mixture of ½ ASN3 + ½ BG11; BA = mixture of ⅓ ASN3 +
⅔ BG11; BA° = mixture of ⅓ ASN3 + ⅔ BG11 without NaNO3.

Strain

Growth
Medium

Nitrogen
source

Salinity
(PSU)

Light
(µmol·m-2·s-1)

Temp.
(°C)

Heterocystous
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena cylindrica
Anabaena sp.
Nodularia chucula
Nodularia sp.
Nodularia sp.
Nostoc sp.
Nostoc sp.
Calothrix sp.
Calothrix sp.
Calothrix sp.
Calothrix sp.

CCY0017
CCY9402
CCY9613
CCY9614
CCY9910
CCY9921
CCY9922
CCY0103
CCY9414
CCY9416
CCY0012
CCY9926
CCY0018
CCY0202
CCY0327
CCY9923

BA°
BG11°
BG11°
BG11°
BG11°
BG11°
BG11°
BG11°
BA°
BA°
BG11°
BG11°
BA°
ASN3I°
BG11°
BG11°

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

10 - 11
0
0
0
0
0
0
0
10 - 11
10 - 11
0
0
10 - 11
30 - 33
0
0

30
30
30
30
30
30
30
30
5
5
30
30
25
25
30
30

14
14
14 / 27
14
14
14
14
14
14
14
14 / 27
14 / 27
14
14
14
14

Non-heterocystous
Anabaena sp.
Leptolyngbya sp.
Leptolyngbya sp.
LPP
LPP
LPP
Lyngbya sp.
Myxosarcina sp.
Oscillatoria sp.
Phormidium formosum
Pseudanabaena sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.
Synechococcus sp.

CCY9922
CCY0004
CCY0019
CCY0022
CCY0021
CCY0024
CCY9409
CCY0025
CCY0028
CCY0001
CCY9703
CCY0011
CCY9201
CCY9501
CCY9503
CCY9505

BG11
ASN3
ASN3
ASN3
ASN3
BA
ASN3°
ASN3°
AB
ASN3
BG11
BG11
BA
BA
BA
BA

NO3NO3NO3NO3NO3NO3N2
N2
NO3NO3NO3NO3NO3NO3NO3NO3-

0
30 - 33
30 - 33
30 - 33
30 - 33
10 - 11
30 - 33
30 - 33
15 - 16
30 - 33
0
0
10 - 11
10 - 11
10 - 11
10 - 11

30
5
5
5
5
5
25
15
5
5
5
15
15
15
15
15

14
14
14
14
14
14
14
23
14
14
14
18
18
18
18
18

Organism
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Rütters et al., 2002). Briefly, freeze-dried cell material was ultrasonically extracted with a
solvent mixture of MeOH/DCM/phosphate buffer in a ratio of 2:1:0.8 (v/v). The supernatant
was transferred to a centrifuge tube and the remaining cell material was extracted twice again.
DCM and phosphate buffer were added to the combined solvent mixture so that the ratio of
MeOH/DCM/phosphate buffer was 1:1:0.9, which resulted in a phase separation. The bottom
layer, containing the organic fraction, was transferred to a glass vial and the remaining
aqueous phase was extracted three times with DCM. The individual organic fractions were
combined and rotary evaporated.
Lipid extracts were re-dissolved by ultrasonication (10 min) in DCM:MeOH (9:1 v/v) at a
concentration of 1 mg ml-1 and filtered through a 0.45 μm regenerated cellulose (RC) filter
(Alltech, Deerfield, IL) prior to HPLC/ESI-MS2 analysis.
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Abstract
This study investigated the community composition of diazotrophic microbial mats on the
sandy beaches of the North Sea barrier island Schiermonnikoog (The Netherlands) by a
multidisciplinary approach using microscopy, biological markers, stable carbon (δ13CTOC) and
nitrogen (δ15N) isotopes as well as by constructing and analyzing 16S rRNA gene clone
libraries. Microscopy of the microbial mats revealed a morphologically diverse community of
Cyanobacteria dominated by the filamentous non-heterocystous genera Leptolyngbya,
Lyngbya, Microcoleus and Phormidium. Morphotypes of the heterocystous Cyanobacteria
Anabaena and Nodularia were restricted to the supratidal microbial mats. In addition, a
diverse group of benthic microalgae, mostly diatoms, and purple sulfur bacteria were
associated with the microbial mats. 16S rRNA gene clone libraries, obtained from two
representative sites, revealed the presence of Cyanobacteria, diatoms, members of the
Cytophaga-Flavobacterium-Bacteriodes group and Proteobacteria in the microbial mats.
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Sequences related to filamentous Cyanobacteria of the genera Lyngbya and Microcoleus were
dominant in the intertidal microbial mats, while those related to filamentous Cyanobacteria of
the genera Leptolyngbya and Phormidium dominated in the supratidal region. Other
sequences related to cyanobacterial phylotypes belonged to the heterocystous genera
Calothrix and Nodularia. Bulk nitrogen isotopes of the microbial mats ranged from +6.1‰ in
the intertidal to –1.2‰ in the supratidal region, suggesting a shift from predominantly nitrateutilization to nitrogen fixation along the littoral gradient. This result was supported by the
presence of heterocyst glycolipids, e.g. 1-(O-hexose)-3,25-hexacosanediol and 1-(O-hexose)3,25,27-octacosanetriol, representing biological markers for nitrogen-fixing heterocystous
Cyanobacteria, in microbial mats of the supratidal. Our multidisciplinary approach showed
that Cyanobacteria are the principle mat-building organisms on the sandy beaches of
Schiermonnikoog. Diazotrophic species are of particular importance for the development of
these mat systems because they supply the bioavailable nitrogen for the microbial consortium
in this otherwise nitrogen-depleted ecosystem.

Introduction
Depletion of nitrogen (N) is a common characteristic that is shared by many microbial mats
growing on coastal intertidal beaches of the southern North Sea (Stal et al., 1984; Severin and
Stal, 2008). A continuous supply of combined nitrogen is, therefore, vital to sustain growth
and development of these small-scale ecosystems. Diazotrophic (N2-fixing) Cyanobacteria are
a common component of these microbial mats and they are essential in replenishing the stock
of combined nitrogen that is available for the microbial community. The filamentous nonheterocystous cyanobacterium Lyngbya aestuarii (previously also assigned as Oscillatoria)
represents the most prominent N2-fixer in many of these microbial mats and is frequently
accompanied by other unicellular, filamentous non-heterocystous and to a lesser extent
heterocystous species (Stal et al., 1984; Stal and Krumbein, 1985; Severin and Stal, 2008).
In recent years, extensive microbial mats have developed on the sandy beaches of the North
Sea barrier island Schiermonnikoog with Cyanobacteria as the main structural component.
Immature mats close to the low watermark primarily consist of the N2-fixing nonheterocystous cyanobacterium L. aestuarii (Severin and Stal, 2008), while mature mats in the
upper littoral reveal a higher species diversity with unicellular, filamentous non-heterocystous
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and heterocystous genera (Kremer et al., 2008; Dijkman et al., 2010). Both microbial mat
types expressed high rates of N2 fixation that were predominantly attributed to the presence
and activity of diazotrophic Cyanobacteria (Severin and Stal, 2008).
Previous studies of N2-fixing Cyanobacteria in microbial mats have primarily focused on
microscopy and analysis of nifH and 16S rRNA genes (Wieland et al., 2003; Steppe and
Paerl, 2005). Stable carbon and nitrogen isotopes as well as biological markers represent
additional means to study the diazotrophic community structure of microbial mats. For
example, the biological fixation of N2 by Cyanobacteria imparts only a small fractionation
relative to atmospheric nitrogen with an average value of ~2.6‰ (Macko et al., 1987).
Consequently, diazotrophic Cyanobacteria exhibit a nitrogen isotopic (δ15N) composition that
is slightly negative and usually ranges from +0‰ to -3‰ for axenic cultures (Macko et al.,
1987; Bauersachs et al., 2009a) and natural populations of Cyanobacteria (Minagawa and
Wada, 1986). Therefore, negative δ15N values in microbial mats and sediments are commonly
taken as evidence for biological N2 fixation and, hence, for the presence and activity of
diazotrophic Cyanobacteria.
N2-fixing heterocystous Cyanobacteria possess a suite of unique long-chain glycolipids
(Nichols and Wood, 1968; Gambacorta et al., 1998). These components, located in the
heterocyst cell envelope, act as an effective gas diffusion barrier and protect the oxygen
sensitive enzyme complex nitrogenase from inactivation by atmospheric oxygen (Walsby,
1985; Murry and Wolk, 1989). Recently, we have developed a rapid screening method using
high performance liquid chromatography coupled to electrospray ionization tandem mass
spectrometry (HPLC/ESI-MS2) to trace such heterocyst glycolipids (HGs) in environmental
matrices and this was successfully applied to a microbial mat from Schiermonnikoog
(Bauersachs et al., 2009b). The HG distribution was similar to that found in axenic cultures of
the heterocystous Cyanobacteria Nodularia sp. and Nostoc sp. isolated from these microbial
mats (Bauersachs et al., 2009c). It was also similar to the HG distribution reported from two
strains of Anabaena sp. that were isolated from a similar microbial mat of the intertidal beach
of the German North Sea barrier island Mellum (Stal and Krumbein, 1985; Bauersachs et al.,
2009c). Hence, HGs are well suited to study the composition of N2-fixing heterocystous
Cyanobacteria in microbial mats developing along the coastline of the southern North Sea and
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Figure 1. Map of the North Sea barrier island Schiermonnikoog (The Netherlands). Microbial mats
were collected following the littoral gradient at the northwest beach of the island and comprise
representative samples from the inter- and supratidal region.

likely other benthic marine microbial mat communities worldwide. In this study, we
investigated the presence and distribution of N2-fixing Cyanobacteria growing on the sandy
beaches of the Dutch North Sea barrier island Schiermonnikoog. In particular, we analyzed
the distribution of HGs to track the presence and relative abundance of heterocystous
Cyanobacteria in the intertidal microbial mats. The lipid biomarker investigations were
complemented by microscopy, isotope biogeochemistry and 16S rRNA gene analysis, in
order to identify the N2-fixing Cyanobacteria that supply new combined nitrogen to the
microbial mats.
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Material and methods
Description of the microbial mats
The Dutch barrier island Schiermonnikoog (N53°29’ and E6°08’) is located in the southern
North Sea and represents the smallest of the West Frisian Islands (Fig. 1). The sandy tidal
sediments located at the north-western part of the island are infested by microbial mats that
currently cover an area of more than 7 km2 and gradually turn the beach into a salt marsh
(Fig. 2A). In the intertidal region, microbial mats occur as an ephemeral seasonal feature and
are usually present and active between early spring and autumn. Storms, floods and ice cover
lead to the destruction of the microbial mats in winter. The mats are characterized by
periodical immersion during high tide and are thus strongly influenced by seawater. Microbial
mats in the supratidal region can become established permanently and have a profound effect
on the tidal flat morphodynamics and ecology as evidenced by the transformation of
thelandscape to a salt marsh, creating the basis for the settlement of higher plants. These

Figure 2. (A) Sandy tidal flat at the northwest beach of the North Sea barrier island Schiermonnikoog
infested with microbial mats that gradually turn the beach into a salt marsh and create the base for the
settlement of higher plants. (B) Cross-section of a representative microbial mat thriving in the
supratidal zone of the tidal flat. The uppermost green layer consists of Cyanobacteria underlain by a
pink layer of purple sulfur bacteria and a black horizon of FeS that derives from reaction of iron with
hydrogen sulfide produced by sulfate-reducing bacteria.
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microbial mats are to an important extent influenced by rain and upwelling fresh water, but
they are also regularly inundated during spring tide. Optimal growth conditions of inter- and
supratidal microbial mats are met in spring and early summer when mat-building organisms
are most active and grow rapidly until late summer.

Sampling
Intertidal microbial mats and their underlying sediments were collected in summer 2006 along
a transect following the littoral gradient (Fig. 1; Table 1). Stations 1-4 were located in the
intertidal region, while stations 5-11 were situated in the supratidal region. Stations 3 and 7
were the same as those studied by Severin and Stal (2008). Microbial mats and 1 cm of
underlying sediments were collected using a 10 ml Teflon syringe with a diameter of 15 mm
from which the needle connector was cut. The samples were stored frozen upon arrival at the

Table 1. Geographic position, elevation, total organic carbon (TOC), total nitrogen (TN) as well as
stable isotopic composition (δ13C and δ15N) of the microbial mats collected on the intertidal flat of
Schiermonnikoog.

Station

North

East

TOC
(%)

TN
(%)

δ13C
(‰ VPDB)

δ15N
(‰ air)

1

53°29.348’

006°08.229’

17.8

0.4

-13.1

5.6

2

53°29.290’

006°08.172’

18.0

0.5

-14.3

6.1

3

53°29.201’

006°08.107’

22.9

0.3

-14.6

3.6

4

53°29.120’

006°08.040’

21.1

0.4

-13.4

2.6

5

53°28.968’

006°07.998’

22.5

0.4

-15.3

-0.6

6

53°28.900’

006°07.982’

21.7

0.5

-14.7

-1.1

7

53°28.753’

006°07.885’

21.1

0.4

-14.0

-0.6

8

53°28.582’

006°07.934’

23.6

0.5

-16.8

0.0

9

53°28.540’

006°07.978’

21.8

0.4

-18.4

1.0

10

53°28.541’

006°08.055’

20.4

0.5

-17.7

0.9

11

53°28.493’

006°08.108’

19.3

0.6

-13.5

-1.2
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laboratory. Subsequently, the microbial mats were freeze-dried, homogenized using an agate
mortar, and kept at -20 °C in order to minimize degradation of the organic tissue.

Microscopy
Morphological observations were performed using a Zeiss Axiostar (Carl Zeiss, Göttingen,
Germany) research microscope equipped with phase- and differential interference contrast
and a digital camera. Morphological identification was done in accordance with traditional
reference works for Cyanobacteria (Geitler, 1932; Komárek and Anagnostidis, 1999;
Komárek and Anagnostidis, 2005).

Bulk carbon and nitrogen isotope analysis
Bulk carbon and nitrogen isotopes of the microbial mats were determined using a
Thermofinnigan Delta Plus isotope ratio mass spectrometer connected on-line to a Carlo Erba
Flash 1112 elemental analyzer. Microbial mats measured for total organic carbon (TOC) and
δ13CTOC were acidified with 2 M HCl for 24 h to remove inorganic carbon, neutralized using
double distilled water and subsequently freeze-dried. Total nitrogen (TN) and δ15N analysis
were performed on microbial mats that were not acidified prior to analysis. All isotope
abundances are given in conventional delta notation: δsample(‰) = [(Rsample/Rstandard)-1] × 1000,
where Rsample and Rstandard are the C and N isotope ratios of the sample and the standard,
respectively. The δ13C and δ15N values were calibrated against laboratory standards, benzoic
acid (δ13C = -27.8‰, C = 68.8%) and glycine (δ15N = 2.4‰, N = 18.6%), and are expressed
with respect to deviation from the standard reference materials, Vienna PeeDee Belemnite
(VPDB) and atmospheric N2 (air), respectively. Reproducibility of the isotopic analysis was
determined by running duplicate analysis, resulting in pooled standard errors of <0.1‰ for
δ13C and <0.2‰ for δ15N.

Lipid extraction and detection
Aliquots of the freeze-dried microbial mats were extracted using a modified Bligh-Dyer
procedure (Bligh and Dyer, 1959; Rütters et al., 2002). Freeze-dried cell material was
ultrasonically extracted with a solvent mixture of methanol (MeOH)/dichloromethane
(DCM)/phosphate buffer (pH 7.4) in a ratio of 2:1:0.8 (v/v). The supernatant was removed,
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transferred to a centrifuge tube and the residue was re-extracted twice. DCM and phosphate
buffer

were

added

to

the

combined

solvent

mixture

so

that

the

ratio

of

MeOH/DCM/phosphate buffer was 1:1:0.9, which resulted in a phase separation. The bottom
layer, containing the organic fraction, was transferred to a glass vial and the remaining
aqueous phase was extracted twice with DCM. The individual organic fractions were
combined and rotary evaporated. Lipid extracts were re-dissolved by ultrasonication (10 min)
in DCM:MeOH (9:1 v/v) at a concentration of 1 mg ml-1 and filtered through a 0.45 μm
regenerated cellulose (RC) filter (Alltech, Deerfield, IL) prior to intact polar lipid analysis.
Analysis of intact polar lipids (IPLs) was done using high performance liquid chromatography
coupled to electrospray ionization tandem mass spectrometry (HPLC/ESI-MS2) as previously
reported by Bauersachs et al. (2009b). Briefly, normal-phase HPLC analysis of total lipid
extracts was accomplished using an Agilent 1100 series LC (Agilent, San Jose, CA) coupled
to a Thermo TSQ Quantum ultra EM triple quadruple mass spectrometer with an Ion Max
Source with ESI probe (Thermo Electron Corporation, Waltham, MA) operated in positive
ion mode. Separation was achieved on a LiChrospher DIOL column (250 mm × 2.1 mm i.d.,
5 µm: Alltech, Deerfield, IL) maintained at 30 °C. ESI-MS2 was carried out in data-dependent
mode with two scan events, where a positive ion scan (m/z 300-1000) was followed by a
product ion scan of the base peak of the mass spectrum of the first scan event. Structural
assignments were made by comparison with published mass spectral data (Bauersachs et al.,
2009b).

DNA extraction, PCR and sequence analysis
DNA was extracted using the MO-BIO UltraClean Soil DNA Isolation-kit (MO-BIO
Laboratories, Inc., Carlsbad, CA 92010, USA) according to the manufacturer’s instructions.
Quality and quantity of extracted DNA were checked on a 1% agarose gel and with the
NanoDrop ND 1000 (NanoDrop Technologies, Inc., Wilmington, DE 19810, USA).
Individual DNA extracts from one station were combined and stored at –20 °C until analysis.
The nearly complete 16S rRNA gene was amplified from the extracted DNA using the primer
pair 8F (5’ AGA GTT TGA TCM TGG CTC AG 3’) / 1492R (5’ GGT TAC CTT GTT ACG
ACT T 3’) (Weisburg et al., 1991). Each 25 µl PCR reaction mix contained 2.5 pmol of each
primer, 0.2 mM dNTPs, 1x reaction buffer and 0.625 U Taq DNA Polymerase (New England
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BioLabs, Ipswich, MA 01938, USA) as well as 10-15 ng DNA. Cycling conditions were 94°C
for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 2 min and a final
extension period of 7 min at 72°C. PCR products were checked on a 1% agarose gel. The
fresh PCR products were cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen
Corporation, Carlsbad, CA 92008, USA) following the manufacturer’s instructions. The white
transformants were used for amplification with the plasmid M13-primer pair (F: 5’ GTA
AAA CGA CGG CCA G 3’ and R: 5’ CAG GAA ACA GCT ATG AC 3’) and checked by
gel electrophoresis. Cycling conditions were 95°C for 2 min, followed by 40 cycles of 94°C
for 1 min, 55°C for 1 min, 72°C for 2 min and a final extension step at 72°C for 19 min. A
total of 96 16S rRNA gene- and 188 nifH-clones were sequenced and analyzed. PCR products
were purified with the Sephadex G-50 Superfine-powder (GE Healthcare Bio-Sciences AB,
751 84 Uppsala, Sweden) and 45 µl Millipore MultiScreen-plates (Millipore Corporation,
Billerica, MA 01821, USA). After determining the quantity of the purified PCR product, a
sequencing reaction was performed using the BigDye Terminator chemistry (BigDye
Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems, Inc., Foster City, CA 94404,
USA). For bacterial 16S rRNA gene clones, four overlapping pieces were sequenced using
the primers 8F, 907RM (5’ CCG TCA ATT CMT TTG AGT TT 3’) (Muyzer et al., 1997),
1346R (5’ TAG CGA TTC CGA CTT CA 3’) (Nübel et al., 1996) and 1492R, which were
assembled during the alignment.
Sequences were aligned in BioEdit (Ibis Biosciences, Carlsbad, CA 92008, USA), corrected
by manual inspection and analyzed for similarity in BLASTn (Basic Local Alignment Search
Tool, National Center for Biotechnology Information, 8600 Rockville Pike, Bethesda, USA).
All sequences obtained in this study have been deposited at the NCBI GenBank database
under the accession numbers GQ441193 - GQ441355.

Results
Microscopic analysis
Microbial mats at the north-western bank of Schiermonnikoog showed a green colour and
consisted of laminated layers of about 0.5-5 mm. In accordance with their position on the
littoral gradient, microbial mats expressed different stages of development and structure.
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Figure 3. Photomicrographs of filamentous and unicellular Cyanobacteria in microbial mats of the
North Sea barrier island Schiermonnikoog. Photomicrographs A-C depict mat-forming organisms of
the intertidal. (A) Trichomes of Lyngbya aestuarii and Spirulina sp. together with miscellaneous
diatoms (station 3). (B) Trichomes of L. aestuarii (station 4). (C) Bundles of Microcoleus
chthonoplastes and a trichome of Lyngbya aestuarii (station 2). Photomicrographs D-I show matforming microbes in the supratidal. (D) Bundles of M. chthonoplastes (station 9). (E) Trichomes of L.
aestuarii (station 10). (F) Trichomes of Nodularia sp. and Phormidium sp. (station 6) (G)
Heterocystous Cyanobacteria of the genus Nodularia (station 8). (H) Cyanobacteria of the genera
Nodularia and Lyngbya (station 7). (I) Cyanobacteria of the heterocystous genus Anabaena and the
unicellular genus Merismopedia (station 8).

Microbial mats of the intertidal regions were only marginally developed with an average
thickness of ca. 0.5-1 mm. These immature mats consisted of a thin cyanobacterial layer that
was directly attached to the sandy substrate. Microscopic analysis of these mats revealed low
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species diversity with the filamentous non-heterocystous cyanobacteria Lyngbya aestuarii and
Microcoleus chthonoplastes dominating (Figs. 3A-C). Another important component of the
intertidal microbial mats was benthic marine microalgae, such as diatoms (Fig. 3A). The
heterocystous cyanobacterium Calothrix sp. was occasionally observed but was present in low
numbers and was not an important structural component in the intertidal microbial mats.
Microbial mats at the transition to the supratidal region were more extensively developed with
a cyanobacterial layer of 2-5 mm. The sediments underlying these mats showed a gradual
change in colouration, i.e. from green to dark brown or black, indicating the transition from
oxic to anoxic conditions. In addition, a thin layer of purple sulfur bacteria was occasionally
observed (Fig. 2B). The supratidal mats were characterized by a higher diversity of
cyanobacterial

morphotypes

and

contained

the

unicellular

genera

Chroococcus,

Merismopedia and Synechococcus as well as the filamentous non-heterocystous genera L.
aestuarii and M. chthonoplastes (Fig. 3D-E). In addition, heterocystous Cyanobacteria of the
genera Anabaena and Nodularia were identified (Fig. 3F-I).

Figure 4. Stable carbon and nitrogen isotopic composition of microbial mats growing on the tidal flat
at the northwest beach of the North Sea barrier island Schiermonnikoog. Microbial mats of the
intertidal (▲) and supratidal (●) zone fall within distinct isotope clusters and are readily distinguished
according to their stable isotopic composition.
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Bulk parameters
Total organic carbon and total nitrogen in the intertidal microbial mats ranged from 18 wt% to
24 wt% and from 0.3 wt% to 0.6 wt%, respectively (Table 1). The stable carbon isotopic
composition of the microbial mats ranged from -13.1‰ to -18.4‰ with a trend to more
depleted δ13CTOC values in the upper littoral. Stable nitrogen isotopes were more variable with
δ15N values ranging from +6‰ to +2.6‰ in the intertidal region and from +1‰ and -1.2‰ in
the supratidal region (Fig. 4; Table 1).

Intact polar lipids
Microbial mats of Schiermonnikoog were characterized by a complex suite of intact polar
lipids (Fig. 5). A cluster of betaine lipids comprising diacylglyceryltrimethylhomoserines
(DGTS) and diacylglycerolhydroxymethyltrimethylalanines (DGTA) were the most
prominent members of the intact polar lipid pool in microbial mats of the intertidal region. At
the transition to the supratidal region, betaine lipids decreased in relative abundance. Other
important

component

classes

of

the

intact

polar

lipid

pool

were

sulfoquinovosyldiacylglycerols (SQDG) as well as the phospholipids phosphatidylcholines
(PC), phosphatidylglycerols (PG) and methylphosphatidylethanolamines (MPE). In addition,

Figure 5. HPLC/ESI-MS2 base peak chromatograms of the total lipid extract of (A) the heterocystous
cyanobacterium Nostoc CCY0012 and microbial mats growing in (B) the intertidal zone and (C+D)
the supratidal zone. The heterocyst glycolipids 1-(O-hexose)-3,25-hexacosanediol (I) and 1-(Ohexose)-3-keto-25-hexacosanediol (II) are dominant components of the intact polar lipid pool of
Nostoc CCY0012 (A) as was previously reported by Bauersachs et al. (2009c). Shaded peaks in (C)
and (D) represent 1-(O-hexose)-3,25-hexacosanediol (I) and 1-(O-hexose)-3,25,27-octacosanetriol
(III),

respectively.

Other

compounds

diacylglyceryltrimethylhomoserines

that

(DGTS)

were
and

detected

included

the

betaine

lipids

diacylglycerolhydroxymethyltrimethylalanines

(DGTA). In addition, digalactosyldiacylglycerols (DGDG), methylphosphatidylethanolamines (MPE),
monogalactosyldiacylglycerols (MGDG), phosphatidylcholines (PC), phosphatidylglycerols (PG) and
sulfoquinovosyldiacylglycerols (SQDG) were identified. Each of these individual intact polar lipids
was present in form of multiple isomers differing in fatty acid chain-length, which resulted in broad
and complex peaks.
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monoglycosyldiacylglycerols (MDGD) and digalactosyldiacylglycerols (DGDG) were
identified, which occurred in higher abundances in the upper regions of the littoral. The
presence of heterocyst glycolipids was limited to microbial mats of the supratidal region. 1(O-hexose)-3,25-hexacosanediol was identified at stations 5-8, whereas 1-(O-hexose)3,25,27-octacosanetriol was detected only at station 11.

Bacterial 16S rRNA gene clone libraries
Two representative microbial mats of the intertidal (station 3) and supratidal (station 7) were
analyzed by cloning and sequencing 16S rRNA genes, which revealed major variations in the
cyanobacterial community structure between both sites (Fig. 6A; Table 2). Analyses of 16S
rRNA gene clone libraries indicated the predominance of cyanobacterial species in the
intertidal microbial mats. At station 3, cyanobacterial sequences comprised ca. 40% of the
library with sequences most closely related to filamentous Cyanobacteria of the genera
Lyngbya (17%) and Microcoleus (12%). Sequences affiliated to heterocystous Cyanobacteria

Figure 6. Pie chart of 16S rRNA gene clone libraries from microbial mats of (A) the intertidal and (B)
the supratidal region. Both mats are dominated by sequences affiliated to filamentous Cyanobacteria.
Other sequences were related to Proteobacteria, diatom-chloroplasts and members of the CytophagaFlavobacterium-Bacteriodes (CFB) group.
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Spirulina sp. (97 %)
Calothrix sp. (97 %)

2 (2%)
1 (1%)

2 (2%)
5 (5%)

CFB

unidentified clones

20 (31%)

Hydrocoleum sp. (93-94 %)

2 (2%)

Proteobacteria

Leptolyngbya sp. (88-98 %)

6 (6%)

29 (22%)

Microcoleus sp. (93-99 %)

11 (12%)

Spirulina sp. (97 %)

1 (1%)

11 (13%)

16 (19%)

10 (12%)

20 (23%)

Calothrix sp. (96%)

Nodularia sp. (98-99 %)

Lyngbya sp. (95-96 %)

Microcoleus sp. (97 %)

Phormidium sp. (95-98 %)

Leptolyngbya sp. (96-99 %)

Closest relative

Station 7

1 (1%)

2 (2%)

3 (4%)

4 (5%)

8 (9%)

9 (11%)

Lyngbya sp. (90-99 %)

16 (17%)

Number of clones
28 (33%)

Closest relative

Station 3

38 (40%)

Number of clones

diatom-chloroplasts

Cyanobacteria

16D rRNA gene

Species

(supratidal). CFB represent members of the Cytophaga-Flavobacterium-Bacteriodes.

Table 2. Phylogenetic summary based on analyses of bacterial 16S rRNA gene clone libraries at station 3 (intertidal) and station 7
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were only found for the genus Calothrix (1%). Other organisms significantly contributing to
the 16S rRNA gene clone libraries included diatom-chloroplasts (31%) and members of the
Proteobacteria (21%). Sequence attributed to members of the Cytophaga-FlavobacteriumBacteriodes (CFB) group contributed only little (2%) to the total of the 16S rRNA genes.
At station 7, 16S rRNA gene sequences were to a lesser degree affiliated to Cyanobacteria
(33%) but revealed slightly higher species diversity. Sequences related to the filamentous
Cyanobacteria Leptolyngbya (11%) and Phormidium (9%) gained importance, while those
assigned to Lyngbya (4%) and Microcoleus (5%) were less abundant (Fig. 6B; Table 2).
Sequences phylogenetically affiliated to the heterocystous genera Nodularia (2%) and
Calothrix (1%) were only a minor component of the 16S rRNA gene clone libraries. Other
Cyanobacteria Leptolyngbya (11%) and Phormidium (9%) gained importance, while those
assigned to Lyngbya (4%) and Microcoleus (5%) were less abundant (Fig. 6B; Table 2). Other
sequences belonged to diatom-chloroplasts (24%), the CFB group (19%) and members of the
Proteobacteria (12%).

Discussion
Stable isotopic composition of the microbial mats
Inter- and supratidal microbial mats of Schiermonnikoog were readily distinguished according
to their stable isotopic composition (Fig. 4). Bulk δ15N values of microbial mats growing in
the intertidal region ranged from +6‰ to +2‰, values that are commonly associated with the
utilization of combined nitrogen species such as nitrate and ammonium (Mulholland et al.,
2001; Holl and Montoya, 2005), while the nitrogen isotopic composition of microbial mats in
the supratidal region varied between +1‰ and -1.2‰ (Table 1). The decrease of δ15N values
along the littoral gradient suggests an enhanced contribution of biological fixed nitrogen to
the total N pool and thus a greater importance of diazotrophic species in the upper regions of
the littoral.
The δ13CTOC values of the intertidal microbial mats showed little variation and ranged from 13.1‰ to -14.6‰ (Table 1). In contrast, stable carbon isotope values in supratidal mats varied
between -14.0‰ and -18.4‰ with a trend to more depleted δ13CTOC values higher up the
littoral. Enriched carbon isotopic compositions as found in this study have also been reported
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from other intertidal and benthic marine microbial mats that are dominated by Cyanobacteria
(Des Marais et al., 1992; Wieland et al., 2008) and are likely the result of a lower carbon
isotopic fractionation associated with cyanobacterial Rubisco (Popp et al., 1998). In addition,
supratidal microbial mats showed a significant positive correlation of carbon and nitrogen
isotopes (r2=0.883) with depleted δ15N values associated with enriched δ13CTOC values,
suggesting that the enriched carbon isotopes may be related to a cyanobacterial origin (Fig. 4).
Similar distributions of carbon and nitrogen isotopes as found for the supratidal mats have
also been reported from other diazotrophic Cyanobacteria such as Trichodesmium sp. (Wada
and Hattori, 1991) and marine sediments that received a substantial input of C and N by
Trichodesmium sp. (Capone et al., 1997).
Stable carbon isotope values in the intertidal microbial mats cluster distinctly different from
those encountered in the supratidal mats but also show a considerable enrichment in

13

C.

However, no clear correlation with δ15N values was observed (r2=0.004), suggesting that
heavy carbon isotopes might have an origin other than diazotrophic Cyanobacteria.
Microscopy and 16S rRNA gene analysis revealed that diatoms constitute a significant
component of intertidal microbial mats. These algae have been shown to be a source of 13Crich carbon in marine food webs with δ13CTOC values of ca. -15‰ (Fry and Wainright, 1991).
In addition, the marine diatom Thalassiosira weissflogii fixes CO2 through a C4-like pathway
(Reinfelder et al., 2000), which results in δ13C values similar to those observed in our study.
Hence, diatoms are a likely source of enriched carbon isotopes in the intertidal microbial mats
of Schiermonnikoog. High δ13CTOC have also been reported from microbial mats with
elevated rates of photosynthetic activity, which results in a drawdown of CO2 and a
subsequent limitation of inorganic carbon species (Wieland et al., 2008). However, this seems
unlikely for the Schiermonnikoog microbial mats as water was continuously flowing through
the thin mats and, thus, dissolved organic carbon (DIC) should have not been limiting.

Distribution of intact polar lipids
The IPLs detected in the microbial mats of Schiermonnikoog can, for the most part, be related
to photoautotrophic organisms. MDGD, DGDG, SQDG and PG were abundant in both interand supratidal microbial mats (Fig. 5A-D). These components have previously been reported
from a number of photoautotrophs including Cyanobacteria (Kiseleva et al., 1999), purple
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sulfur bacteria (PSB) (Linscheid et al., 1997) and algae (Joyard et al., 1996). Since
Cyanobacteria constitute the main mat-building organisms in the immature intertidal
microbial mats, a cyanobacterial origin of theses IPLs is likely. In the upper littoral, where
microbial mats are mature and have developed a distinct vertical stratification, purple sulfur
bacteria may be an additional source of these lipids. The phospholipid PC is generally absent
in Cyanobacteria (Wada and Murata, 1998) and only present in some other Bacteria
(Sohlenkamp et al., 2003). However, it is an abundant IPL in Eukarya, suggesting that
microalgae, such as diatoms, associated with the microbial mats were probably their source.
High abundances of betaine lipids were found in the intertidal microbial mats. These
components are major cell membrane constituents of algae and macrophytes (Dembitsky,
1996; Kato et al., 1996) but have only rarely been reported from Bacteria (Benning et al.,
1995).
Although the majority of the IPLs observed in this study may have had a cyanobacterial
origin, none of these components can unequivocally be related to diazotrophic species. In
contrast, heterocyst glycolipids (HGs) are unique chemical components found in the cell
membrane of heterocystous Cyanobacteria that fix N2 (Nichols and Wood, 1968). These
components were not detected at stations 1-4 (Fig. 5B), suggesting the absence of
heterocystous Cyanobacteria in microbial mats of the intertidal region. This was confirmed by
microscopy and by the analysis of 16S rRNA gene clone libraries (Table 2), indicating the
dominance of filamentous non-heterocystous Cyanobacteria of the genera L. aestuarii and M.
chthonoplastes and the absence of heterocystous genera at these sites. 1-(O-hexose)-3,25hexacosanediol was detected at stations 5-8, pointing to the presence of heterocystous
Cyanobacteria in mats growing in the supratidal region (Fig. 5C). This HG has previously
been reported to be specific for heterocystous Cyanobacteria of the family Nostocaceae
including the genera Anabaena, Anabaenopsis, Aphanizomenon, Nodularia and Nostoc
(Bauersachs et al., 2009c) and including strains isolated from the microbial mats of
Schiermonnikoog and from the North Sea barrier island Mellum, Germany (Stal and
Krumbein, 1985; Bauersachs et al., 2009c). At station 11 - close to the dunes -, the heterocyst
glycolipid 1-(O-hexose)-3,25,27-octacosanetriol was detected (Fig. 5D). This HG has
previously been suggested to be indicative for heterocystous Cyanobacteria of the family
Rivulariaceae and is indeed synthesized by Calothrix CCY0202 isolated from microbial mats
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of Schiermonnikoog (Bauersachs et al., 2009c). 16S rRNA gene sequences affiliated to the
genus Calothrix were identified at station 7 but no heterocyst glycolipids specific for this
species were detected here. In contrast to axenic cultures, where heterocyst glycolipids
comprise a major component of the intact polar lipids, they represent only a minor constituent
of the complex intact polar lipid pool of microbial mats (Fig. 5). These results suggest that
Calothrix sp. cells were greatly outnumbered by non-heterocystous diazotrophic
Cyanobacteria or other mat-building microorganisms, diluting the heterocyst glycolipid
signal. A 16S rRNA gene sequence related to Calothrix sp. was also detected in the intertidal
microbial mat at station 3 but, as for the supratidal mat, no heterocyst glycolipids specific for
Calothrix sp. were detected at this site. However, the bulk nitrogen isotopic composition
(+3.6%) of the microbial mat suggested that N2 fixation must have been unimportant and this
likely explains the absence of heterocyst glycolipids. In contrast, the presence of HGs in some
of the supratidal microbial mats indicated that the fixation of N2 was an important process in
adding combined nitrogen to the microbial mat system. However, their low abundances also
indicated that heterocystous Cyanobacteria were only a minor component of the microbial
community growing on the sandy beaches of Schiermonnikoog. This is confirmed by earlier
studies reporting heterocystous Cyanobacteria only in low frequencies in microbial mats
growing along the coastline of the southern North Sea (Hoffmann, 1942; Stal et al., 1985).

Composition of the cyanobacterial community
At station 3, 16S rRNA gene clones library analysis suggested that the filamentous
Cyanobacteria L. aestuarii and M. chthonoplastes were important structural components of
the microbial mat system (Table 2). This was confirmed by microscopy, which showed that
both types of Cyanobacteria were not only abundant at station 3 but occurred widespread
throughout the intertidal region. M. chthonoplastes has previously been believed to lack the
dinitrogen reductase gene (nifH) and hence the ability to fix atmospheric dinitrogen gas
(Steppe et al., 1996). This has recently been falsified since it was shown that the genome of
M. chthonoplastes possesses a complete nitrogenase cluster (Bolhuis et al., 2010). It is
nevertheless still unclear whether this cyanobacterium is capable of fixing N2. In natural
environments, it appears that M. chthonoplastes is associated with microbial mats that may be
less dependent on the fixation of N2 (Stal et al., 1985). Higher abundances of M.
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chthonoplastes were indeed present in microbial mats of the intertidal region that, according
to their nitrogen isotopic composition, primarily utilized combined forms of nitrogen.
Based on the 16S rRNA gene sequences, the filamentous cyanobacteria Leptolyngbya and
Phormidium dominated the microbial mat at station 7. Both groups are known to perform N2
fixation under nitrogen-depleted conditions (Stal and Krumbein, 1985) and according to
microscopy are widespread in the supratidal region. These Cyanobacteria may thus be a main
source of new nitrogen in the supratidal microbial mats. Other Cyanobacteria included the
heterocystous genera Anabaena, Calothrix and Nodularia. These Cyanobacteria are well
known to express the ability to fix N2 in nitrogen-deprived environments (Wolk, 1982).
Unicellular species such as Chroococcus, Merismopedia and Synechococcus complement the
suite of diazotrophic Cyanobacteria in the supratidal microbial mats. Thus, diazotrophic
species were relatively more abundant in microbial mats of the supratidal region. This, in
combination with depleted δ15N values and the presence of HGs, suggests that N2 fixation was
quantitatively more important in supplying new forms of nitrogen to the supratidal than to the
intertidal microbial mats.
In microbial mats on the intertidal beaches of Schiermonnikoog, a diverse community of
diazotrophic Cyanobacteria is responsible for most of the N2 fixation. Although heterocystous
Cyanobacteria are only a minor component of these microbial mats they may nonetheless be
important in sustaining primary productivity of the microbial mat system. While nonheterocystous diazotrophic Cyanobacteria separate N2 fixation and photosynthesis temporally
and confine the former to the night, heterocystous Cyanobacteria can perform both processes
concomitantly during the day (Stal and Krumbein, 1985). Hence, heterocystous
Cyanobacteria may cover a niche that allows them to thrive in this nutrient-depleted
ecosystem and provide the microbial mat system with additional forms of combined nitrogen.
However, N2 fixation in marine microbial mats can also be achieved by a plethora of
heterotrophic Bacteria (Zehr et al., 1995). 16S rRNA gene sequences affiliated to
Proteobacteria were abundant in both intertidal (31%) and supratidal (12%) microbial mats.
N2 fixation mediated by Proteobacteria may thus be an alternative source of nitrogen to the
microbial mats growing on the intertidal beaches of Schiermonnikoog. (Zehr et al., 1995)
suggested that in summer the potential for N2 fixation in intertidal microbial mats is mainly
attributed to Cyanobacteria while in winter it is rather heterotrophic diazotrophic bacteria.
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Since we sampled the mats only in summer, N2 fixation is most likely associated with
Cyanobacteria.

Conclusion
Based on microscopic and genetic analyses Cyanobacteria of the genera Lyngbya,
Microcoleus, Leptolyngbya and Phormidium were identified as principal mat-builders on the
sandy beaches of the North Sea barrier island Schiermonnikoog. They were frequently
accompanied by other unicellular and filamentous non-heterocystous Cyanobacteria such as
Merismopedia, Chroococcus, Spirulina and Hydrocoleum. Heterocystous Cyanobacteria of
the genera Anabaena, Nodularia, Nostoc and Calothrix were only present in mature microbial
mats of the upper littoral. Nitrogen-depleted conditions in the supratidal, as evident by
negative bulk δ15N values, promoted the growth of diazotrophic species. In particular, the
presence of heterocyst glycolipids in the microbial mats of the supratidal is unequivocal
evidence for cyanobacterial N2 fixation. Changes in the HG distribution along the littoral
gradient further suggest a shift of the cyanobacterial community structures with heterocystous
Cyanobacteria of the family Nostocaceae being more abundant in the transition zone between
the inter- and the supratidal, while Cyanobacteria of the family Rivulariaceae, e.g. Calothrix,
gained importance in the upper littoral and close to the dunes. Our results suggest that HGs
are excellent tracers for heterocystous Cyanobacteria in microbial mats and may even reveal
some taxonomic details on the distribution of N2-fixing cyanobacterial groups.
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Abstract
In contemporary oceans and freshwater systems, cyanobacteria replenish the reservoir of
combined nitrogen by fixation of N2 and, therefore, play an essential role in sustaining
primary productivity. Their significance in past nitrogen cycling, however, is more difficult to
establish mainly due to their poor preservation potential and a lack of biological markers that
are specific for N2-fixing cyanobacteria. A subgroup of the cyanobacterial lineage performs
the fixation of N2 in specialized cells, so-called heterocysts, to protect the oxygen-sensitive
nitrogenase enzyme. The cell envelope covering the heterocyst contains a suite of unique
long-chain glycolipids, which form excellent tracers for these N2-fixing cyanobacteria. Here
we show that heterocyst glycolipids are remarkably well preserved in a variety of recent to
ancient lacustrine and marine sediments indicating the past presence of N2-fixing
heterocystous cyanobacteria. These compomonents were particularly abundant in Pleistocene
sapropels of the eastern Mediterranean Sea and we suggest that heterocystous cyanobacteria,
likely as epiphytes in symbiosis with planktonic diatoms, played a major role in adding ‘new’
nitrogen

to the

stratified

surface

waters of the Mediterranean Sea and thus
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Figure 1. Structures of heterocyst glycolipids detected in cultures and environmental samples. 1-(Ohexose)-3,25-hexacosanediol (I); 1-(O-hexose)-3-keto-25-hexacosanol (II); 1-(O-hexose)-3,27octacosanediol (III); 1-(O-hexose)-3-keto-27-octacosanol (IV); 1-(O-hexose)-3,25,27-octacosanetriol
(V) and 1-(O-hexose)-3-keto-25,27-octacosanediol (VI).

sustained the high primary productivity invoked to explain the organic-rich nature of these
deposits.
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Introduction
The global nitrogen cycle largely relies on biological nitrogen fixation to maintain biological
productivity with some 1.4 to 2.4 Tmol of combined nitrogen being annually added to the
marine nitrogen budget, counteracting the loss of bioavailable nitrogen through processes
such as anaerobic ammonium oxidation (anammox) and denitrification (Capone et al., 2005;
Deutsch et al., 2007). Diazotrophs (N2-fixing organisms) mainly responsible for the fixation
of nitrogen are principally found in the cyanobacterial lineage. The filamentous nonheterocystous cyanobacterium Trichodesmium sp. (Capone et al., 2005), unicellular group AC cyanobacteria (Church et al., 2008) and heterocystous species living in symbiosis with
diatoms (Villareal, 1992) are major N2-fixers in the contemporary open ocean. In contrast,
free-living heterocystous cyanobacteria are often dominant diazotrophs in many freshwater
and brackish environments such as the Baltic Sea (Ploug, 2008). Although the importance of
N2-fixing cyanobacteria in sustaining primary productivity in modern aquatic environments is
well constrained, their importance in ancient nitrogen cycling is less clear. They are thought
to be major primary producers during the formation of Pleistocene Mediterranean sapropels
(Sachs and Repeta, 1999) and Cretaceous black shales (Kuypers et al., 2004) based on
negative nitrogen isotopes (δ15N) of bulk organic matter which are commonly associated with
the relatively small isotopic fractionation of diazotrophs (Wada and Hattori, 1976). For the
Cretaceous black shales elevated concentrations of 2-methyl hopanes, general markers for
cyanobacteria (Summons et al., 1999), have also been reported (Kuypers et al., 2004). 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. However, direct fossil evidence for the presence of diazotrophic
cyanobacteria in past environments is presently lacking.

Results and discussion
In this study, we employed novel biological markers specific for heterocystous N2-fixing
cyanobacteria to determine 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
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Table 1. Relative distribution of individual HGs as a percentage of total HG lipids in various
cyanobacterial cultures and contemporary sediments (Roman numerals refer to structures in Fig. 1).

Cultures

Types

Strain

Anabaena sp.

Nostocaceae

Anabaena sp.

Nostocaceae

Nostoc sp.
Calothrix sp.

I

II

III

IV

V

VI

CCY94021

0.1

0.4

16

83

-

-

CCY9613

5

95

-

0.3

-

-

CCY0012

1

3

97

0.1

0.2

-

-

Rivulariaceae

CCY9923

1

0.4

0.2

1

2

36

61

Landsort Deep

Sed. (2 mbsf)

25

49

1

2

14

9

Sed. (34 mbsf)

8

77

1

4

2

8

Sed. (27mbsf)

5

93

0.3

2

-

-

Nostocaceae

Locations
Baltic Sea
Black Sea
Kyllaren

Norway

Surface Sed.

40

47

8

5

-

-

Schiermonnikoog

The Netherlands

Intertidal flat

1

90

0.1

0.5

0.4

8

Lake Ohrid

Macedonia

Surface Sed.

1

10

23

66

-

-

Lake Malawi

Malawi

Surface Sed.

0.1

11

3

86

-

-

Lake Tanganyika

Dem. Rep. Congo

Surface Sed.

0.8

92

0.2

7

-

-

Lake Keilambete

Australia

Surface Sed.

0.3

99

0.1

0.6

-

-

POM

<1

99

<1

<1

<1

<1

Sed. Trap

4

91

1

3

-

<1

Sediment

22

64

12

2

-

-

Lake Challa

Kenya

2

1

HG distributions have previously been reported by Bauersachs et al. (2009a)

2

POM = Particulate organic matter

envelope (Walsby, 2007). These components consist of long-chain diols, triols, keto-ols and
keto-diols that are glycosidically bound to hexose molecules (Fig. 1) (Gambacorta et al.,
1998; Bauersachs et al., 2009a). Their unique chemical structure makes them 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 screened a
number of modern environments, known to host heterocystous species, for the presence of
these components (Table 1). Microbial mats from the North Sea barrier island

136

Past oceanic N2 fixation by heterocystous cyanobacteria

Figure 2. HPLC/ESI-MS/MS total ion chromatograms 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 by two isomers of 1-(Ohexose)-3,25-hexacosanediol (I), while 1-(O-hexose)-3-keto-25-hexacosanol (II), 1-(O-hexose)-3,27octacosanediol (III) and 1-(O-hexose)-3-keto-27-octacosanol (IV) 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.

Schiermonnikoog indeed contained C26 (I) and C28 HG diols (III) in a distribution similar to
that found in pure cultures of the heterocystous cyanobacteria Anabaena spp. and Nodularia
spp. (Bauersachs et al., 2009b). Analysis of particulate organic matter from surface waters of
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Lake Challa, where heterocystous cyanobacteria are part of the phytoplankton community,
revealed the predominance of the C26 HG diol (I; Fig. 2). 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 sediments of up to 10 meter depth (Table 1; Fig. 2) suggesting some recalcitrance of
HGs towards biodegradation and thus enabling their fossilization in the sedimentary record.
We also detected HGs, specifically the C26 HG diol (I) and C28 HG triol (V), in sediments
buried up to 34 m deep in the Baltic Sea (Table 1), where heterocystous cyanobacteria form
an important component of the phytoplankton community in present day surface waters
(Ploug, 2008). However, HGs were not detected in sediments of contemporary open marine
settings, in agreement with the observation that heterocystous cyanobacteria, mainly living in
symbiosis with diatoms, represent only a small fraction of the phytoplankton assemblage in
open marine environments (Hoffmann, 1999).
Heterocyst glycolipids were also detected in a number of ancient lacustrine deposits, e.g.
Oligocene Lake Enspel, Eocene Lake Messel and the Eocene Green-River Formation (Table
2), attesting to the excellent preservation potential of these components. In the oldest of these
sediments, i.e. Lake Messel (~48 Ma) and the Green-River Formation (~45 Ma), only the C26
HG diol (I) has been detected, while the Oligocene sediments of Lake Enspel (~31 Ma)
contained six different HGs (Fig. 3). Sediments of all these locations accumulated under
anoxic

conditions

in

stratified

freshwater

lakes

that

were

oligotrophic

and

Table 2. Relative distribution of individual HGs as a percentage of total HG lipids in a number of
ancient sediments (Roman numerals refer to structures presented in Fig. 1).

Location

Age

I

II

III

IV

V

VI

Lake Enspel

Germany

Oligocene

1

22

27

42

2

6

Lake Messel

Germany

Eocene

-

100

-

-

-

-

Green River Formation

USA

Eocene

-

100

-

-

-

-

Mediterranean Sapropel S1

Pleistocene

-

12

2

86

-

-

Mediterranean Sapropel S5

Pleistocene

1

22

2

75

-

-
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Figure 3. HPLC/MS-MS chromatograms of extracts of sediments of (A) Oligocene Lake Enspel and
(B) Eocene Lake Messel. Note that the 47 Ma old sediments of Lake Messel only contained 1-(Ohexose)-3,25-hexacosanediol (I) which was also the only HG detected in the Eocene Green-River
Formation. In contrast, the Oligocene sediments of Lake Enspel are characterized by six different HGs
(see Table 1).

likely permitted proliferation of N2-fixing cyanobacteria such as heterocystous species. The
presence of HGs, components of the intact polar lipid (IPL) pool, in these ancient sediments is
remarkable, given that IPLs with glycosidic head groups are considered to be rapidly
degraded and not preserved over geological time scales (Arnosti and Jørgensen, 2006). An
assumption that has been used to explain the presence of IPLs in sub sea-floor sediments as
representing evidence for in situ living prokaryotic cells and as confirmation of a globally
distributed deep-biosphere (Biddle et al., 2006; Lipp et al., 2008). Our data, however, show
that HGs with glycosidically bound head groups, unambiguously derived from
photoautotrophic organisms living in the sunlit surface waters of the water column, can
fossilize, and be well preserved in the sedimentary record. This is supported by incubation
experiments showing that glycosidic lipids are more recalcitrant towards degradation than
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intact polar lipids with a phospho head group (Harvey et al., 1986). Interestingly, the
dominant IPLs found in sub-sea-floor sediments are glycosidic derivatives of archaeol and
glycerol dibiphytanyl glycerol tetraether lipids (Lipp et al., 2008), which contain
glycosidically bound sugar head groups similar to those in heterocyst glycolipids. The
presence of HGs in fossil sediments, thus, raises the question whether certain IPLs, especially
those with glycosidic head groups, may be more recalcitrant than previously thought and
possibly constitute a significant fossil component of the sedimentary intact polar lipid pool
(Pearson, 2008).
The ability to detect specific markers for the past presence of N2-fixing cyanobacteria also
raises the exciting possibility to determine their role in past nitrogen cycling. During the
Pleistocene, the Mediterranean Sea was flooded by large amounts of freshwater leading to the
development of a low salinity surface layer and a strong stratification of the water column
(Rossignol-Strick et al., 1982; Thunell et al., 1984), conditions that may have favoured the
proliferation of heterocystous cyanobacteria. Indeed, the C26 HG diol (I) and C28 HG diol
(III) were detected in sediments deposited at the onset of sapropel formation, while they were
either absent or only present in traces in the adjacent organic-poor limestones (Table 2; Fig.
1). Maxima in the HG abundances within the S5 sapropel layer correlate well with lowest
bulk nitrogen isotope values (δ15N = -0.5‰), providing for the first time direct evidence for
past N2 fixation during the formation of the organic-rich deposit. HGs were also identified
within the boundaries of the S1 sapropel although in lower abundances, in agreement with
less depleted δ15N values (+0.4‰). Although the presence of HGs clearly reflects N2 fixation
by heterocystous cyanobacteria during sapropel formation, there are obvious differences in
the distribution of the individual HGs in the S1 and S5 sapropels that may either reflect
adaptations to different environmental conditions, such as temperature and oxygen
concentrations (Bauersachs et al., 2009b), or reflect contributions of different heterocystous
cyanobacteria at times of sapropel formation. Nevertheless, the presence of HGs in the
sapropel layers is direct proof that N2-fixing cyanobacteria of the heterocystous lineage
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 (Ploug, 2008). Under open marine
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Figure 1. Depth profile of the Eastern Mediterranean piston core MS66PC, showing the core and
stratigraphic profiles of (A) total organic carbon (TOC), (B) stable carbon isotopes or organic matter
(δ13CTOC), (C) bulk stable nitrogen isotopes (δ15N), concentrations of (D) 1-(O-hexose)-3,25hexacoasanediol (C26 HG diol) and (E) 1-(O-hexose-)-3,27-octacosanediol (C28 HG diol). Grey shaded
intervals represent S1 and S5 sapropel layers.

conditions, however, free-living heterocystous species have only been reported in a few
occasions (Carpenter and Janson, 2001) but can form massive blooms as endosymbionts of
diatoms such as Rhizosolenia sp. and Hemiaulus sp. (Villareal, 1992). Although it is often
argued that increased water discharge led to the formation of a freshwater layer and a stable
stratification of the water column, reconstruction of the sea surface salinity of the
Mediterranean Sea demonstrated that the surface salinity only marginally decreased, i.e. from
39 to 33 psu (van der Meer et al., 2007). Given the still high salinity of the surface waters, it is
likely that heterocystous cyanobacteria living in association with diatoms, rather than freeliving heterocystous species, were important N2-fixers during sapropel formation. High
concentrations of diatoms have previously been reported from the S5 layer and invoked to
explain the organic-rich nature of this deposit (Kemp et al., 1999). Therefore, it is likely that
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symbiotic heterocystous cyanobacteria played a major role in sustaining primary production
during sapropel formation by providing a source of ‘new’ combined nitrogen.
Given that HGs are unique lipids of heterocystous cyanobacteria, it is evident that these
diazotrophs have played an important role in the nitrogen cycling of past marine and
freshwater environments, including those in past greenhouse worlds such as the Eocene. In
addition, heterocystous cyanobacteria may have played a more important role in the ancient
marine nitrogen cycling than previously thought. Diatoms of the genus Hemiaulus, living with
heterocystous cyanobacterial symbionts, were much more important in the late Cretaceous
than in the contemporary ocean (Harwood and Nikolaev, 1995). Furthermore, they have
recently been inferred to explain the formation of the organic-rich Cretaceous Alpha ridge
sediments (Davies et al., 2009) suggesting that heterocystous cyanobacteria may already have
been key players in the marine nitrogen cycle by the late Cretaceous and possibly even earlier,
i.e. during the formation of organic-rich deposits such as the Mid-Cretaceous black shales.

Methods
S1 and S5 sapropel layers were collected from the Eastern Mediterranean core MS66PC,
recovered in 2004 during the MIMES MEDIFLUX program and were immediately stored
frozen at -40 °C. Other sediments were collected from various sediment archives and
generally stored at -20 °C prior to analysis. Total organic carbon (TOC), stable carbon
isotopes of organic matter (δ13CTOC) and bulk stable nitrogen isotopes (δ15N) of
Mediterranean sapropels were analyzed on a Thermofinnigan Delta Plus isotope ratio mass
spectrometer connected on-line to a Carlo Erba Instruments Flash 1112 elemental analyzer.
Freeze-dried cells were extracted using a modified Bligh and Dyer protocol (Rütters et al.,
2002), while sediments were extracted using the accelerated solvent extraction (ASE)
technique that proved to be suited for highest HG recovery (Supplementary Fig. 1-3). Extracts
were analysed by HPLC coupled to a triple quadruple mass spectrometer using a selected
reaction monitoring technique that is based on previously published methodologies suited for
the analysis of intact polar lipids (Sturt et al., 2004; Bauersachs et al., 2009a).
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Supplementary Information
Materials and Methods
Sample collection
Cyanobacterial strains were obtained from the Culture Collection Yerseke (CCY) at the
Netherlands Institute of Ecology (NIOO-KNAW). All strains were grown as axenic batch
cultures on the freshwater medium BG11 (Rippka et al., 1979). In order to induce the
formation of heterocysts, combined nitrogen sources were omitted from the media. The
cultures were 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-2s-1. All cultures were grown at a temperature of 14 °C.
Pleistocene sapropels (S1 + 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 sub-sampled onboard and the sediments were
placed in sterile 50 ml Greiner tubes and frozen at -40 ºC immediately. Sediments of other
locations were generally stored at -20 ºC prior to analysis.
Analysis of bulk geochemical parameters and isotopes
Total organic carbon (TOC), stable carbon isotopes of organic matter (δ13CTOC) and bulk
stable nitrogen isotopes (δ15N) of Mediterranean sapropels were analyzed in duplicate on a
Thermofinnigan Delta Plus isotope ratio mass spectrometer connected on-line to a Carlo Erba
Instruments Flash 1112 elemental analyzer. Samples for TOC and δ13CTOC measurements
were treated with 2 M hydrochloric acid prior to analysis. The δ13CTOC is given relative to the
Vienna PeeDee Belemnite (VPDB) standard and the δ15N of each sample is expressed relative
to atmospheric dinitrogen. Precision is better than ±0.1‰ for carbon and ±0.2‰ for nitrogen.
Extraction of heterocyst glycolipids
Heterocyst glycolipids were analysed by HPLC/MS-MS based on a methodology previously
described by Bauersachs et al. (2009a). Briefly, freeze-dried cell material (30-50 mg) was

143

Chapter 8

Supplementary Table 1.
[M+H]+
m/z

Product
m/z

1-(O-hexose)-3,25-hexacosanediol (I)

577.5

1-(O-hexose)-3-keto-25-hexacosanol (II)

575.5

1-(O-hexose)-3,27-octacosanediol (III)

605.4

1-(O-hexose)-3-keto-27-octacosanol (IV)

603.5

1-(O-hexose)-3,25,27-octacosanetriol (V)

621.6

1-(O-hexose)-3-keto-25,27-octacosanediol (VI)

619.6

379.5
415.5
377.5
395.5
407.5
443.5
405.5
423.5
387.5
405.5
423.5
403.5
421.5
439.5

Heterocyst Glycolipids

Collision
Energy
(V)
15
10
15
14
15
10
15
14
22
18
17
18
16
11

extracted using a modified Bligh and Dyer extraction procedure (Bligh and Dyer, 1959;
Rütters et al., 2002). Freeze-dried sediments (1-5 g) were extracted using the accelerated
solvent extraction (ASE) technique with a solvent mixture of dichloromethane
(DCM):methanol (MeOH; 3:1 v/v) at high temperature (100°C) and pressure (20 kPa). 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 (RC)
filter (Alltech, Deerfield, IL) prior to HPLC/MS-MS analysis. Procedure blanks were
produced with each extraction session and analyzed along with the samples as described
below and none of the blanks showed peaks above three times the background level.
Development of HPLC/MS-MS method
Normal-phase HPLC analysis of extracts was accomplished using an Agilent 1100 series LC
(Agilent, San Jose, CA) coupled to a Thermo TSQ Quantum ultra EM triple quadruple mass
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spectrometer with an Ion Max Source with ESI probe (Thermo Electron Corporation,
Waltham, MA) operated in positive ion mode following details published earlier (Sturt et al.,
2004; Bauersachs et al., 2009a) with some modifications. Briefly, separation was achieved on
a LiChrospher Diol column (250 mm × 2.1 mm i.d., 5 µm: Alltech, Deerfield, IL) 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 re-equilibrate 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

Supplementary Figure 1. Comparison of HG distributions in Anabaena CCY9613 using (A) full scan
and (B) selected reaction monitoring (SRM) chromatograms.

145

Chapter 8

Supplementary Figure 2. Effect of different extraction procedures on the relative heterocyst
glycolipid recovery. Accelerated solvent extraction (ASE) and ultrasonic extraction are normalized to
extraction yields recovered from the Bligh and Dyer extraction procedure. Note that ASE yielded
highest extraction efficiencies. Roman numerals refer to structures presented in Fig. 1.

monitoring (SRM) mode. SRM transitions were optimized by direct infusion experiments of
culture extracts containing the various HGs of interest. Supplementary Table 1 lists the
protonated molecules 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
predominant compounds, i.e. Anabaena CCY9613, Nostoc CCY0012 and Calothrix
CCY9923 (Bauersachs et al., 2009a). Supplementary Fig. 1 depicts the heterocyst glycolipid
distribution of Anabaena CCY 9613 as analyzed in data dependant full scan mode (panel A)
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and under SRM conditions (panel B). Retention times of the various HGs were verified by
repeated analysis of 2 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.

Supplementary Figure 3. Base peak chromatograms of full scan analysis of total lipid extracts of
Nostoc CCY0012 extracted using (A) a modified Bligh and Dyer extraction procedure (Rütters et al.,
2002) and (B) the accelerated solvent extraction (ASE) technique. Note that intact polar lipids with
sulphate/sugar- and PO43--based polar head groups are readily degraded upon ASE extraction, while
heterocyst glycolipids are seemingly not affected by the rigorous extraction procedure.
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Effects of extraction method on HG recovery
The relative extraction efficiencies of HGs using three different extraction procedures were
determined, i.e. ultrasonic extraction with DCM:MeOH (2:1; ×4), Bligh and Dyer extraction
(Rütters et al., 2002) or accelerated solvent extraction (ASE). Roughly equal amounts
(ca. 1.5 g) of surface sediments from the North Sea barrier island Schiermonnikoog (The
Netherlands) were extracted with these three techniques and identical amounts of the resulting
HG fractions were injected on the HPLC/MS-MS allowing comparison of the relative
amounts of HGs obtained by each extraction technique The measured relative signal intensity
per gram sediment for the individual heterocyst glycolipids of ASE extraction and ultrasonic
extraction were normalized to that of the Bligh and Dyer procedure (Supplementary Fig. 2).
This revealed that, despite the high pressure and temperature, ASE extraction yields similar or
even higher recovery of HGs than the generally used procedure for IPL analysis, i.e. Bligh
and Dyer extraction. We then tested the general stability of IPLs under ASE conditions by
extracting cyanobacterial biomass, containing intact polar lipids with glycosidic and
phosphate head groups (Supplementary Fig. 3). This showed that heterocyst glycolipids are
stable under ASE conditions but that other IPLs decrease substantially using this technique.
Hence, ASE extraction is a suitable technique to investigate HGs in ancient sediments.
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With over a thousand species, Cyanobacteria represent one of the largest and morphologically
most diverse clade of the domain Bacteria. Most representatives of this clade are capable of
fixing dinitrogen gas under ambient aerobic conditions and, although such N2-fixing
cyanobacteria make up only a small percentage of the marine primary producers, they are
responsible for the majority of primary productivity by providing a source of combined
nitrogen. They were likely of similar importance in past marine nitrogen cycling, in particular
during the formation of organic-rich marine deposits of the Phanerozoic. However, a lack of
suitable geochemical tracers has hampered the rigorous identification of N2-fixing
cyanobacteria in the geological record. This thesis describes investigations aimed at a better
understanding of the presence and past distribution of N2-fixing cyanobacteria and their
significance in past nitrogen cycling. For this purpose, a total of 42 cyanobacterial cultures
were raised and analyzed for biological markers specific for N2-fixing cyanobacteria. Results
of this study were applied on a variety of modern and fossil environmental settings in order to
trace for the presence of diazotrophic cyanobacteria in ancient sediments.
Persuasive evidence for the presence of microbial life in ancient sediments comes from
morphological remains that resemble present-day bacteria. Structures related to contemporary
filamentous cyanobacteria have been found in Silurian cherts of the Bardzkie and Holy Cross
Mountains (Poland). However, thermal alteration of the microfossil remains rendered their
unambiguous identification and additional means had to be used to verify their origin.
Biological markers present in the cherts included C17 to C20 monomethyl alkanes, which were
attributed to a cyanobacterial origin.

15

N-depletion of the organic matter pointed to the

presence of N2-fixing organisms during the deposition of the cherts. In combination, these
findings suggest that diazotrophic cyanobacteria represented a significant component of the
marine biosphere during the deposition of these Silurian cherts, thereby confirming the
tentative identification of cyanobacterial cells by microscopy.
Two well-accepted paradigms in stable isotope biogeochemistry are that (1) 15N-depletion of
organic matter results from the fixation of N2 and that (2) cyanobacteria are largely
responsible for the biological conversion of N2 to NH4+. Stable nitrogen isotopes were thus
used to trace the presence of N2-fixing cyanobacteria in ancient sediments. Culture
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experiments carried out with NO3-- and N2-utilizing cyanobacteria revealed that the latter are
indeed characterized by a depletion in δ15N (e.g. 0‰ to -2‰). However, δ15N values similar
to those found for diazotrophic species were also observed in NO3--utilizing strains. The
similarity in nitrogen isotope values between NO3- and N2-utilizing cyanobacteria makes a
robust identification of N2 fixation in the geological record somewhat ambiguous and,
although it is tempting to attribute cyanobacterial N2 fixation as a possible source for depleted
δ15N values in the sedimentary record, care should be taken in doing so.
A suite of regular isoprenoid alcohols with 7 to 9 prenyl units were tentatively identified in
cyanobacterial cultures. Interestingly, these components were only present in nitrate-utilizing
unicellular and filamentous non-heterocystous cyanobacteria. In contrast, no polyprenols were
detected in heterocystous species that grew on atmospheric dinitrogen gas as the sole source
of nitrogen. Structurally related components, e.g. long-chain (≥C35) acyclic regular isoprenoid
hydrocarbons, have been reported from a number of Phanerozic crude oils. Our results
suggest that cyanobacteria were the possible origin of these hydrocarbons.
Heterocystous cyanobacteria were studied in detail for specific biomarker lipids. These
bacteria confine the fixation of N2 to specialized cells, the heterocysts, which are wrapped in a
thick cell envelope. This cell envelope is essential in limiting the diffusion of atmospheric
gases into the heterocyst, so that respiration can create an anoxic microenvironment needed to
perform N2 fixation. The chemical structures that build up this gas diffusion barrier are
heterocyst glycolipids (HGs). These components consist of a glycosidic head group that is
bound to an aglycone moiety consisting of long-chain diols, triols keto-ols and keto-diols. The
carbon number of the aglycone moiety is limited to an even number of carbon atoms, usually
ranging from C26 to C32, with functional groups located at the C3, ω-3 and ω-1 position.
A new analytical method using HPLC/ESI-MS2 was developed to rapidly analyse the
abundance and diversity of these heterocyst glycolipids in cyanobacterial cultures. They were
shown to be ubiquitously distributed in heterocystous species growing under nitrogendeprived conditions. The most common heterocyst glycolipids present in cyanobacteria of the
family Nostocaceae, e.g. members of the genera Anabaena, Aphanizomenon, Nodularia and
Nostoc, were 1-(O-hexose)-3,25-hexacosanediol and 1-(O-hexose)-3-keto-25-hexacosanol. In
contrast, heterocystous cyanobacteria of the family Rivulariaceae, e.g. Calothrix, were
characterized by the presence of long-chain triols and keto-diols, e.g. 1-(O-hexose)-3,25,27-
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octacosanetriol and 1-(O-hexose)-3-keto-25,27-octacosanediol. Hence, HGs are not only
biological markers for heterocystous cyanobacteria but can also distinguish heterocystous
cyanobacteria on a family level.
Using the HPLC/ESI-MS2 method, heterocyst glycolipids were, for the first time, reported
from natural environments, e.g. microbial mats growing on the sandy beaches of the North
Sea barrier island Schiermonnikoog. HGs were exclusively found in microbial mats of the
supratidal region and displayed a distribution pattern that was typical for cyanobacteria of the
families Nostocaceae and Rivulariaceae. The presence of these components, in conjunction
with depleted δ15N values, suggested that N2-fixing cyanobacteria were important in
supplying forms of combined nitrogen to the microbial mat system and thus sustained primary
productivity in this otherwise nitrogen-deprived environment.
Heterocyst glycolipids were also detected in contemporary marine sediments (e.g. the Baltic
and Black Sea), hot springs and moderate to tropical lakes. Surprisingly, heterocyst
glycolipids were also present in a number of ancient sediments. The presence of HGs in these
deposits is interesting because intact polar lipids are thought to degrade rapidly upon cell
death and lysis. The presence of HGs, exclusively derived from photoautotrophic organisms,
in ancient and deeply buried sediments, is thus unequivocal evidence that certain IPLs have
the capacity to fossilize and preserve-well in the sedimentary record. For example, HGs were
abundant in Holocene and Pleistocene sapropels of the eastern Mediterranean Sea and
indicated a proliferation of N2-fixing cyanobacteria during the formation of these organic-rich
deposits. They were also present in a number of fossil lacustrine deposits such as the
Oligocene Lake Enspel (Germany) and the Eocene Lake Messel (Germany). All of these
deposits shared a similar depositional environment with stable stratification leading to
nutrient-depleted conditions in the surface waters and bottom water anoxia. Under these
conditions, heterocystous cyanobacteria likely proliferated and sustained the high primary
productivity invoked to explain the organic-rich nature of these deposits.
To conclude, the present study showed the general applicability of heterocyst glycolipids as
biological marker for N2-fixing cyanobacteria in miscellaneous present-day environmental
settings. It also showed that heterocystous cyanobacteria – in contrast to the modern day –
had a profound effect on the past marine nitrogen cycling and sustained times of high marine
primary productivity. Heterocyst glycolipids may thus form useful molecular fossils to
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improve our understanding of the evolution of these N2-fixing microorganisms and their
importance to past nitrogen cycling.
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Er bestaan meer dan duizend verschillende soorten cyanobacteriën en daarmee
vertegenwoordigen ze de grootste en morfologisch meest uiteenlopende groep binnen het
domein Bacteriën. Vele soorten cyanobacteriën zijn onder aërobe condities in staat om
stikstofgas te fixeren en, hoewel stikstoffixerende cyanobacteriën slechts een klein gedeelte
van de groep van mariene primaire producenten uitmaakt, spelen cyanobacteriën een
belangrijke rol in de primaire productie in de oceaan omdat zij gecombineerd stikstof in het
systeem brengen uit een vorm van stikstof (N2) die voor het andere fytoplankton
ontoegankelijk is. Cyanobacteriën hebben ook in het geologisch verleden waarschijnlijk een
belangrijke rol gespeeld in de stikstofcyclus, met name gedurende de afzetting van organischrijke sedimenten in het Phanerozoïcum. Door het gebrek aan goede geochemische indicatoren
is het echter lastig geweest deze potentieel belangrijke rol van cyanobacteriën in het
geologisch verleden vast te stellen. In dit proefschrift wordt onderzoek beschreven dat erop
gericht is een beter begrip te krijgen van het voorkomen van cyanobacteriën en hun rol in de
stikstofcyclus in zowel huidige als vroegere milieu’s.
Overtuigend bewijs voor de aanwezigheid van microbieel leven in vroegere afzettingsmilieus
wordt geleverd door de aanwezigheid van overblijfselen die in morfologisch opzicht sterk
lijken op hedendaagse bacteriën. Structuren die sterk doen denken aan hedendaagse
filamenteuze cyanobacteriën zijn aangetroffen in afzettingen uit het Siluur in het Bardzkie and
Holy Cross gebergte in Polen. Geothermisch-geïnduceerde veranderingen van de
microfossielen maken deze toekenning echter ambivalent en de toepassing van
complementaire methoden was vereist voor een eenduidige toekenning. De aanwezigheid van
C17 tot C20 mono- en dimethylalkanen, bekende chemische fossielen voor cyanobacteriën, in
deze afzettingen duiden inderdaad op een cyanobacteriële oorsprong. Daarnaast was het
organisch materiaal verarmd in
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N, karakteristiek voor een afzettingsmilieu waarin

cyanobacteriële stikstoffixatie een belangrijke rol speelt. Tezamen suggereren deze
bevindingen dat stikstoffixerende cyanobacteriën aanwezig waren ten tijde van afzetting en
bevestigen zij de microscopische identificatie.
Twee algemene uitgangspunten in de stabiele isotoop biogeochemie zijn: (1) depletie in 15N
van organisch materiaal wordt veroorzaakt door stikstoffixatie en (2) cyanobacteriën zijn in
belangrijke mate verantwoordelijk voor de biologische omzetting van N2 in NH3. Op basis
hiervan kunnen stikstoffixerende cyanobacteriën in vroegere afzettingsmilieu’s worden
opgespoord. Cultuurexperimenten die uitgevoerd werden met cyanobacteriën die zowel NO3157
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als ook N2 als stikstofbron gebruiken toonden dat het organisch materiaal van
stikstoffixerende cyanobacteriën inderdaad gekenmerkt wordt door een relatief lage δ15N
waarde (0‰ tot -3‰). Dezelfde δ15N waarden werden echter ook gemeten in cyanobacteriën
die nitraat gebruikten wanneer nitraat niet limiterend voor groei was. Dit compliceert de
interpretatie van het δ15N in sedimenten omdat een lage δ15N waarde niet noodzakelijkerwijs
op de aanwezigheid van stikstoffixerende cyanobacteriën hoeft te duiden.
Bij het screenen van culturen van cyanobacteriën om eenduidige cyanobacteriële chemische
fossielen te identificeren, werd een serie van reguliere isoprenoïde alcoholen bestaande uit 7-9
prenyl eenheden geïdentificeerd. Deze componenten werden alleen aangetroffen in nitraatverbruikende ééncellige en filamenteuze cyanobacteriën die geen heterocyst maken, terwijl zij
afwezig waren in cyanobacteriën met een heterocyst die groeiden met atmosferisch stikstof
als enige stikstofbron. In een aantal aardoliën uit het Phanerozoïcum is een serie van
langketige (>C35) acyclische reguliere isoprenoïde koolwaterstoffen aangetroffen. Deze
stoffen zijn nauw verwant aan de cyanobacteriële polyprenolen, hetgeen suggereert dat zij
afkomstig zijn van cyanobacteriën.
Cyanobacteriën met een heterocyst werden ook in detail onderzocht op de mogelijke
aanwezigheid van specifieke lipiden die als chemisch fossiel gebruikt zouden kunnen worden.
In dit soort cyanobacteriën vindt de fixatie van N2 plaats in een speciaal daartoe ontwikkelde
cel, de heterocyst, welke omgeven is met een dikke laag vetachtig materiaal hetgeen de
diffusie van zuurstof in de heterocyst sterk beperkt waardoor, door respiratie, het anaerobe
microklimaat gegenereerd wordt dat benodigd is voor stikstoffixatie. De componenten die
deze barriere voor gasdiffusie vormen worden heterocyst glycolipiden (HG) genoemd en
bestaan uit een suiker die glycosidisch aan een zogenaamde aglycoon groep gebonden is.
Deze laatste groep is opgebouwd uit langketige diolen, triolen, keto-olen of keto-diolen met
een even aantal koolstofatomen (C26 to C32) met functionele groepen op de C3, ω-3 and ω-1
posities.
Een nieuwe analytische methode die gebruik maakt van hoge druk vloeistofchromatografie
gekoppeld aan massaspectrometrie (HPLC/MS) werd ontwikkeld om deze HGs snel en
accuraat te kunnen analyseren. HGs bleken algemeen voor te komen in cyanobacteriën met
een heterocyst die groeiden zonder bron van gecombineerd stikstof en HGs vormden veelal de
meest dominante intact polaire lipiden (IPLs). De meest algemeen voorkomende HG in de
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familie Nostocaceae, die o.a. de genera Anabaena, Aphanizomenon, Nodularia and Nostoc
bevat, waren 1-(O-hexose)-3,25-hexacosaandiol and 1-(O-hexose)-3-keto-25-hexacosanol.
Cyanobacteriën van de familie Rivulariaceae (bijvoorbeeld Calothrix) daarentegen worden
gekenmerkt door HGs gebaseerd op langketige triolen en keto-diolen, bijv. 1-(O-hexose)3,25,27-octacosaantriol and 1-(O-hexose)-3-keto-25,27-octacosaandiol. HGs zijn daarom niet
alleen marker lipiden voor cyanobacteriën met een heterocyst maar kunnen ook gebruikt
worden om op familie niveau onderscheid te maken.
Gebruikmakend van de nieuwe HPLC/MS methode werden HGs voor de eerste keer in
bacteriële matten op het strand van Schiermonnikoog aangetroffen. HGs waren alleen
aanwezig in matten in het kwelder gedeelte en deze HGs vertoonden een samenstelling
karakteristiek voor cyanobacteriën van de families Nostocaceae and Rivulariaceae. De
aanwezigheid van deze HGs, in combinatie met de negatieve δ15N waarden, suggereert dat
stikstoffixerende cyanobacteriën een belangrijke rol vervullen in deze matsystemen in het
aanleveren van gecombineerd stikstof en daarmee in het in stand houden van de primaire
productie in dit sterk N-gelimiteerde milieu.
HGs werden ook aangetroffen in Recente mariene sedimenten (o.a. van de Baltische en
Zwarte Zee), in heetwaterbronnen en in meersedimenten. Verassend genoeg werden HGs ook
gevonden in een aantal oude sedimenten. Dit is onverwacht omdat algemeen wordt
aangenomen dat IPLs snel uiteen vallen wanneer organismen dood gaan. Omdat deze HGs
van fotosynthetische cyanobacteriën afkomstig moeten zijn geeft dit aan dat glycolipiden
bewaard kunnen blijven in oudere en dieper begraven sedimenten. Zo werden HGs
aangetroffen in Holocene and Pleistocene sapropelen uit de Middellandse Zee. Dit gaf aan dat
ten tijde van afzetting van de sapropelen cyanobacteriën stikstoffixatie een belangrijk proces
geweest moet zijn. HGs werden ook gevonden in meerafzetting uit het Oligoceen en Eoceen
(Messel en Enspel, beide in Duitsland). Al deze afzettingsmilieu’s werden gekenmerkt door
een stabiele stratificatie leidende tot stikstoflimitatie van de oppervlaktewateren. Deze
condities ware optimaal voor cyanobacteriën met een heterocyst en zij speelden een
belangrijke rol in de stikstofaanvoer waardoor er een hoge primaire productie plaats vond en
er veel organisch koolstof in het sediment begraven werd.
Uit het werk beschreven in dit proefschrift blijkt dat HGs prima kunnen worden toegepast als
chemische fossielen voor cyanobacteriën met een heterocyst zowel in recente als oude
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afzettingsmilieus. Het heeft ook laten zien dat – in tegenstelling tot huidige mariene systemen
– cyanobacteriën met een heterocyst waarschijnlijk een belangrijke rol gespeeld hebben in de
aanvoer van gecombineerd stikstof en daarmee het op gang houden van de primaire productie
in vroegere gestratificeerde mariene systemen. HGs zijn dus nuttige chemische fossielen die
nog veel kunnen bijdragen aan een beter begrip van de evolutie en ecologische betekenis van
deze groep microorganismen.

160

Zusammenfassung

Zusammenfassung
Mit über 1000 Spezies repräsentieren Cyanobakterien den größten und, aus morphologisch
Sicht, vielfältigsten Stamm der Dömane der Bakterien. Der überwiegende Teil dieser
Cyanophyceen besitzen die Fähigkeit zur biologischen Stickstofffixierung und obwohl sie nur
einen geringen Prozentsatz der marinen Primärproduzenten bilden, sind sie durch ihre
Fähigkeit zur N2-Fixierung von weit reichender Bedeutung für die rezente ozeanische
Primärproduktion. Eine ähnlich hohe Bedeutung kam ihnen wahrscheinlich auch im fossilen
marinen Stickstoffkreislauf zu - insbesondere während der Ablagerung bituminöser
phanerozoischer Schwarzschiefer. Das Fehlen geochemischer Marker, die spezifisch für N2fixerenden Cyanobakterien sind, erschwert jedoch die eindeutige Identifizierung dieser
Mikroorganismen im geologischen Rekord. Das Ziel diese Promotionsarbeit ist es daher die
Bedeutung diazotropher Cyanophyceen im fossilen Stickstoffkreislauf zu rekonstruieren. Zu
diesem Zweck wurde das geochemische Inventar von 42 Cyanobakterien bestimmt und dieses
auf geeignete biologische Marker untersucht. Erkenntnisse dieser Untersuchungen wurden auf
rezente

und

fossile

Ablagerungsräume

angewandt

um

die

Bedeutung

von

stickstofffixierenden Cyanobakterien in diesen Systemen zu rekonstruieren.
Der überzeugendste Beweis für mikrobielles Leben in fossilen Ablagerungsräumen besteht in
morphologischen Strukturen, die denen moderner Bakterien ähneln. Überreste, von
filamentösen Cyanobakterien wurden aus silurischen Sedimenten der Bardzkie und der
Heiligen Kreuz Berge (Polen) beschrieben. Die thermische Reife dieser Gesteine machte eine
eindeutige Identifizierung dieser Strukturen als Mikrofossilien jedoch zweifelhaft und ihr
biologischer Ursprung sollte mit Hilfe von anderen unabhängigen Methoden verifiziert
werden.

Molekulare

Fossilien

in

diesen

Sedimenten

umfassen

C17

bis

C20

monomethylverzweigte Alkane, die einem cyanobakteriellen Ursprung zugeschrieben werden
können. Zudem weisen negative δ15N-Werte des organischen Materials auf den Prozess der
Stickstofffixierung zur Zeit der Ablagerung hin. Die Ergebnisse dieser Studie zeigen, dass
diazotrophe Cyanobakterien einen Teil der überlieferten Biozonöse in den silurischen
Ablagerungen der Bardzkie und der Heiligen Kreuz Berge ausmachen und die mikroskopisch
identifizierten organischen Strukturen einem cyanobakteriellen Ursprung zu geschrieben
werden können.
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Zwei akzeptierte Paradigmen der stabilen Isotopenbiogeochemie sind: (1) organisches
Material, das arm an 15N ist, ist auf die biologische Fixierung von N2 zurück zu führen und (2)
die biologische Umwandlung von N2 zu NH4+ beruht vorwiegend auf der Aktivität von
Cyanobakterien.

Die

Überlieferung

von

δ15N-Werten

negativen

in

fossilen

Ablagerungsräumen wird daher in der Regel als Hinweis auf die Aktivtäten von
Cyanobakterien gedeutet. In der Tat weisen diazotrophe Cyanobakterien eine nur geringe
Fraktionierung gegenüber atmosphärischem Stickstoff auf. Dies manifestiert sich, unabhängig
von der Art der Spezies, in negativen δ15N-Werten, die sich ziwschen 0 und -2‰ bewegen.
δ15N-Werte ähnlich denen diazotropher Cyanobakterien wurden jedoch auch in Spezies
beobachtet, die ihren Stickstoffbedarf allein durch NO3- deckten. Diese Übereinstimmung im
Isotopensignal von NO3-- und N2-nutzenden Cyanobakterien erschwert somit eine positive
Identifizierung von diazotrophen Cyanobakterien in fossilen Ablagerungsräumen.
Bei der Suche nach biologischen Markern für diazotrophe Cyanobakterien wurden eine
Gruppe von regulären isoprenoidalen Alkoholen mit 7 bis 9 Prenyleinheiten in unizellulären
und

filamentösen

nicht-heterozystösen

Cyanobakterien

identifiziert,

während

diese

Komponenten in heterozystösen Formen fehlten. Strukturell verwandte Komponenten, d.h.
langkettige (≥C35) azyklische isoprenoidale Kohlenwasserstoffe, wurden ursprünglich in einer
Anzahl phanerozoischen Rohölen beschrieben. Unsere Untersuchungen zeigen, dass
Cyanobakterien eine wahrscheinliche Quelle dieser Kohlenwasserstoffe sind.
Heterozystöse Cyanobakterien fixieren Stickstoff in spezialisierten Zellen, so genannte
Heterozysten, die im Gegensatz zu vegetativen Zellen von einer verstärkten Zellmembran
umhüllt werden. Diese Membran beschränkt die Diffusion von atmosphärischen Gasen in die
Heterozyste und ist so maßgeblich am Aufbau eines anoxischen Mileus beteiligt, dass für die
Fixierung von Stickstoff eine Grundvorrausetzung darstellt. Die chemischen Strukturen, die
diese Gasbarriere aufbauen, werden als heterozystöse Glykolipide bezeichnet. Sie bestehen
aus einer glykosidischen Kopfgrube, die an langkettige Diole, Triole, Keto-ole und Keto-diole
gebunden ist. Die Kohlenstoffkette besteht in der Regel aus einer geradzahligen Anzahl von
Kohlenstoffen, die zwischen C26 und C32 variiert. Funktionelle Gruppen wurden
ausschliesslich an den C-3, ω-3 und ω-1 Positionen beobachtet.
Heterozystöse

Glykolipide

sind

ein

ubiquitärer

Bestandteil

von

heterozystösen

Cyanobakterien, die unter stickstofflimitierenden Bedingungen wachsen und stellen in der
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Regel den größten Anteil an der Fraktion der intakten polaren Lipide (IPL). In
Cyanobakterien der Familie Nostocaceae, d.h. Mitgliedern der Gattungen Anabaena,
Aphanizomenon, Nodularia und Nostoc, sind die heterozystösen Glykolipide 1-(O-hexose)3,25-hexacosanediol und 1-(O-hexose)-3-keto-25-hexacosanol am weitesten verbreitet.
Cyanobakterien der Familie Rivulariaceae, wie z.B. Calothrix, sind im Gegensatz dazu durch
langkettige Triole und Keto-diole charakterisiert, d.h. 1-(O-hexose)-3,25,27-octacosanetriol
und

1-(O-hexose)-3-keto-25,27-octacosanediol.

Die

Unterschiede

in

den

HG

Verteilungsmustern erlauben es daher, HGs nicht nur als allgemeine biologische Marker für
heterozystöse Cyanobakterien zu verwenden, sondern Cyanobakterien auch auf einem
Familienniveau zu unterschieden.
Außer in axinschen Kulturen wurden heterozystöse Glykolipide auch in natürlichen
Ablagerungsräumen identifiziert, wie z.B. in intertidalen mikrobiellen Matten der Nordsee
Watteninsel Schiermonnikoog (Niederlanden). Unizellulare, filamentöse und heterozystöse
Cyanobakterien sind ein wesentlicher Bestandteil dieser Mattensysteme und ihre Verteilung
ist im wesentlichen durch sich ändernde Umweltfaktoren entlang des Litorals bestimmt.
Während intertidale Matten überwiegend durch Cyanobakterien der Gattungen Lyngbya and
Microcoleus dominiert werden, zeichnen sich mikrobielle Matten des Supratidals mit
unizelluläre (z.B. Synechococcus), filamentöse non-heterozystöse (z.B. Phormidium) und
heterzystöse Cyanobakterien (z.B. Anabaena, Nodularia and Calothrix) durch eine erhöhte
Artenvielfalt aus. Das Verteilungsmuster heterozystöse Glykolipide weist darauf hin, dass
mikrobielle Matten in der Nähe der Hochwasserlinie vorwiegend duch heterozystöse
Cyanobakterien der Familie der Nostocaceae charakterisiert sind während im Epilitoral
Cyanobakterien der Familie Rivulariaceae dominieren. Das Zusammenspiel verschiedenster
diazotropher Cyanobakteriengruppen ist für den Erhalt und die Produktivität der mikrobiellen
Mattenysteme Schiermonnikoogs von besonderer Bedeutung, da sie das Reservoir von
biologisch verfügbarem Stickstoff, in diesem ansonsten limitierenden System, erneuern.
Heterozystöse Glykolipide wurden ebenfalls in rezenten marinen Sedimenten (z.B. der Ostsee
und dem Schwarzem Meer), heißen Quellen als auch tropischen und gemäßigten Seen
identifiziert. Sie wurden zudem in einer Anzahl fossiler Ablagerungräume beobachtet. Ihr
Auftreten in diesen Sedimenten ist aus zweierlei Hinsicht interessant. Intakte polare Lipide
werden für gewöhnlich als äußerst labil beachtet und gelten daher über geologische Zeiträume
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als nicht überlieferungsfähig. Das Auftreten von HGs in fossilen Sedimenten ist jedoch ein
eindeutiger Hinweis darauf, dass bestimmte IPLs, z.B. mit glykosidischen Bindungen, über
geologische Zeiträume erhalten bleiben können. So sind HGs zum Beispiel Bestandteil
mediterraner Sapropele, die während des Pleitozän und des Holozän abgelagert wurden. Sie
wurden zudem in einer Anzahl limnischer Ablagerungen beobachtet, wie z.B. in den
Oligozänen Sedimenten von Enspel und den Eozänen Ölschiefern von Messel. Ein
gemeinsames Merkmal dieser Sedimente ist ihre Ablagerung unter permanent stratifizierten
Bedingungen, die zu nährstoffarmen Oberflächenwassern und anoxischen Bedingungen im
Hypolimnium führten. Diese paläoökologische Situation begünstigte vermutlich die
massenhafte Vermehrung von heterozystösen Cyanobakterien, die durch ihre Fähigkeit zur
Stickstofffixierung die fossile Primärproduktion unterstützten und so die bituminöse Natur
dieser Ablagerung erklären.
Zusammenfassend sei gesagt, dass sich heterozystöse Glykolipide als exzellente biologische
Marker für stickstofffixierende Cyanobakterien erweisen und in einer Vielzahl von rezenten
Ökosystemen identifiziert werden konnten. Ihre Verteilung in fossilen Ablagerungsräumen
zeigt, dass heterozystöse Cyanobakterien eine wichtige Rolle im fossilen marinen
Stickstoffkreislauf spielten und in bestimmten Epochen der Erdgeschichte einen wesentlichen
Anteil an der marinen Primärproduktion hatten. Heterozystöse Glykolipide sind daher
geeignete molekulare Fossilien um unser Verständnis der Evolution und Bedeutung von N2fixierenden heterozystösen Cyanobakterien im fossilen Stickstoffkreislauf nachzuvollziehen.
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