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ABSTRACT  

 

This study investigated the composition and activities of diazotrophic microbial mats on 

the sandy tidal flats of the North Sea barrier island Schiermonnikoog (The Netherlands) by a 

holistic approach using microscopy, biological markers, stable carbon (δ13C) 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 belonging to 

the genera Lyngbya, Microcoleus, Merismopedia and Spirulina. Heterocystous cyanobacteria 

belonging to the genera Anabaena and Nodularia were found only in the supratidal microbial 

mats. In addition, a diverse group of benthic microalgae, mostly diatoms, as well as 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 intertidal microbial mats. 

Sequences related to filamentous cyanobacteria of the genera Lyngbya and Microcoleus were 

dominant in the intratidal microbial mats, while those related to filamentous cyanobacteria of the 

genera Leptolyngbya and Phormidium dominated in the supratidal region. Sequences 

representative for heterocystous cyanobacteria such as Nodularia and Calothrix were also present. 

Bulk nitrogen isotopes of the microbial mats ranged from +6.1‰ in the intratidal to –1.2‰ in the 

supratidal region, suggesting a shift from predominantly nitrate-utilization 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, both 

representing biological markers for nitrogen-fixing heterocystous cyanobacteria, in microbial 

mats of the supratidal. The holistic approach showed that cyanobacteria are the principle mat-

building organisms on the intertidal flat of Schiermonnikog and that N2-fixing species are of 

particular importance because they supply the bioavailable nitrogen for the mat community in 

this otherwise nitrogen-depleted ecosystem. 

 



The diazotrophy community of a coastal cyanobacterial mat 
 

 85 

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 non-

heterocystous 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 intertidal 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 non-heterocystous 

cyanobacterium L. aestuarii (Severin and Stal, 2008), while mature mats in the upper littoral 

reveal a higher species diversity with unicellular, filamentous non-heterocystous and 

heterocystous genera (Kremer et al., 2008). Severin and Stal (2008) showed that microbial mats 

of the intratidal and supratidal regions expressed high N2 fixation rates that were predominantly 

attributed to the presence and activity of diazotrophic cyanobacteria. 

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 cultures (Macko et al., 1987; Bauersachs et al., 2009a) 

and natural populations of cyanobacteria (Minagawa and Wada, 1986). Therefore, negative δ
15N 

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 
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cell envelope, act as an effective gas diffusion barrier and protect the oxygen sensitive N2-fixing 

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 observed 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 found in two strains of Anabaena sp. (Bauersachs et al., 

2009c) that were isolated from a similar microbial mat of the intertidal beach of the German 

North Sea barrier island Mellum (Stal and Krumbein, 1985). Hence, HGs seem to be well suited 

for the study of the composition of N2-fixing heterocystous cyanobacteria in microbial mats 

developing along the coastline of the southern North Sea and likely other benthic marine 

microbial mat communities worldwide. 

In this study, we investigated the presence and distribution of N2-fixing cyanobacteria 

along the littoral gradient of the North Sea barrier island Schiermonnikoog, The Netherlands. 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-fxing cyanobacteria that supply new combined nitrogen to the microbial 

mats. 

 

MATERIALS 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 
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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 zone. 

 

currently cover an area of more than 7 km2 and gradually turn the beach into a salt marsh by 

creating the basis for the settlement of higher plants (Fig. 2A). In the intratidal region, microbial 

mats occur as an ephemeral seasonal feature and are usually present and active between early 

spring and autumn. Growth ceases in autumn and storms, floods, ice cover and other eroding 

events subsequently lead to the destruction of the microbial mats. The mats are characterized by 

periodical immersion during high tide and are exposed for longer periods 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 the landscape to a salt marsh. These microbial mats are to an 

important extent influenced by rain and by upwelling fresh groundwater but are also regularly 

inundated during spring tide. Optimal growth conditions of the intra- and supratidal microbial 

mats are met in spring and early summer when mat-building organisms are most active and grow 

rapidly until late summer. 
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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. 

 

 

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 1-5 were located in the intratidal 

region, while stations 6-11 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 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. 
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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 
Elevation 

(m NN) 

TOC 

(%) 

TN 

(%) 

δ
13C 

(‰ VPDB) 

δ
15N 

(‰ air) 

1 53°29.348’ 006°08.229’ -4 17.8 0.4 -13.1 5.6 

2 53°29.290’ 006°08.172’ -3 18.0 0.5 -14.3 6.1 

3 53°29.201’ 006°08.107’ -3 22.9 0.3 -14.6 3.6 

4 53°29.120’ 006°08.040’ -4 21.1 0.4 -13.4 2.6 

5 53°28.913’ 006°07.981’ -6 22.5 0.4 -15.3 -0.6 

6 53°28.900’ 006°07.982’ -3 21.7 0.5 -14.7 -1.1 

7 53°28.620’ 006°07.898’ -9 21.1 0.4 -14.0 -0.6 

8 53°28.753’ 006°07.885’ -4 23.6 0.5 -16.8 0.0 

9 53°29.107’ 006°08.156’ -1 21.8 0.4 -18.4 1.0 

10 53°30.038’ 006°10.791’ -3 20.4 0.5 -17.7 0.9 

11 53°29.401’ 006°08.423’ -3 19.3 0.6 -13.5 -1.2 

 

 

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 analyses 

 

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 

δ
13CTOC were acidified with 2 M HCl for 24 h to remove inorganic carbon, neutralized using 

distilled water and subsequently freeze-dried. Total nitrogen (TN) and δ15N analysis were 
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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 δ
13C and 

δ
15N 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. 

 

Analyses of lipid composition 

 

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)/dichloro-

methane(DCM)/phosphate buffer (pH 7.4) in a ratio of 2:1:0.8 (v/v). The supernatant was 

subsequently 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 thrice 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 by 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 
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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., 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). All DNA 

extracts from one station were combined and stored at –20 °C until used. 

From the DNA extracted from the mat samples in 2006 the nearly complete 16S rRNA 

gene was amplified 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 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 and 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 
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CGA TTC CGA CTT CA 3’) (Nübel et al., 1996), and 1492R and 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 northwest bank of Schiermonnikoog showed a green colour and 

consisted of laminated layers of about 0.2-5 mm. In accordance with their position along the 

littoral gradient, they expressed different stages of development and possessed an according 

structure. Microbial mats of the intratidal regions were only marginally developed with an 

average thickness of ca. 0.2-1 mm. These immature mats consisted of a thin cyanobacterial layers 

that were directly attached to the sandy substrate and lacked a layer of black iron sulphide, 

indicating anoxic conditions. Microscopic analysis of these mats revealed low species diversity 

with filamentous non-heterocystous cyanobacteria such as Lyngbya aestuarii and Microcoleus 

chthonoplastes dominating, which were frequently accompanied by benthic marine microalgae 

such as diatoms (Figs. 3A-C). 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  
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Figure 3. Photomicrographs of filamentous and unicellular morphotypes of cyanobacteria in the studied mat 

samples. Photomicrographs A-C depict major mat-forming organisms of the intratidal. (A) Bundles of Microcoleus 

chthonoplastes and a trichome of Lyngbya aestuarii (station 2). (B) Lyngbya sp., Spirulina sp. and diatoms (station 

3). (C) L. aestuarii (station 4). Photomicrographs D-I show mat-forming microbes in the supratidal. (D) 

Heterocystous species of the genus Nodularia sp. (station 7). (E) Cyanobacteria of the genera Nodularia and 

Lyngbya (station 7). (F) Anabaena sp. and Merismopedia sp. (station 8). (G) The filamentous cyanobacteria L. 

aestuarii (station 9), (H) M. chthonoplastes (station 9) and (I) L. aestuarii. (station 10). 

 

cyanobacterial diversity of morphotypes and contained unicellular genera such as Merismopedia, 

Chroococcus, and Synechococcus as well as filamentous non-heterocystous cyanobacteria such as 

L. aestuarii and M. chthonoplastes (Fig. 3D-F). In addition, heterocystous cyanobacteria of the 

genera Anabaena, Calothrix, Nodularia, and Nostoc were identified (Fig. 3G-I). 
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Bulk parameters 

 

                                  

 

Figure 4. Stable carbon and nitrogen isotopic composition of microbial mats growing on the tidal flat at the north-

western beach of the North Sea barrier island Schiermonnikoog. Microbial mats of the intratidal (▲) and supratidal 

(●) zone fall within distinct isotopic clusters and are readily distinguished according to their stable isotopic 

composition. 

 

Total organic carbon (TOC) and total nitrogen (TN) in the intertidal microbial mats 

ranged from 18% to 24% and from 0.3% to 0.6%, 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. Nitrogen isotopes were variable with δ15N values 

ranging from +6‰ to +2.6‰ in the intratidal 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 1,2-diacylglycerol-0-4’-(N,N,N-trimethyl)homoserine  

(DGTS) and 1,2-diacylglycerol-0-2’-(hydroxymethyl)-(N,N,N-trimethyl)-β-alanine (DGTA) 

were the most prominent members of the intact polar lipid pool in microbial mats of the intratidal 

region. However, at the transition to the supratidal region betaine lipids decreased in relative 
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abundance. Other important component classes of the intact polar lipid pool were the 

sulfoquinovosyldiacylglycerols (SQDG) as well as the phospholipids phosphatidylcholine (PC), 

phosphatidylglycerol (PG) and methylphosphatidylethanolamine (MPE). In addition, the 

glycolipids monoglycosyldiacylglycerol (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 6-8, whereas 1-(O-hexose)-3,25,27-octacosanetriol 

was detected only at station 11. 
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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-(O-hexose)-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 that were detected included the betaine lipids 

diacylglyceryltrimethylhomoserine (DGTS) and diacylglycerolhydroxymethyltrimethylalanine (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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Bacterial 16S rRNA gene clone libraries 

 

Two representative microbial mats of the intratidal (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 were only found for the 

genus Calothrix (1%). Other organisms significantly contributing to the 16S rRNA gene clone 

libraries included diatoms (31%) and members of the Proteobacteria (21%). Sequence attributed 

to members of the Cytophaga-Flavobacterium-Bacteriodes (CFB) contributed only little (2%) to 

the total of the 16S rRNA genes. 

 

Table 2. Phylogenetic summary based on analyses of bacterial 16S rRNA gene clone libraries at station 3 (intratidal) 

and station 7 (supratidal). CFB represent members of the Cytophaga-Flavobacterium-Bacteriodes. 

 

At station 7, 16S rRNA gene sequences were to a lesser degree affiliated to cyanobacteria 

(33%) but revealed a slightly higher species diversity. Sequences related to the filamentous 

cyanobacteria genera Leptolyngbya (11%) and Phormidium (9%) gained importance while those 

 Station 3 Station 7 

16S rRNA gene 
Number of 

clones 
closest relative N2 fixer 

Number of 

clones 
closest relative N2 fixer 

cyanobacteria  38 (40%)   28 (33%)   

 16 (17%) Lyngbya sp. (90-99 %)  9 (11%) Leptolyngbya sp. (96-99 %) Yes 

 11 (12%) Microcoleus sp. (93-99 %) No 8 (9%) Phormidium sp. (95-98 %) Yes 

 6 (6%) Leptolyngbya sp. (88-98 %) Yes 4 (5%) Microcoleus sp. (97 %) No 

 2 (2%) Hydrocoleum sp. (93-94 %) Yes 3 (4%) Lyngbya sp. (95-96 %) Yes 

 2 (2%) Spirulina sp. (97 %) Yes 2 (2%) Nodularia sp. (98-99 %) Yes 

 1 (1%) Calothrix sp. (97 %) Yes 1 (1%) Calothrix sp. (96%) Yes 

    1 (1%) Spirulina sp. (97 %) Yes 

diatom-chloroplasts 29 (22%)   20 (23%)   

proteobacteria 20 (31%)   10 (12%)   

CFB 2 (2%)   16 (19%)   

unidentified clones 5 (5%)   11 (13%)   
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assigned to Lyngbya (4%) and Microcoleus (5%) were less abundant (Fig. 6B; Table 2). 

Sequences phylogenetically affiliated to the heterocystous cyanobacterium Nodularia sp. (2%) 

and Calothrix sp. (1%) were only a minor component of the 16S rRNA gene clone libraries. 

Other sequences belonged to diatom-chloroplasts (24%), CFB group (19%) and members of the 

Proteobacteria (12%). 

 

             

 

 

 

Figure 6. Pie chart of 16S rRNA gene clone libraries from microbial mats of (A) the intratidal 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 Cytophaga-Flavobacterium-Bacteriodes (CFB) group. 

 

DISCUSSION 

 

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 

intra- and supratidal microbial mats (Fig. 5A-D). These components have previously been 

reported from a number of photoautotrophs including cyanobacteria (Kiseleva et al., 1999), 

purple sulfur bacteria (PSB) (Linscheid et al., 1997) and algae (Joyard et al. 2004). Since 
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cyanobacteria constitute the main mat-building organisms in the immature intratidal microbial 

mats, a cyanobacterial origin of theses IPL 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 the origin of it. High abundances of betaine lipids were found in 

the intratidal 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 1-5 (Fig. 5B), suggesting the absence of heterocystous cyanobacteria in 

microbial mats of the intratidal 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 at these sites and 

the absence of heterocystous genera. 1-(O-hexose)-3,25-hexacosanediol was detected at stations 

6-8, 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, Aphanizomenon, 

Nodularia and Nostoc (Bauersachs et al., 2009c). Indeed, lipid analysis of two axenic strains of 

Nostoc CCY0012 and Nodularia CCY0014 isolated from the microbial mats of Schiermonnikoog 

revealed the dominance of 1-(O-hexose)-3,25-hexacosanediol in the intact polar lipid pool 

(Bauersachs et al., 2009c). This component has also been identified in Anabaena CCY9613 

(Bauersachs et al., 2009c) that was originally isolated from a similar microbial mat system of the 

North Sea barrier island Mellum, Germany (Stal and Krumbein, 1985). 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 was indeed present in pure cultures of Calothrix CCY0202 isolated 

from microbial mats of Schiermonnikoog (Bauersachs et al., 2009c). 16S rRNA gene sequences 
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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 lipid pool, 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 intratidal microbial 

mat at station 3. 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 indicates that the fixation of N2 was an important process in adding combined 

nitrogen to the microbial mat system. However, their low abundances indicate that heterocystous 

cyanobacteria were only a minor component of the microbial community on the intertidal flats 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). 

 

Stable isotopic composition of microbial mats 

 

Intra- and supratidal microbial mats of Schiermonnikoog could be readily distinguished 

according to their stable isotopic composition (Fig. 4). Bulk δ15N values of microbial mats 

growing in the intratidal region ranged from +6‰ to +2‰, values that are commonly associated 

with the utilization of combined nitrogen species such as nitrate and ammonium (Holl and 

Montoya, 2005; Mulholland et al., 2001), while the nitrogen isotopic composition of microbial 

mats in the supratidal region varied between +1‰ and -1.2‰ (Table 1). The decrease of δ
15N 

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 microbial mats from the intratidal regions 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 
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higher up the littoral. Enriched carbon isotopic compositions as found in this study have also 

been reported 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 δ
13CTOC 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 in 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 intratidal microbial mats cluster distinctly different 

from those encountered in the supratidal mats but also show a considerable enrichment in 13C. 

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 intratidal 

microbial mats. These algae have been shown to be a source of 13C-rich 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 the C4 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 intratidal mats of Schiermonnikoog. High δ13CTOC have also been 

reported from microbial mats with elevated rates of photosynthetic activity, which leads to a 

drawdown of CO2 and a subsequent limitation of inorganic carbon species (Wieland et al., 2008). 

Dissolved inorganic carbon (DIC) that is enriched in 13C represents the major substrate for 

photosynthesis under these conditions (Badger et al., 2006) and might be an additional 

explanation for the heavy isotope signature observed in the intratidal microbial mats. 

 

Composition of the cyanobacterial community 

 

At station 3, 16S rRNA gene clones library analysis suggests 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 
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types of cyanobacteria were not only abundant at station 3 but were widely spread throughout the 

intratidal region. M. chthonoplastes has previously been shown to lack the dinitrogen reductase  

gene (nifH) and hence the ability to fix atmospheric dinitrogen gas (Steppe et al., 1996). This has 

lately been questioned since M. chthonoplastes possesses a complete nitrogenase cluster in its 

genome (Bolhuis et al., 2010). At present, however, it is unclear whether this cyanobacterium is 

capable of fixing N2. In natural environments, it appears that M. chthonoplastes is associated with 

microbial mats that are less dependent on the N2 fixation (Stal et al., 1985). Higher abundances 

of M. chthonoplastes were indeed present in microbial mats of the intratidal 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. Based on microscopy and biomarker 

analysis, these cyanobacteria were accompanied by other non-heterocystous and heterocystous 

species such as Nodularia harveyana and Calothrix sp. In addition, heterocystous strains 

belonging to the genera Anabaena and Nostoc have recently been reported from mature microbial 

mats of the supratidal region (Dijkman et al., 2010). Heterocystous cyanobacteria are well known 

to express the ability to fix N2 in nitrogen-deprived environments (Wolk, 1982). Unicellular 

species such as Merismopedia and Chroococcus 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 intratidal microbial mats. 

In microbial mats on the intertidal beach 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 non-

heterocystous 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 
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may cover a niche that allows them to thrive in this nutrient-depleted ecosystem and provide the 

microbial mats 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 intratidal (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 flat 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. 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 cyanobacterial mat 

builders on the tidal flats of the North Sea barrier island Schiermonnikoog. They were frequently 

accompanied by 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 

δ
15N 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 the heterocystous cyanobacteria 

of the family Nostocaceae being more abundant in the transition zone between the intra- 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 

heterocyst cyanobacteria in microbial mats and may even reveal some taxonomic details on the 

distribution of cyanobacterial groups. 
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