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N2 fixation 

 

N2 is the most abundant gas in the atmosphere and the most abundant form of nitrogen on 

earth. Nevertheless it is hardly available as source of nitrogen for organisms because dinitrogen 

is almost inert, which is due to the triple bond between the two nitrogen atoms. Before it can be 

assimilated into structural cell material, N2 must be reduced to ammonia. In the cell nitrogen 

occurs in its reduced form. With the exception of N2–fixing species, all organisms depend on 

combined nitrogen such as ammonium, nitrate or organic nitrogen, which are usually in limited 

supply in natural environments. Many cyanobacteria possess the potential to fix N2 which allows 

them to access an almost infinite source of nitrogen. This can alleviate N-limitation in many 

aquatic and terrestrial ecosystems. 

Globally, N2 fixation is the second most important process after CO2 fixation. It is the 

only process that compensates for the continuous loss of combined nitrogen such as NH4
+, NO3

- 

and organic nitrogen as a result of denitrification and anaerobic ammonium oxidation 

(anammox), which convert it to N2. Biological N2 fixation is carried out by a number of 

specialized Bacteria (and a few Archaea) (Towe et al., 2002; Raymond, 2004; Gruber and 

Sarmiento, 1997). N2-fixing (diazotrophic) organisms possess an enzyme complex, nitrogenase, 

that catalyses the reduction of N2 to two NH3, which is subsequently assimilated into amino acids 

and used for the synthesis of structural cell material. This is a remarkable achievement 

considering that these microorganisms fix N2 at ambient temperature and pressure, while the 

chemical reduction of N2 to NH3 is possible only at very high temperatures (400-650˚C) and 

pressures (200-400 atmosphere) (Haber-Bosch process). It is nevertheless at the expense of a 

high amount of energy and low-redox potential electrons (ferredoxin) that diazotrophic 

organisms fix N2. In order to convert N2 gas to ammonia, nitrogenase requires 8 low-potential 

reducing equivalents and the supply of 16 ATP (Luque et al., 1994). The reduction of N2 to NH3 

also evolves one molecule of H2 as an obligatory byproduct for every N2 reduced (Rees et al., 

2005). 

 

                        N2 + 8H+ + 8e- + 16 ATP            2NH3 + H2 + 16ADP + 16 Pi 
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The production of H2 represents a loss of energy and reductant, which is partially recovered by 

the action of an uptake hydrogenase present in all aerobic N2-fixing cyanobacteria (Houchins, 

1984). Ammonia, the product of N2 fixation, is assimilated via the glutamine synthetase-

glutamate synthase pathway. Other enzymes, such as alanine dehydrogenase and glutamate 

dehydrogenase, play a minor role in ammonia incorporation (Mulholland et al., 2001; Zhang and 

Zhao, 2008).  

 

Nitrogenase 

 

Most biological N2 fixation is carried out by the activity of the molybdenum nitrogenase, 

which is found in all diazotrophs (Loveless and Bishop, 1999a; Loveless et al., 1999b; 

Betancourt et al., 2008). Additionally to the molybdenum nitrogenase, some diazotrophic 

microorganisms carry alternative vanadium and/or iron only nitrogenase (Joerger et al., 1988). 

The molybdenum as well alternative nitrogenase enzyme consists of two component proteins. 

One is an iron – molybdenum (Mo-Fe) protein (molybdenum is replaced by vanadium or iron in 

the alternative nitrogenase), called dinitrogenase, composed of four, two to two identical units, 

encoded by the nifDK. The other is an iron containing (Fe-Fe) protein, called dinitrogenase 

reductase, a homodimer encoded by nifH (Curratti et al., 2007; Hu et al., 2008).  

 

                                                     

 

Figure 1.  Molybdenum nitrogenase 

 

The Mo-Fe cofactor is thought to affect the binding and reduction of N2 to ammonia (Burgess 

and Lowe, 1996), while electrons are supplied by dinitrogenase reductase. The physiological 



Chapter 1 
 
 

10 

electron donor for nitrogenase is ferredoxin, or under condition of irons deficiency, flavodoxin 

(Masepohl et al., 2005; Sicking et al., 2005; Wiethaus and Masepohl, 2008). One of the 

particularities of nitrogenase is that it is an O2-sensitive enzyme. When exposed to O2 or reactive 

oxygen species, nitrogenase is instantaneously and irreversibly inactivated (Berman-Frank et al., 

2003). Therefore, the occurrence of nitrogenase in the oxygenic photoautotrophic cyanobacteria 

is paradoxical. 

 

Regulation of nitrogenase 

 

N2 fixation is regulated at the transcriptional and post-translational level in response to 

environmental O2 and ammonium levels (Berman et al., 2005; Fay, 1992; Mullineaux et al., 

1983; Mulholland et al., 2001). In some N2-fixing organisms the supply of ammonia may rapidly 

inhibit nitrogenase activity (Murry et al., 1983; Sabine et al., 1986). It is advantageous for the 

organism to repress the expression of the metabolically nitrogenase system when the cellular 

level of fixed nitrogen is sufficiently high. The expression of the nif genes in diazotrophs is 

sensitive to cellular ammonium levels (Merrick et al., 2000). The reversible inhibition of 

nitrogenase by ammonia is attributed to a modification of one subunit of nitrogenase reductase 

(Drepper et al., 2000). O2 also represses the synthesis of the component proteins of nitrogenase 

(Susan, 1988). The regulation of the synthesis of nitrogenase by ammonia and O2 is important in 

order to prevent the waste of energy and reductant and may have developed as an evolutionary 

response to the high costs of N2 fixation.  

 

N2 fixation in cyanobacteria  

 

Cyanobacteria are the largest and most diverse and widely distributed group of Gram-

negative Bacteria. Base on their structure and development, Rippka et al. (1979) distinguished 

five subgroups or sections. The unicellular cyanobacteria comprise two sections: one which is 

composed of unicellular organisms that reproduce by binary fission (Chroococcales). These 

cyanobacteria are the most simple in structure and development. The members of section II 

(Chamaesiphonales, Pleurocapsales) are characterized by a special type of reproduction, 

budding or multiple fissions, which have not been reported in any other group of Bacteria or 
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Archaea. Cyanobacteria of group III to V include heterocystous and non-heterocystous 

filamentous (Oscillatoriaceae, Nostocaceae, Rivulariaceae, Scytonemaceae, and 

Stigonematales). All heterocystous and many non-heterocystous (unicellular and filamentous) 

cyanobacteria are capable of N2 fixation (Rippka et al., 1979). Since photosynthetic O2 evolution 

and nitrogenase activity are incompatible processes, several strategies have been developed by 

N2-fixing cyanobacteria to allow them to provide an anoxic environment for nitrogenase while 

performing the incompatible oxygenic photosynthesis. Based on the strategy they use, Stal 

(1995) subdivided diazotrophic cyanobacteria into three main groups. The strategy of the first 

group can be described as avoidance. These filamentous or unicellular cyanobacteria can fix N2 

only under anaerobic or micro-aerobic conditions. The second group of diazotrophic 

cyanobacteria comprises filamentous forms that confine N2 fixation to special differentiated cells, 

called heterocysts (Fay, 1968; Adams, 2000). The heterocyst is devoid of PS-II and is therefore 

unable to perform oxygenic photosynthesis, although it can harvest light and generate 

biochemical energy through PS-I mediated cyclic phosphorylation (Almon and Böhme, 1982). 

The heterocyst is incapable of fixing CO2 and depends on the neighboring vegetative cells for 

reducing equivalents, provided as sucrose (Curatti et al., 2002), and which in return receive the 

fixed nitrogen. The heterocyst is enveloped by complex glycolipid layers that act as a gas 

diffusion barrier, limiting both the entrance of O2 as well as N2 (Walsby, 1985; 

Kangatharalingam et al., 1992). Any O2 entering the heterocyst is scavenged by an efficient and 

high-affinity respiratory system, rendering the heterocyst interior virtually anoxic. This strategy 

can be described as spatial separation of oxygenic photosynthesis in the vegetative cells and N2 

fixation in the heterocyst. This strategy is a very efficient way of combining the incompatible 

processes of oxygenic photoautotrophic and diazotrophic growth (Berman-Frank et al., 2003). 

The third group of diazotrophic cyanobacteria fixes N2 aerobically even although they are non-

heterocystous. This group comprises filamentous as well as unicellular species. The strategy by 

which these cyanobacteria are able to combine oxygenic photosynthesis and diazotrophic growth 

has been described as temporal separation but the strategies within this group may be several and 

are still incompletely understood. The best studied species in this group of aerobic non-

heterocystous N2-fixing cyanobacteria are the filamentous Trichodesmium and Lyngbya and the 

unicellular Gloeothece and Cyanothece (Bergman et al., 1997, Mitsui et al., 1986). 

Trichodesmium forms extensive surface blooms in the tropical and subtropical oceans and is 
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considered to be the most important marine diazotroph (Capone, 2001). This organism has been 

known for a long time but only since Trichodesmium was successfully grown in culture (Ohki et 

al., 1986; Prufert-Bebout et al., 1993) and with the application of molecular biological 

techniques, our knowledge about this remarkable diazotroph has rapidly increased. The fixation 

of N2 in Trichodesmium depends strongly on light and the daily pattern is very similar to that of 

heterocystous cyanobacteria with the important difference that no fixation occurs during the 

night (Capone et al., 1990; Staal et al., 2007). In fact, nitrogenase is inactivated and subsequently 

turned over at night and synthesized de novo each day. This process has been shown to be under 

the control of a circadian clock (Chen et al., 1998). The various reports differ about the question 

whether all cells in a trichome of Trichodesmium are (capable of) fixing N2 or that this is 

reserved to a subset of special cells. By using immuno-localization of nitrogenase Fredriksson 

and Bergman (1997) discovered that the enzyme was present only in a subset of adjacent cells in 

the trichome of Trichodesmium. They supposed that these were differentiated cells analogous to 

heterocysts and termed them ‘diazocytes’. However, using an isolate of Trichodesmium, Ohki 

(2008) did not find evidence of diazocytes and observed nitrogenase in virtually all cells. The 

immunological detection of nitrogenase does not prove whether it is active and fixes N2 or even 

whether the antigen is in an active state. There is little doubt that nitrogenase can only be active 

under virtually anoxic conditions and this does not seem to be compatible with PS-II activity. It 

is therefore possible that Trichodesmium cells switch between N2 fixation and oxygenic 

photosynthesis in a manner that can be described as a combination of ‘temporal and spatial 

separation’ (Berman-Frank et al., 2001). From single cell fluorescence measurements Küpper et 

al. (2004) concluded that certain cells could rapidly switch between N2 fixation and PS-II 

activity. It is not necessarily in contradiction with the immunological observations but makes the 

concept of irreversible unidirectional cell differentiation such as is the case with heterocysts 

unlikely. In addition to the cessation of PS-II activity, the diazotrophic cell needs to scavenge 

any O2 that diffuses into it. Whether this is governed by respiration or by the Mehler reaction, or 

other O2-scavenging mechanisms, or a combination is currently not precisely known (Staal et al., 

2007). The unicellular Cyanothece belongs to the ‘Group C’ of the marine unicellular 

diazotrophic cyanobacteria (Foster et al., 2007; Needoba et al., 2007). Although it is frequently 

encountered in the tropical oceans, in most cases it does not appear to be abundant. Cyanothece 

is a typical example of a diazotrophic cyanobacterium that separates N2 fixation temporally from 
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photosynthesis by confining the former to the dark period (Sherman et al., 1998). The day–night 

pattern of N2 fixation in this organism is under the control of a circadian rhythm. When 

transferred to continuous light Cyanothece maintains the cyclic behavior of nitrogenase activity 

and gene transcription (Colón- López et al., 1997). Little is known about the fixation of N2 by 

the ‘Group B’ representative of a marine unicellular diazotrophic cyanobacterium, Crocosphaera. 

Similar as Cyanothece, Crocosphaera also fixes N2 during the dark. Natural communities of 

Group B nifH phylotypes express this gene during the night (Church et al., 2005). Group B nifH 

phylotypes are common but rarely abundant. Contrary to Cyanothece, Group B cyanobacteria 

seem to be typical free-living planktonic organisms. ‘Group A’ organisms do not have cultivated 

representatives and are only known from their nifH sequences. On the basis of nifH phylogeny 

Group A is alleged to be a unicellular cyanobacterium. Based on size fractionation and 

fluorescent in situ hybridization, Group A may belong to the picoplanktonic fraction but they 

may also occur in aggregates (Biegala and Raimbault, 2008). Zehr et al. (2008) carried out 

metagenome sequencing on cells that were sorted by flow cytometry and thereby were enriched 

in ‘Group A’ phylotypes. Surprisingly, these organisms lacked the genes coding for PS-II, but 

possessed those for PS-I, suggesting a photoheterotrophic mode of life of ‘Group A’ organisms. 

This sheds new light on the observation that, in contrast to the Group B and C cyanobacteria, the 

highest expression of Group A nifH occurs during the day (Church et al., 2005; Church et al., 

2008) and also the actual fixation of N2 may occur during daytime (Montoya et al., 2004). After 

Trichodesmium, organisms with the Group A nifH phylotype are the most abundant diazotrophs 

in the tropical oceans. Until cultivated representatives become available, it is difficult to 

understand the strategy by which these organisms fix N2. Gloeothece, another unicellular 

cyanobacterium from freshwater and terrestrial environments, is also known to fix N2 aerobically 

(Wyatt and Silvey, 1969). Our knowledge about this organism is mostly based on the work of 

Gallon (1981; 1992). When grown under alternating light–dark cycles, Gloeothece fixes N2 

during the dark. However, this organism grows also diazotrophically in continuous light, but still 

shows a pattern of temporal separation from oxygenic photosynthesis (Stal, 2003; Stephens et al., 

2003). N2 fixation in this organism does not seem to be under the control of a circadian clock. 

Interestingly, when grown in continuous culture under alternating light and dark cycles, 

Gloeothece confined most of its N2 fixation to the light, hence revealing a pattern very much like 

the Group A organisms (Ortega-Calvo and Stal, 1991). It is still not understood how Gloeothece 
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is capable of apparently concomitantly fixing N2 and growing by oxygenic photosynthesis. 

Important differences of Gloeothece with Group A are its much larger size and the fact that the 

cells occur in aggregates or colonies enveloped by a common sheath. Lyngbya aestuarii is a 

cosmopolitan marine benthic mat-forming diazotrophic cyanobacterium. It also follows the 

typical temporal separation of N2 fixation and oxygenic photosynthesis (Stal and Krumbein, 

1985; 1987). The diel cycle of N2 fixation in Lyngbya is probably also under control of a 

circadian clock and its behavior is very much similar to that of Cyanothece.  

Up to date, few studies have been done to identify the factors affecting the distribution 

and the N2 fixation rates in non-heterocystous cyanobacteria. Recently, the distribution of 

unicellular diazotrophs has been correlated with temperature in the Arabian Sea (Mazard et al., 

2004). Temperature has been shown to be important in dictating the distribution of heterocystous 

and non-heterocystous cyanobacteria in oceanic systems. 

 

Cyanobacterial N2 fixation in natural environments 

 

Besides free-living diazotrophic cyanobacteria, several species occur in symbiotic 

relationships with plants, fungi, or algae. Free–living diazotrophic cyanobacteria are known from 

marine and terrestrial microbial mats and in the plankton of lakes, seas and oceans. 

Cyanobacteria occur in dynamic environments where dissolved O2, temperature, salinity and 

light fluctuate rapidly. Although numerous studies have been carried out on N2-fixing 

cyanobacteria, it is still unclear how ecological or physiological limitations contributed to the 

geographical range of diazotrophic cyanobacteria. Evidence from field and laboratory 

experiments have revealed roles for phosphorus supply (Mills et al., 2004; Tyrrell, 1999), and 

iron limitation (Kustka et al., 2002; Mills et al., 2004) as constraints of cyanobacterial 

diazotrophic growth. In addition to nutritional requirements  for diazotrophy growth (Cavender-

Bares et al., 2001, Liengen, 1999), physical conditions such as irradiance, temperature and 

turbulence have also been shown to limit their proliferation (Paerl, 1990; Staal et al., 2003; 

Breitbarth et al., 2006, Falcón et al., 2005).  Although much research has been carried out on N2 

fixing cyanobacteria, few studies have focused on the temperature relationships of the 

metabolism and the gas diffusion in N2-fixing cyanobacteria. 
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Methods for measuring N2 fixation 

 

There are several methods available for measuring N2 fixation, all having some 

advantages and disadvantages. The most suitable method depends largely on the objective of the 

experiment. In the work present in this thesis the methods used were the 15N isotope and the 

acetylene reduction methods.  The earliest use of 15N2 to study N2 fixation was by Burris and 

Miller (1941). This method uses 15N enriched gas in which N2-fixing organisms are incubated. It 

provides direct evidence for N2 fixation since the 15N content in organisms exposed to 15N2 is 

greater than the 0.3663% natural abundance if fixation has occurred. Although accurate, it is an 

expensive and time consuming method. Moreover, long incubation times will change the 

conditions compared to the natural environment possibly giving erroneous results.   

Nitrogenase is an unspecific enzyme and can in addition to N2 reduce a number of other 

substrates, such as acetylene, hydrogen azide, hydrogen cyanide, or nitrous oxide (Christiansen 

et al., 2000). These compounds are all characterized by a triple bond like N2. But nitrogenase can 

also reduce other compounds such as  protons or nitrite. Nitrogenase reduces acetylene to  

ethylene and this is convenient because both gases can be easily and with great sensitivity 

detected by gas chromatography (Hardy et al., 1968). The reduction of acetylene has become 

popular and is used routinely to estimate nitrogenase activity. The acetylene reduction assay 

(ARA) was developed in the late 1960s by Stewart et al. (1967; 1968) and Hardy et al. (1968). 

Research on cyanobacterial N2 fixation has benefited greatly from the ARA, and it has 

undeniably led to an important increase in knowledge of the effects of light and O2 on 

nitrogenase activity in these phototrophic microorganisms (Fay, 1992; Gallon, 1992). The 

popularity of ARA is based on its low cost, sensitivity and fast response time. Despite these 

noticeable advantages, ARA present some disadvantages, particularly when it is used to estimate 

the amount of N2 fixation. It is difficult to calculate N2 fixation from ARA since the calibration 

factors are variable with time and organism. The ARA is an indirect method and its theoretical 

conversion factor to N2 fixation would be 4:1. The conversion factor 4 has been confirmed 

experimentally in the cyanobacterium Anabaena variabilis (Jensen and Cox, 1983). Some 

researchers have considered a conversion factor of 3 to be more appropriate; they assume that H2 

produced during N2 fixation is taken up by the unidirectional uptake hydrogenase (Houchins, 

1984). Moreover, calibration of acetylene reduction in natural environments by 15N2 fixation has 
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yielded conversion factors varying between 1 and 50 (Montoya et al., 1996). These differences 

could be explained by the fact that ARA and 15N2 incorporation do not necessarily measure the 

same process. The 15N2 fixation method measures the net incorporation of N into biomass and 

does not take into account losses of fixed N during incubation. When applied correctly, ARA 

measures the actual nitrogenase activity, which ideally is a measure of the total amount of N that 

a system or organism has fixed. Moreover, both methods may produce erroneous results when 

applied improperly (e.g. long incubation time, diffusion problems, etc.). A disadvantage of both 

ARA and the 15N technique is that they sometimes require prolonged incubation times in order to 

obtain a signal that is well above the detection limit of the gas chromatograph (ethylene) or the 

mass spectrometer (15N2). For example, 15N2 incorporation assays often need incubation times 

varying from several hours to as long as a whole day, whereas with ARA, incubations typically 

vary from 15 min to 4 h depending on the amount of biomass and the specific activity. During 

long incubations with N2-fixing organisms in closed vessels, O2 may accumulate in the light as a 

result of photosynthesis, or O2 becomes depleted in the dark as a result of respiration. Carbon 

dioxide will behave in the opposite way, hence causing changes in the pH. On-line 

measurements of acetylene reduction, in which a continuous gas flows over a sample, prevent the 

accumulation or depletion of O2 and CO2 during incubation and reduce the incubation time when 

the time needed to reach steady-state fluxes is short. Few papers have been published describing 

ARA in combination with on-line techniques (Zuckermann et al., 1997). Another possible source 

of systematic errors using ARA is the concentration of acetylene that has to be applied in order 

to saturate nitrogenase. Although cell-free preparations of nitrogenase show saturation at 

acetylene concentrations as low as 0.1% (v/v), this is not the case for intact cells. Routinely, 

applied concentrations of acetylene are as high as 10–20% (v/v), but even these concentrations 

may not be sufficient to saturate nitrogenase (Degn and Lundsgaard, 1980; Zuckermann et al., 

1997). On the other hand, saturation of nitrogenase with acetylene will completely inhibit N2 

fixation, leading to nitrogen starvation and the induction and synthesis of new nitrogenase. These 

factors and the physiological state of the N2-fixing organisms all influence the conversion factor 

of acetylene reduction to N2 fixation. 

In this thesis, a fully automated, on-line ARA, which reaches steady-state ethylene flux 

within 2 min was used. N2-fixing cyanobacteria were incubated in a low-volume gas-flow cell on 

a glass fiber filter. Incubation in this gas-flow cell in combination with electronically controlled 
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gas flows resulted in a short response time. The constant gas flow prevented the accumulation or 

depletion of O2 and CO2 and removed any volatile metabolic products. The gas flow cell was 

connected via a gas line to a laser photo-acoustic detector, which allows ethylene detection as 

low as 25 ppb (Hekkert et al., 1998). 

 

The aims and framework of this thesis 

 

In natural environment, diazotrophic cyanobacteria may experience strong fluctuations in 

light, temperature and O2 concentrations. For instance, in the light, surface accumulations of 

bloom-forming cyanobacteria, aggregates, and the surroundings may become supersaturated with 

O2, while in the dark respiration can deplete O2. Moreover, fluctuating light and temperature will 

also cause rapid changes in O2 concentration. It is not precisely known how N2-fixing 

cyanobacteria react to such situations and how rapidly changing O2 concentrations affect the 

amount of N2 fixed.  Thus, the goal of the work presented in this thesis was to achieve a better 

understanding of N2 fixation in cyanobacteria and to investigate the factors that control 

diazotrophic growth of cyanobacteria. First, in Chapters 2 and 3 the effect of temperature on 

sensitivity of nitrogenase to oxygen was investigated in two heterocystous cyanobacteria (A. 

variabilis ATCC29413 and Nostoc sp. PCC7120) and two unicellular (Crocosphaera watsonii 

WH8501 and Gloeothece sp. PCC6909), respectively. The investigations were done using 

acetylene reduction assay which was carried out using an on-line, near real-time set-up 

connected to a sensitive laser-based photoacoustic ethylene detector. Nitrogenase activity was 

recorded at different temperatures and at steady state O2 concentrations. In Chapter 4, N2 and 

CO2 fixation and their interrelationships were investigated in Crocosphaera watsonii WH8501 

by using stable isotopes (15N and 13C) and nifH expression. In Chapter 5, the distribution of  

glycolipids was measured in thirty-two axenic strains of cyanobacteria and their changes under 

varying temperature conditions was investigated using high performance liquid chromatography 

coupled to electrospray ionization tandem mass spectrometry (HPLC/ESI-MS). In Chapter 6, 

the importance of N2-fixing cyanobacteria in microbial mats growing on tidal flats of the North 

Sea barrier island Schiermonnikoog (The Netherlands) was investigated by using microscopy, 

biological markers, stable isotopes (δ
13C and δ15N) as well as 16S rRNA gene clone libraries. 
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Chapter 7 synthesizes, summarizes and discusses the results achieved in this thesis and put them 

into a general context. 
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ABSTRACT 

 

The effect of temperature and oxygen on nitrogenase activity in two heterocystous 

cyanobacteria, Anabaena variabilis ATCC29413 and Nostoc sp. PCC7120 was investigated. The 

cyanobacteria were grown under a 12-12 h light-dark cycle at 27°C and were subsequently 

exposed to different temperatures (27°C, 36°C, 39°C and 42°C) at different steady state O2 

concentrations (20%, 10%, 5%, 0%).  Light response curves of nitrogenase activity were 

recorded under each of these conditions by using an on-line acetylene reduction assay combined 

with a sensitive laser photo-acoustic ethylene detection method. The light response curves were 

fitted with the rectangular hyperbola model from which the model parameters Nm, Nd and α, 

respectively the light dependent nitrogenase activity at saturating light, the dark nitrogenase 

activity and the slope of the curve (light affinity), were derived. In both strains nitrogenase 

activity (Ntot = Nm + Nd) was highest at 39-42oC and at 0% O2. The ratio Ntot/Nd was 4.1 and 3.1 

for Anabaena and Nostoc, respectively, and indicating that respectively 25% and 33% of 

nitrogenase activity was supported by respiration (Nd). Ntot/Nd increased with decreasing O2 

concentration and with increasing temperature. Hence, each of these factors caused a relative 

increase of the light-driven nitrogenase activity (Nm). These results demonstrate that 

photosynthesis and respiration both contribute to nitrogenase activity in Anabaena and Nostoc 

and that their individual contributions depend on both O2 concentration and temperature as the 

latter may dynamically alter the flux of O2 into the heterocyst.  
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INTRODUCTION 

 

N2-fixing cyanobacteria may occupy environments that are deficient in combined 

nitrogen but sufficient in other essential nutrients. Their ecological success depends on 

adaptation to environmental changes, notably optimizing N2 fixation. In freshwater waters bodies, 

cyanobacteria are among the major diazotrophs. The ability to fix N2 and grow at temperatures 

above 20°C give diazotrophic cyanobacteria an important advantage over other planktonic algal 

groups (Konopka and Brock 1978, Howarth et al. 1988). Studies in natural populations 

suggested that temperature exceeding 20°C may play an important role in the formation of 

cyanobacterial blooms (Stewart1970, Tilman et al. 1986, Kashyap et al. 1991) which are often 

toxic (Sivonen et al. 1990). Temperature and O2 concentration may vary considerably within 

cyanobacterial blooms (Ibelings and Mur 1992, Ibelings 1996).  

 

The most common cyanobacteria found in water blooms belong to the genera Anabaena, 

Aphanizomenon, Gloeocapsa, Microcystis, Nostoc, and Oscillatoria (Reynolds and Walsby 1975, 

Niemi 1979, Jöhnk et al. 2008). Heterocystous cyanobacteria such as Anabaena and Nostoc are 

particularly well adapted for diazotrophic growth because they have confined the O2–sensitive 

nitrogenase to differentiated cells called heterocysts (Fay 1992). Heterocysts lack the O2-

evolving photosystem II and therefore rely on the supply of reducing equivalents from the 

oxygenic phototrophic vegetative cells, which is in the form of carbohydrates (Curatti et al. 

2002). However, heterocysts possess photosystem I and can therefore use light as source of 

energy. Heterocysts are furthermore characterized by the presence of a thick glycolipid cell wall 

that serves as an effective gas diffusion barrier and hence limits the diffusion of O2 into the cell 

(Walsby 2007, Wolk and Elhai 1994). Respiration removes any O2 entering the heterocyst. 

 

Although the heterocyst provides a favorable environment for nitrogenase, N2 fixation in 

heterocystous cyanobacteria is affected by environmental conditions. In the natural environment, 

cyanobacteria may experience strong fluctuations of O2 concentrations and temperature. For 

instance, at daytime, blooms of cyanobacteria may become supersaturated with O2, while at night 

O2 may become depleted (Paerl and Bebout 1988, Ploug et al. 1997). Due to the absorption of 

light, the temperature in water blooms may change dramatically over a day-night cycle. 
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Temperature differences will also affect the concentration of dissolved O2 (Baranenko et al. 

1990). The effect of temperature on the rate of physiological processes is well-studied, but the 

combined effect of temperature and O2 on N2 fixation in heterocystous cyanobacteria has not 

been studied. This knowledge is pertinent to understanding the development of N2-fixing 

cyanobacterial blooms. Here, we investigated the combined effect of temperature and O2 on 

nitrogenase activity in two heterocystous cyanobacteria, Anabaena variabilis ATCC29413 and 

Nostoc sp. PCC7120.  

 

MATERIALS AND METHODS 

 

Culture  conditions. Axenic cultures of A. variabilis ATCC29413 and Nostoc sp. PCC7120 were 

obtained from the Culture Collection Yerseke (CCY9922 and CCY9626, respectively). A. 

variabilis and Nostoc sp. were grown in batch cultures in BGII medium (Rippka and Stanier 

1978). The medium was devoid of combined nitrogen. The cultures (350 mL) were grown 

homogenously in 690 mL tissue culture flasks with filter caps (TPP, Zollstrasse, Switzerland). 

The cyanobacteria were cultivated for 3 weeks prior to the experiments in an illuminated 

incubator (Snijders, model ECD01E, Tilburg, the Netherlands) under a 12-12 h light-dark cycle 

(irradiance between 25-30 µmol photons · m-2 
· s-1) at 27ºC.  

 

Online, near real-time measurement of acetylene reduction. Nitrogenase activity was measured 

using the acetylene reduction assay (ARA) (Hardy et al. 1968). The ARA was carried out by 

using an on-line, near real-time set-up connected to a sensitive laser-based photoacoustic 

ethylene detector (Sensor Sense, Nijmegen, The Netherlands) (Staal et al. 2001). Cultures were 

filtered onto 46 mm GF/F filters to provide a homogenous layer of cells (chlorophyll content per 

filter was 4 - 10 µg) sufficiently thin to prevent self-shading. The filter was placed in a custom-

made incubation chamber connected to a Peltier temperature regulation unit (Supercool, type nr: 

DA-075-24-02-00-00, Göteborg, Sweden). Four ml of growth medium was placed in the space 

below the filter support to ensure the filter was saturated with medium and prevented 

desiccation. The incubation chamber was connected to a flow of a gas mixture of N2, O2, CO2 

and C2H2 automatically produced by mass flow controllers (Brooks Instruments, 5850E, Ede, 

The Netherlands). Acetylene was routinely maintained at 10%. CO2 was premixed at 0.04% in 
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the N2 and O2. The concentration of O2 was varied in order to obtain the desired concentration 

and the flow was made up to 2 L · h-1 with N2. Gas mixtures (O2 and N2 with 0.04% CO2) were 

purchased from Hoek-Loos (The Netherlands) and acetylene was obtained from Messer (The 

Netherlands). Illumination was provided by a 250 W halogen lamp (model 460-F; Heinz Walz 

GmbH, Effeltrich, Germany). A computer program written in Testpoint (Capital Equipment 

Corporation, New Hampshire, US) was used to automatically control the gas mixtures, light 

intensity and temperature. 

 

Temperature changes at steady state O2 concentrations. Preliminary studies (not shown) 

indicated that at the growth temperature (27°C), nitrogenase in A. variabilis and Nostoc sp. was 

saturated by irradiances of 130 µmol photons · m-2 
· s-1. Above 42°C, nitrogenase activity was 

completely inhibited in both strains. The light response curves of nitrogenase activity were 

therefore recorded at four temperatures (27°C, 36°C, 39°C and 42°C) at four steady state O2 

concentrations (20%, 10%, 5% and 0%). ARA was measured at 10 light levels from 0-130 µmol 

photons · m-2 
· s-1. The light response curves were routinely recorded first with increasing light 

(after a dark adaptation period of 6 minutes) and then with decreasing light. Each light level took 

3 min and one complete light response curve took ~1 h. Temperature and O2 concentration were 

automatically changed. All measurements were done on the same sample. The robustness of the 

system has been shown previously (Staal et al. 2001). The light response curves (only the curves 

recorded with decreasing light) were fitted in SigmaPlot (Systat Software Inc., Richmond USA), 

using the rectangular hyperbola model (Fig. 2) as described by Staal et al. (2002): 

NI = Nm [αI/(Nm+αI)] + Nd  

NI represents the rate of nitrogenase activity at a given irradiance, I. Nm, and Nd refer to the 

maximum light dependent nitrogenase activity at saturating light and the dark nitrogenase 

activity, respectively. α is the light affinity coefficient. At saturating irradiance NI equals Ntot 

which is the sum of Nm and Nd. The quality of the fitted curves was r2 > 0.95. 

The temperature dependency coefficients of nitrogenase activity were calculated using 

the formula of Bayne and Newell (1983):  

Q10 = (R2/R1)
 [10/T

2
-T

1
]  

R2 and R1 are the rates of the reaction at temperatures T2 and T1, respectively. 
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Chlorophyll a determination. At the end of an experiment, the GF-F filters containing the 

cyanobacteria were frozen at -20°C until chlorophyll analysis. Chlorophyll a was extracted in 5 

mL 100% methanol for 20 minutes at 70°C. Chlorophyll a content was calculated as described 

by Porra et al. (1989). 

 

RESULTS 

 

Fig. 1 depicts the light response curves for nitrogenase activity in A. variabilis 

ATCC29413 and Nostoc sp. PCC7120 recorded at 20% O2 and at 27°C, 36°C, 39°C and 42°C. 

The curves show in both strains a gradual increase of nitrogenase activity with temperature. In 

both strains nitrogenase activity was completely inhibited at temperatures above 42°C (not 

shown). In Nostoc sp. the optimum temperature for nitrogenase activity was 39oC and activity 

was severely inhibited at 42°C. This was however a combined effect of O2 and temperature. At 

O2 concentrations below 20% nitrogenase activity was high at 42oC and at 0% O2 42oC resulted 

in the highest nitrogenase activity in Nostoc sp. 

 

 
 

Figure 1. Light response curves of nitrogenase activity in A. variabilis ATCC29413 (A) and Nostoc sp. PCC7120 

(B). The O2 concentration was fixed at 20% and measurements were done at various temperatures. Symbols: ● = 

27°C, ○ = 36°C, ▼= 39°C, ∆ = 42°C.  
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Recording light response curves of nitrogenase activity provides crucial information on 

the physiology of the organism and on the limiting factors of N2 fixation. Important parameters 

are derived from the fits of the light response curves of nitrogenase activity using the rectangular 

hyperbola model (Staal et al. 2002) (Fig. 2).  Nm represents the maximum light dependent 

nitrogenase activity at saturating light; Nd is the dark nitrogenase activity which is supported by 

respiration, and the light affinity coefficient (α), which is the initial slope of the light response 

curve (Fig. 2). From these parameters Ntot, Ntot/Nd and Ik can be calculated. The total nitrogenase 

activity at saturating irradiances, Ntot, equals the sum of Nm and Nd. 

 

 

 

 

 

Figure 2.  Light response curve of A. variabilis ATCC29413 fitted with rectangular hyperbola model as described 

by Staal et al. (2002), experiment conditions were 27°C and 20% O2 concentration. α (µmol C2H4 · mg-1 Chl a · h-

1(µmol photons · m-2 
· s-1)-1) is the light affinity coefficient. Nm (µmol C2H4 · mg-1 Chl a · h-1) represents the maximum 

light dependent nitrogenase activity. Nd (µmol · mg-1 Chl a · h-1) refers to the dark nitrogenase activity. Ntot (µmol 

C2H4 · mg-1 Chl a · h-1), the sum of Nm and Nd, represent the potential nitrogenase activity at saturating irradiances. 

The ratio Ntot/Nd describes the part of nitrogenase activity that depends on light. Ik (Nm/α) (µmol photons · m-2 
· s-1), 

is the light saturation coefficient and represents the photon irradiance at which Nm would be reached when a linear 

relationship between light and nitrogenase activity existed. 
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The ratio Ntot/Nd, represents the portion of nitrogenase activity that is dependent on light energy 

and Ik (Nm/α), is the light saturation coefficient and represents the photon irradiance at which Nm 

would be reached when nitrogenase activity increased linearly with light. Ntot/Nd and Ik are 

biomass independent parameters and therefore reflect the processes in the N2-fixing cell 

(heterocyst).  

 

Table 1 and 2 list the values of the fitted and calculated parameters (Nm, Nd, α, Ntot, 

Ntot/Nd and Ik), derived from the light response curves recorded at 27°C, 36°C, 39°C and 42°C at 

different steady state concentrations of O2  (20%, 10%, 5% and 0%) in A. variabilis and in 

Nostoc sp., respectively.  

 

Table 1.  Fitted parameters of the light response curve of A. variabilis at four different temperatures (27°C, 36°C, 

39°C, 42°C) and at various steady state O2 concentration(20%, 10%, 5% and 0%) 

 

Oxygen 

concentration 

Temperature 

(°C) 

α Nm Nd Ntot 

 

Ntot/Nd Ik 

27 0.22 ± 0.03 5.84 ± 0.28 7.15 ± 0.155 13.00 1.816 26.79 

36 0.63 ± 0.10 16.20 ± 0.87 13.23 ± 0.51 29.44 2.22 25.45 

39 0.71 ± 0.09 24.19 ± 1.24 15.61 ± 0.57 39.81 2.54 34.11 

20% 

 

42 0.84 ± 0.06 27.67 ± 0.77 13.92 ± 0.37 41.59 2.98 32.87 

        

27 1.20 ± 0.23 21.15 ± 1.17 11.30 ± 0.83 32.46 2.87 17.57 

36 1.02 ± 0.10 54.37 ± 2.70 12.96 ± 0.80 67.34 5.19 53.02 

39 1.00 ± 0.08 67.18 ± 3.34 12.62 ± 0.74 79.818 6.32 67.16 

 

10% 

42 1.97 ± 0.25 72.73 ± 6.72 14.17 ± 0.04 86.913 6.13 36.74 

        

27 1.26 ± 0.40 34.67 ± 3.60 19.93 ± 1.97 54.61 2.73 27.51 

36 1.42 ± 0.21 106.84 ± 10.83 35.81 ± 2.09 142.66 3.98 75.22 

39 1.40 ± 0.20 208.87 ± 37.93 44.72 ± 2.70 253.60 5.67 149.70 

 

5% 

42 2.42 ± 0.30 204.61 ± 17.76 38.27 ± 2.94 242.90 6.34 84.33 

        

27 3.92 ± 0.34 141.51 ± 4.73 3.60 ± 2.09 145.12 40.20 36.04 

36 3.24 ± 0.29 315.21 ± 23.66 5.06 ± 3.21 320.27 63.21 97.24 

39 4.04 ± 0.65 318.50 ± 35.24 4.91 ± 6.41 323.41 65.74 78.71 
0% 

42 4.87 ± 0.47 272.40 ± 42.65 16.72 ± 11.91 289.13 17.28 55.88 
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Table 2. Fitted parameters of the light response curve of Nostoc sp. at four different temperatures (27°C, 36°C, 

39°C, 42°C) and at various steady state O2 concentration(20%, 10%, 5% and 0%). 

 

Oxygen 

concentration 

Temperature 

(°C) 

α Nm Nd Ntot 

 

Ntot/Nd Ik 

27 0.27 ± 0.22 2.87 ± 0.60 5.13 ± 0.50 7.99 1.56 10.50 

36 0.40 ± 0.10 5.94 ± 0.34 7.78 ± 0.25 13.72 1.76 15.30 

39 0.38 ± 0.05 7.43 ± 0.32 6.80 ± 0.21 14.22 2.10 19.63 

20% 

 

42 0.05 ± 0.01 2.43 ± 0.25 1.40 ± 0.10 3.82 2.73 44.96 

        

27 0.42 ± 0.57 2.10 ± 0.75 4.15 ± 0.67 6.25 1.50 5.01 

36 0.75 ± 0.13 12.40 ± 0.61 8.13 ± 0.45 20.53 2.52 16.48 

39 0.82 ± 0.12 22.54 ± 1.10 10.07 ± 0.60 32.62 3.24 27.37 

 

10% 

42 0.76 ± 0.10 20.44 ± 0.80 7.37 ± 0.45 27.82 3.77 26.75 

        

27 0.81 ± 0.26 19.47± 1.96 7.79 ± 1.20 27.27 3.50 23.90 

36 0.92 ± 0.27 38.04 ± 4.66 8.91 ± 1.82 46.95 5.27 41.02 

39 0.54 ± 0.10 51.60 ± 7.08 14.41 ± 1.00 66.01 4.58 94.09 

 

5% 

42 1.06 ± 0.15 45.11 ± 2.78 13.52 ± 1.05 58.63 4.33 42.26 

        

27 2.64 ± 0.53 55.43 ± 3.34 3.04 ± 2.19 58.48 19.20 20.93 

36 2.24 ± 0.28 143.16 ±  0.26 2.44 ± 2.44 145.61 59.51 63.76 

39 2.57 ± 0.30 160.94 ± 10.92 1.83 ± 2.66 162.77 88.88 62.51 
0% 

42 2.42 ± 0.37 244.29 ± 32.35 3.65 ± 4.17 247.94 67.85 100.89 

 

 

Nm, Nd, Ntot and Ntot/Nd of A. variabilis and Nostoc sp. are plotted against O2 concentration in Fig. 

3 and 4, respectively. Nitrogenase activity in A. variabilis is highest at 39-42oC, depending on 

the O2 concentration. Nostoc sp. shows highest nitrogenase activities at 39oC, except at 0% O2 

when the highest activity is at 42oC. This is remarkable because at this temperature nitrogenase 

activity was severely inhibited when measured at 20% O2. In general, increasing temperature and 
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decreasing O2 concentrations increased nitrogenase activity (Ntot) (Fig. 3C and 4C), which was 

mainly driven by Nm (Fig. 3A and 4A). 

 

 

Figure 3.  Fitted parameters of light response curves of nitrogenase activities in A. variabilis ATCC29413 at 

various temperatures and O2 concentrations: A. light dependent nitrogenase activity (Nm), B. dark nitrogenase 

activity (Nd), C. potential nitrogenase activity (Ntot), and D. the ratio Ntot/Nd as functions of O2 concentration. 

Symbols: ● = 27°C, ○ = 36°C, ▼= 39°C, ∆ = 42°C. 

 

This was not the case with Nd which showed an optimum O2 concentration of 5% for both strains 

and very low rates at 0% O2, which was attributed to the very low levels of O2 (Fig. 3B and 4B). 

Ntot/Nd also increased with decreasing O2 (Fig. 3D and 4D).  
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Figure 4. Fitted parameters of light response curves of nitrogenase activities in Nostoc sp. PCC7120 at various 

temperatures and O2 concentrations: A. light dependent nitrogenase activity (Nm), B. dark nitrogenase activity (Nd), 

C. potential nitrogenase activity (Ntot), and D. the ratio Ntot/Nd as functions of O2 concentration. Symbols: ● = 27°C, 

○ = 36°C, ▼= 39°C, ∆ = 42°C. 

 

The very high ratios at 0% O2 were due to the very low Nd and very high Nm and therefore they 

were not taken into account for the calculation of the average Ntot/Nd (Table 3). The overall 

averages of Ntot/Nd showed little variation, meaning that the contributions of light and dark 

nitrogenase activities varied largely by the same order of magnitude.  
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Table 3. Average Ntot/Nd for Anabaena variabilis ATCC29413 and Nostoc sp. PCC7120 

 

Ntot/Nd Anabaena Nostoc 

All average 

 

4.1 ± 1.7 3.1 ± 1.3 

20% O2 2.4 ± 0.5 2.0 ± 0.5 

10% O2 5.1 ± 1.6 2.8 ± 1.0 

5% O2 4.7 ± 1.6 4.4 ± 0.7 

 

The average Ntot/Nd of A. variabilis and Nostoc sp. were 4.1 ± 1.7 and 3.1 ± 1.3, respectively 

(Table 3). This means that in A. variabilis and Nostoc sp. respectively 25 and 33% of the 

nitrogenase activity is supported by respiration. The ratio increased with decreasing O2, which 

can be explained by lower respiration and higher light-dependent nitrogenase activity. In both 

cyanobacteria Ntot/Nd also increased with temperature (Table 1 and 2). Although both Nm and Nd 

increased with temperature, the increase of the former was larger. The increasing importance of 

Nm with decreasing O2 and increasing temperature was also reflected in the values of α and of Ik 

(Table 4 and 5).  

 

Table 4. Average values of alpha (α) for Anabaena variabilis ATCC29413 and Nostoc sp. PCC7120 

 

α Anabaena Nostoc 

All average 

 

1.17 ± 0.60 0.60 ± 0.30 

20% O2 0.60 ± 0.27 0.28 ± 0.16 

10% O2 1.30 ± 0.46 0.69 ± 0.18 

5% O2 1.63 ± 0.53 0.83 ± 0.22 

0% O2 4.02 ± 0.67 2.47 ± 0.18 

 

The average α of A. variabilis and Nostoc sp. was 1.2 ± 0.6 and 0.6 ± 0.3 µmol C2H4 · mg-1 Chl a 

· h-1 (µmol photons · m-2 
· s-1) respectively. These differences are minor considering the large 

standard deviations. The same is true for Ik. The average Ik for nitrogenase activity in A. 

variabilis and Nostoc sp. was 52.5 ± 37.4 and 30.6 ± 23.7 µmol photons · m-2 
· s-1 respectively, 

and an average of 47 ± 33 µmol photons · m-2 · s-1 for both organisms.     
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Table 5. Average values of Ik for Anabaena variabilis ATCC29413 and Nostoc sp. PCC7120 

 

Ik Anabaena Nostoc 

All average 

 

52.5 ± 37.4 30.6 ± 23.7 

20% O2 29.8 ± 4.3 22.6 ± 15.4 

10% O2 43.6 ± 21.4 18.9 ± 10.5 

5% O2 84.2 ± 50.3 50.3 ± 30.4 

0% O2 67.0 ± 26.7 62.0 ± 32.7 

 

The results show that Nm increases more with temperature relative to Nd. The average Q10 of Nm 

in A. variabilis and Nostoc sp. was 3.0 ± 0.5 and 3.6 ± 2.4 and for Nd it was 1.6 ± 0.4 for both 

strains (Table 6). This means that Nm increases about twice as much as Nd.    
 

 

Table 6.  Q10 values of light dependant nitrogenase activity (Nm), dark nitrogenase activity (Nd) and potential 

nitrogenase activity (Ntot) of A. variabilis and Nostoc sp. at temperature range 27°C-36°C. A. variabilis and Nostoc 

sp. were preliminarily grown at 27°C. 

 

DISCUSSION 

 

The combined effect of temperature and O2 on nitrogenase activity was investigated in 

two heterocystous cyanobacteria, A. variabilis and Nostoc sp. by recording light response curves 

using an automatic on-line set-up for acetylene reduction assay combined with a sensitive laser 

photoacoustic ethylene detector. 

At saturating light, nitrogenase is either limited by the amount of active enzyme in the 

heterocyst or by the supply of electrons, but not by energy (ATP). Because nitrogenase activity 

20%  10%  5%  0% 
Organism 

Nm Nd Ntot  Nm Nd Ntot  Nm Nd Ntot  Nm Nd Ntot 

A. variabilis 3.11 1.98 2.48  2.85 1.16 2.25  3.50 1.92 2.90  2.43 1.46 2.41 

Nostoc sp. 2.24 1.60 1.82  7.21 2.11 3.75  2.10 1.16 1.82  2.87 - 2.75 
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increased when the O2 concentration was decreased (Fig. 3C and 4C) it is consistent with 

limitation by reducing equivalents rather than by a limiting amount of enzyme. At lower O2 

concentrations, fewer reducing equivalents are required for the scavenging of the oxygen and 

more are available for the reduction of N2 (in this case, the reduction of acetylene to ethylene). 

The increase of nitrogenase activity with increasing temperature can be explained by a higher 

rate of the enzymatic reaction itself. Only at the highest nitrogenase activity measured at the 

lowest O2 concentration a limitation of the amount of enzyme can not be excluded.     

The overall averages of Ntot/Nd show little variation (Table 3), meaning that the 

contributions of light and dark nitrogenase activities vary on the same order. The average Ntot/Nd 

for A. variabilis and Nostoc sp. are about 4 and 3, respectively. This means that respectively 25% 

and 33% of the nitrogenase activity is governed by respiration (Prosperi 1994). Values of Ntot/Nd 

for heterocystous cyanobacteria are remarkably constant and range from 2-5 (Staal et al. 2003). 

These authors reported values of 2.18 for Nostoc sp. PCC 7120 and 3.49 for Anabaena variabilis 

ATCC29413, which are within the range reported here. Staal et al. (2003) presumed that 

heterocystous cyanobacteria adjust the Ntot/Nd to a value within a narrow range as an optimum. It 

is, however, not understood why a specific ratio would be optimal for the organism. 

Theoretically, nitrogenase could be fully driven by respiration but an Ntot/Nd of 1 has not been 

reported yet. There will be a trade-off between the synthesis of the heterocyst cell envelope and 

its efficiency as a gas diffusion barrier. With a cell envelope that is more efficient also less N2 

would enter the heterocyst.  

At 0% O2, Ntot/Nd would be theoretically infinite because Nd would be zero. Our system 

does not fully exclude O2, even when the mass flow controller for O2 is switched off. Previously, 

it was estimated that ~1% O2 is present (Staal et al. 2007), and as a result low values of Nd are 

obtained and, hence, very high Ntot/Nd ratios. The higher light dependent nitrogenase activity 

(Nm) at lower O2 concentrations relative to the dark rates is also reflected in the higher values of 

α and Ik (Tables 4 and 5), which are light-dependent parameters and obscured by Nd. Obviously, 

low O2 diminishes the demand for reducing equivalents for respiration.  

The variations of Nd and of Ntot/Nd are small compared to what one would expect from 

the large differences in O2 concentrations that were applied. The flux of O2 into the heterocyst is 

expected to be a function of its external concentration (inside the heterocyst the concentration of 

O2 must be close to zero). All O2 needs to be respired (this is required in order to allow 
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nitrogenase activity), consequently consuming reducing equivalents and generating ATP. In the 

dark, at high O2 there may be plenty of ATP but a low availability of electrons and at low O2 the 

opposite would be the case. We would therefore expect an inverse relationship of Nd and O2. 

However, this was not the case. There is a clear optimum for Nd at 5% O2 (Fig. 3B and 4B) while 

at higher O2 Nd remained largely constant. This could hint of a dynamic regulation of the flux of 

O2 into the heterocyst (Walsby 2007). In Trichodesmium also an optimum of Nd was observed at 

5% O2 albeit only at low irradiances (Staal et al. 2007). However, in this cyanobacterium Nd 

decreased with increasing O2. In the light it is expected that the photosynthetic activity of the 

neighboring vegetative cells causes an increase transport of carbohydrate to the heterocyst.          

There is also some increase of Ntot/Nd with increasing temperature. The reason for this 

increase is that Nm increases more with increasing temperature than Nd. The average Q10 of Nm is 

3.0 and 3.6 for Anabaena and Nostoc, respectively, while Nd  is 1.6 for both strains (Table 6). At 

a constant O2 we would not expect much change in dark nitrogenase activity with temperature. 

The external concentration of O2 determines the flux of oxygen into the heterocyst which would 

have a Q10 of ~1.1 (Stal 2009). The higher Q10 for Nd seen here would mean that the flux of O2 

into the heterocyst increased in order to yield more respiratory energy and this could infer a 

dynamic regulation of the O2 flux as suggested by Walsby (2007). The higher temperature would 

also increase the rate of decomposition of carbohydrate and thereby the availability of electrons. 

The value below the theoretical Q10 of 2, indicates that the O2 flux into the heterocyst is limiting. 

Values of Q10 above 2 may hint to the involvement of physical changes, rather than purely 

biochemical processes such as diffusion constants and a dynamic regulation of the gas influx (of 

N2 but in this particular case rather of acetylene and ethylene).          

The results obtained in this work may be relevant in the light of global change. The 

increase in temperature resulted in a higher light-dependent part of nitrogenase activity (Nm). 

Increasing temperature also leads to lower oxygen solubility and we have demonstrated that this 

also contributed to higher Nm. However, these effects say something about the physiology of N2 

fixation but not on its actual rate. In fact, heterocystous cyanobacteria could increase the daily 

fixation of N2 most efficiently by increasing the light-independent fixation of N2 (Nd) (Stal 2009). 

Paerl and Huisman (2008) concluded that cyanobacterial blooms are stimulated by elevated 

temperature but this is unlikely due to an increase in N2 fixation. The effects of temperature are 

complex. Stal and Walsby (2000) argued for instance that the effect of the increase of 
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temperature on the formation is indirect by stabilizing the water column, which together with the 

buoyancy of the cyanobacteria increased their daily light availability and thereby their daily 

depth integrated primary productivity. 

There was little difference between Nostoc and Anabaena and this might hint of a more 

general applicability of the conclusions of this research. The small differences such as those 

observed in the specific nitrogenase activity and the upper limit of temperature may be species 

specific, but they may also be due to different stages of growth, different photosynthesis 

characteristics (light harvesting, photosynthetic reaction centers, quantum yield, non-

photochemical quenching, etc.), different transport kinetics of carbohydrate to the heterocyst, or 

to different heterocyst frequencies.  

We conclude that in heterocystous cyanobacteria N2 fixation is predominantly controlled 

by the availability of reducing equivalents in the heterocyst and that there might be a dynamic 

regulation of gas transport in and out the heterocyst as a result of external O2 concentrations and 

temperature.  
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ABSTRACT 

 

Cyanobacteria capable of fixing dinitrogen exhibit various strategies to protect nitrogenase from 

inactivation by oxygen. The marine Crocosphaera watsonii WH8501 and the terrestrial 

Gloeothece sp. PCC6909 are unicellular diazotrophic cyanobacteria that are capable of aerobic 

nitrogen fixation. These cyanobacteria separate the incompatible processes of oxygenic 

photosynthesis and nitrogen fixation temporally, confining the latter to the dark. Although these 

cyanobacteria thrive in fully aerobic environments and can be cultivated diazotrophically under 

aerobic conditions, the effect of oxygen is not precisely known due to methodological limitations.   

Here we report the characteristics of nitrogenase activity with respect to well-defined levels of 

oxygen to which the organisms are exposed, using an on-line and near real-time acetylene 

reduction assay combined with sensitive laser-based photoacoustic ethylene detection. The 

cultures were grown under an alternating 12-12 h light-dark cycle and acetylene reduction was 

recorded continuously. Acetylene reduction was assayed at 20%, 15%, 10%, 7.5%, 5% and 0% 

oxygen and at photon flux densities of 30 and 76 µmol m-2s-1 provided at the same light-dark 

cycle as during cultivation. Nitrogenase activity was predominantly but not exclusively confined 

to the dark. At 0% oxygen nitrogenase activity in Gloeothece sp. was not detected during the dark 

and was shifted completely to the light period, while C. watsonii did not exhibit nitrogenase 

activity at all. Oxygen concentrations of 15% and higher did not support nitrogenase activity in 

neither of the two cyanobacteria. Highest nitrogenase activities were at 5-7.5% oxygen. Highest 

nitrogenase activities in C. watsonii and Gloeothece sp. were observed at 29°C. At 31°C and 

above, nitrogenase activity was not detected in C. watsonii while the same was the case at 41°C 

and above in Gloeothece sp. The differences in the behavior of nitrogenase activity in these 

cyanobacteria are discussed with respect to their presumed physiological strategies to protect 

nitrogenase from oxygen inactivation and to the environment in which they thrive. 
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INTRODUCTION 

 

Cyanobacteria are oxygenic photoautotrophic prokaryotes that can be found in virtually 

any illuminated environment on Earth. Many species of cyanobacteria are capable of fixing N2 

(Bergman et al., 1997). This is an important property because it gives access to the largest pool of 

nitrogen on Earth, which is after carbon the most important element for life. N2 fixation is found 

only among Bacteria and Archaea, but not among Eukarya, except in symbiotic relationships 

with prokaryotes (Zehr et al., 2003). Nitrogenase catalyzes the reduction of N2 to NH3, which is 

subsequently assimilated and used for the synthesis of structural cell material. Nitrogenase 

activity requires a large amount of ATP and reducing equivalents (Gallon, 1992). As oxygenic 

phototrophs, cyanobacteria have ample supply of these requirements for N2 fixation. However, 

nitrogenase is extremely sensitive to O2 which causes irreversible inactivation of the enzyme 

(Gallon, 1992). Hence, nitrogenase activity should be incompatible with the O2 evolving 

photosynthetic mode of life of cyanobacteria. However, N2-fixing cyanobacteria evolved a 

variety of different mechanisms to circumvent the incompatibility between N2 fixation and 

oxygenic photosynthesis as well as protecting nitrogenase against O2 (Gallon, 1992; Bergman et 

al., 1997)  

 Some filamentous cyanobacteria separate O2-evolving photosynthesis spatially from N2 

fixation which is confined to heterocysts, differentiated cells that have lost photosystem II and 

possess a thick glycolipid cell wall that serves as a gas diffusion barrier that limits the influx of 

O2 (Adams, 2000; Walsby, 2007). Non-heterocystous N2-fixing cyanobacteria have developed 

other strategies. While most of them avoid the problem by fixing N2 only under anaerobic or 

micro-aerobic conditions, some filamentous and unicellular cyanobacteria separate N2 fixation 

temporally from photosynthesis by confining the former to the dark (Bergman et al., 1997). The 

marine Crocosphaera watsonii WH8501 and the terrestrial Gloeothece sp. PCC6909 are 

examples of unicellular diazotrophic cyanobacteria that use temporal separation of N2 fixation 

and O2-evolving photosynthesis (Millineaux et al., 1981; Tuit et al., 2004). A large amount of 

research has been conducted on the mechanisms by which Gloeothece sp. is capable of fixing N2 

under aerobic and oxygenic photosynthetic conditions and how it protects nitrogenase from 

inactivation by O2 (Stephens et al., 2003). Despite this, the enigma of aerobic N2 fixation in 

Gloeothece sp. has not been completely elucidated. For instance, the concept of temporal 



Chapter 3 
 
 

38 

separation was challenged by Ortega-Calvo and Stal (1991) who showed that Gloeothece sp. 

fixed N2 in the light when grown in continuous culture. Much less is known about N2 fixation by 

the marine C. watsonii.    

Here, we applied an on-line, real-time set-up for the acetylene reduction assay (ARA) 

using a highly sensitive laser-based ethylene detector (Staal et al., 2001) in order to investigate 

the effect of O2 on nitrogenase activity in C. watsonii and Gloeothece sp. We also applied two 

different light levels and investigated the effect of temperature. Higher temperatures may increase 

the rate of respiration, and this would possibly increase the tolerance to O2. Higher light would 

possibly lead to a higher level of storage carbohydrate that could fuel the respiration.  

The two unicellular cyanobacteria were selected because they seem to exhibit the same 

strategy of temporal separation of N2 fixation and photosynthesis, although they thrive in very 

different environments. The aim of this work was to discover differences in the daily patterns of 

N2 fixation that could be explained by the different ecology of these cyanobacteria.         

 

MATERIALS AND METHODS 

 

Culture conditions. Axenic cultures of Crocosphaera watsonii WH8501 and sheathed strain 

Gloeothece sp. PCC6909 were obtained from the Culture Collection of Yerseke, CCY 0601 and 

CCY 9620, respectively. C. watsonii and Gloeothece sp. were grown in batch cultures in artificial 

seawater modified YCBII medium (Chen et al., 1996) and freshwater BGII medium (Rippka et 

al., 1979), respectively, and both media were devoid of a source of combined nitrogen. The 

cultures (350 ml) were grown homogenously in 690 ml tissue culture flasks with filter screw caps 

(TPP, Zollstrasse, Switzerland). The cyanobacteria were cultivated for 3 weeks in an illuminated 

incubator (Snijders model ECD01E, Tilburg, the Netherlands) under a 12-12 h light-dark cycle 

(irradiance between 25-30 µmol photons m-2 s-1) at 27ºC.  

 

Nitrogenase activity. Nitrogenase activity was measured in actively growing cultures using the 

acetylene reduction assay (ARA) (Hardy et al., 1968). ARA was carried out using an on-line, 

near real-time set-up connected to a sensitive laser-based photoacoustic ethylene detector (LPA) 

(Staal et al., 2001). Cultures were filtered onto 46 mm GF/F glass fiber filters as a homogenous 

thin layer of cells (chlorophyll content per filter was 4 - 10 µg) which prevented self-shading. 

The filter was placed in a custom-made incubation chamber (Staal et al., 2001) connected to a 
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Peltier temperature regulation unit (Supercool, type nr: DA-075-24-02-00-00, Goteborg, 

Sweden). Underneath the filter, 4 ml of growth medium was placed in the space below the filter 

support. This ensured the filter to be saturated with water and prevented desiccation. The 

incubation chamber was connected to a flow of a gas mixture of N2, O2, CO2 and C2H2 

automatically produced by mass flow controllers (Brooks Instruments, 5850E, Ede, The 

Netherlands). Acetylene was routinely kept at 10%. CO2 was premixed at 0.04% in the N2 and 

O2. The concentration of O2 was varied to obtain the desired concentration and the flow was 

made up to 2 L h-1 with N2. Gas mixtures (O2 and N2 with 0.04% CO2) were purchased from 

Hoek-Loos (The Netherlands) and acetylene was obtained from Messer (The Netherlands). 

Illumination was provided by a 250 W halogen lamp (model 460-F; Heinz Walz GmbH, 

Effeltrich, Germany). A computer program written in Testpoint (Capital Equipment Corporation, 

New Hampshire, US) was used to automatically control the gas mixtures, light intensity and 

temperature. The experiments were carried out at six O2 concentrations (20%, 15%, 10%, 7.5%, 

5% and 0%) using one single sample of the culture. These experiments were done at two light 

intensities (30 and 76 µmol photons m-2s-1). The two light intensities were tested on different 

samples from the same cultures. Similarly, six temperatures were tested on a single sample of the 

culture (27°C, 29°C, 31°C, 35°C, 38°C, 41°C) at 7.5% O2 (which was shown to be the optimum 

concentration) under a photon flux density of 30 µmol m-2s-1 (the light intensity applied for 

growth of the culture). The cultures were sampled while they were at 6-8 h into the light period 

and put into the experimental set-up continuing the 12-12 h light-dark cycle of the culture. ARA 

was subsequently recorded for 24 h. Light- dark- and 24h integrated nitrogenase activities were 

calculated from acetylene reduction rates. 

 

Chlorophyll a determination. After terminating the experiment, the GF-F filters containing the 

cyanobacteria were frozen at -20°C until chlorophyll analysis. Chlorophyll a was extracted in 5 

ml 100% methanol for 20 minutes at 70°C. Chlorophyll a content was calculated as described by 

Porra et al. (1989).  

 

Cell counting. Cells were filtered on a 0.2 µm polycarbonate filter (25 mm) supported by a 0.2 

µm nitrocellulose membrane filter to prevent leaking and subsequently counted by light 

microscopy at magnification of 40. Prior to filtration of Gloeothece, the culture was mildly 
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sonicated (3 cycles of 20 s on; 10 s off) which disrupted the aggregates in order to obtain single 

cells. For each culture 3 filters were prepared and from each filter 5 areas were counted (100-300 

cells per area). The error was less than 5%.   

 

RESULTS 

 

Nitrogenase was not detected in C. watsonii or Gloeothece sp. at O2 concentrations 

exceeding 10% (tested concentrations were 15 and 20%). This was the case at both tested light 

intensities of 30 and 76 µmol photons m-2s-1 (results not shown). In both strains, nitrogenase 

activity was detected at 5, 7.5 and 10% O2. The patterns of nitrogenase activity in both strains 

were the same for both tested light intensities of 30 and 76 µmol photons m-2s-1. However, the 

two strains differed considerably in their response to O2 and the pattern of nitrogenase activity 

during the light-dark cycle. The highest nitrogenase activities were measured in Gloeothece sp. at 

5% O2 being 1360 nmol C2H4 cell-1 and 1928 nmol C2H4 cell-1  at 30 and 76 µmol photons m-2s-1, 

respectively (Table 1). In C. watsonii, the highest nitrogenase activities were at 7.5% O2 under 30 

µmol photons m-2s-1
 with 663 nmol C2H4 cell-1 and at 5% O2 and 76 µmol photons m-2s-1

 with 95 

nmol C2H4 cell-1 (Table 1).  

The pattern of nitrogenase activity during the light-dark cycle varied considerably between the 

two species as well as their responses to O2 concentration and light intensity (Fig. 1 - 4). 

Nitrogenase activity in C. watsonii was induced during the late dark phase, 3 - 6 h after the light 

was switched off. Nitrogenase activity continued into the subsequent light period but it then 

decreased quickly to zero. At 5% O2, nitrogenase activity in the light increased by 12.7% at 30 

µmol photons m-2s-1 and was 3 times higher at 76 µmol photons m-2s-1 (Table 1). The pattern of 

nitrogenase activity during the light-dark cycle varied considerably between the two species as 

well as their responses to O2 concentration and light intensity (Fig. 1 - 4). Nitrogenase activity in 

C. watsonii was induced during the late dark phase, 3 - 6 h after the light was switched off. 

Nitrogenase activity continued into the subsequent light period but it then decreased quickly to 

zero, At 5% O2, nitrogenase activity in the light increased by 12.7% at 30 µmol photons m-2s-1 

and was 3 times higher at 76 µmol photons m-2s-1 (Table 1). In contrast  nitrogenase activity in 
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Table 1. Nitrogenase activity in Crocosphaera watsonii WH8501 incubated at different O2 concentrations (10%, 

7.5%, 5% and 0%) and light intensities (30 and 76 µmol photons m-2s-1). Light-, dark-, and 24h- integrated 

nitrogenase activities (nmol C2H4 cell-1) were calculated from acetylene reduction activity recorded during the 12h-

12h light-dark cycle at 27°C. 

 

Gloeothece sp. was induced immediately upon the onset of the dark phase or even during the 

preceding light period when O2 levels were below 10%. In both strains nitrogenase activity 

increased when O2 level decreased (Table 1). Nitrogenase activity was always higher in the dark 

when compared to the light except at 0% O2 (Table 1). C. watsonii did not exhibit any 

nitrogenase activity under anaerobic conditions while in Gloeothece sp. activity was confined to 

the light. Under these conditions, nitrogenase activities were 1028 and 752 nmol C2H4 cell-1 at 

irradiances of 30 and 76 µmol photons m-2s-1, respectively (Table 1). These activities were 24% 

and 60% lower (respectively at 30 and 76 µmol photons m-2s-1) than at 5% O2 (Table 1).  

Another important and consistent observation was the effect of the switch from dark to 

light or vice versa on nitrogenase activity in C. watsonii and Gloeothece sp. (Fig.1 - 2). In both 

strains the light switching on or off, caused an immediate but transient increase or decrease, 

respectively, of nitrogenase activity, reflecting the availability of light energy. These transient 

activity changes were larger when the O2 concentration was lower. This effect was also more 

pronounced at a photon flux density of 76 µmol m-2s-1, compared to the lower light intensity. In 

Gloeothece sp. at 5% O2, the high light intensity enhanced the 24-h integrated nitrogenase activity 

by ~40% (nitrogenase activity of 1928 nmol C2H4 cell-1) (Table 2). 

 

30 µmol photons m-2s-1  76 µmol photons m-2s-1 
%O2 

Light period Dark period Daily fixation  Light period Dark period Daily fixation 

10 42 95 138  7 12 19 

7.5 95 569 664  12 25 36 

5 107 223 330  33 62 95 

0 0 0 0  0 0 0 
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                      30 µmol photons m-2 s-1                                                                76 µmol photons m-2 s-1 

 

Figure 1. The response to O2 concentration of nitrogenase activity (solid line) in Crocosphaera watsonii WH8501 

under 30 and 76 µmol photons m-2 s-1 respectively at 12 h – 12 h light-dark cycle at constant temperature (27°C). 

The dotted lines indicate the change from light to dark and vice versa. Nitrogenase activity was measured at O2 

concentrations 10% (A), 7.5% (B), 5% (C) and 0% (D). 
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                        30 µmol photons m-2 s-1                                                                  76 µmol photons m-2 s-1 

 

Figure 2. The response to O2 concentration of nitrogenase activity (solid line) in Gloeothece sp.  PCC 6909 under 30 

and 76 µmol photons m-2 s-1 respectively at 12 h – 12 h light-dark cycle at constant temperature (27°C). The dotted 

lines indicate the change from light to dark and vice versa. Nitrogenase activity was measured at O2 concentrations 

10% (A), 7.5% (B), 5% (C) and 0% (D). 
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Table 2. Nitrogenase activity in Gloeothece sp. PCC 6909 incubated at different O2 concentrations (10%, 7.5%, 5% 

and 0%) and light intensities (30 and 76 µmol photons m-2s-1). Light-, dark-, and 24h- integrated nitrogenase 

activities (nmol C2H4 cell-1) were calculated from acetylene reduction activity recorded during the 12h-12h light-dark 

cycle at 27°C. 

 

 

 Moreover, in Gloeothece sp. at 7.5% and 5% O2 and under the high light intensity, nitrogenase 

activity was present during the whole 24h (dark and light) periods, which was not the case in C. 

watsonii (Fig. 1 – 2). In addition, the response of nitrogenase activity to temperature differed 

between C. watsonii and Gloeothece sp. The effect of temperature on nitrogenase activity in C. 

watsonii and in Gloeothece sp. was determined at an O2 concentration of 7.5% and a photon flux 

density of 30 µmol m-2s-1. These conditions were optimal for both strains (Fig. 1 – 4). We tested 

27°C (the growth temperature of both strains), 29°C, 31°C, 35°C, 38°C and 41°C. The results are 

depicted in tables 3 and 4. C. watsonii exhibited nitrogenase activity only at 27°C and 29°C. The 

highest nitrogenase activity was obtained at 29°C (524 nmol C2H4 cell-1) (Table 3).  

 

Table 3. Light-, dark-, and 24h- integrated nitrogenase activities (nmol C2H4 cell-1) in Crocosphaera watsonii 

WH8501 at different temperatures. Nitrogenase activities (nmol C2H4 cell-1) were recorded at 27°C, 29°C and 31°C 

under 30 µmol photons m-2s-1 and 7.5% O2. 

 

 

At temperatures above 29°C, nitrogenase activity in C. watsonii was not detected. Gloeothece sp. 

exhibited nitrogenase activity at temperatures up to 38°C (Table 4). No nitrogenase activity was 

30µmol photons m-2s-1  76µmol photons m-2s-1 
%O2 

Light period Dark period Daily fixation  Light period Dark period Daily fixation 

10 51 656 708  234 645 879 

7.5 68 1092 1160  236 1640 1876 

5 258 1102 1360  300 1629 1928 

0 1028 2 1030  753 0 753 

Temperature (oC) Light period Dark period Daily fixation 

27 75 250 325 

29 105 419 524 

31 0 0 0 
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observed at 41°C. The highest nitrogenase activity was found at 31°C (10 nmol C2H4 cell-1) 

(Table 4). Above 31°C, nitrogenase activity in Gloeothece sp. decreased.    

 

Table 4. Light-, dark-, and 24h- integrated nitrogenase activities (nmol C2H4 cell-1)  in Gloeothece sp. PCC 6909 at 

different temperatures. Nitrogenase activities were recorded at 27°C, 29°C, 31°C , 35°C, 38°C and 41°C under 30 

µmol photons m-2s-1 and 7.5% O2. 

 

Temperature (oC) Light period Dark period Daily fixation 

27 0.6 5.8 6.5 

29 1.3 7.0 8.3 

31 3.5 6.4 10.0 

35 1.3 3.5 5.0 

38 0.1 1.4 1.5 

41 0.0 0.0 0.0 

 

 

DISCUSSION 

 

 Although, C. watsonii and Gloeothece sp. can grow diazotrophically under aerobic 

conditions, the effect of oxygen on nitrogenase activity in these organisms is not well known. As 

shown in the figures 1-2, the level of O2 in the gas phase changed the patterns and rates of 

nitrogenase activity in both C. watsonii and Gloeothece sp. Similar to other diazotrophs, C. 

watsonii and Gloeothece sp. must have ways to protect nitrogenase from O2 inactivation by 

providing an anaerobic environment for nitrogenase. Unless one supposes that O2 is consumed as 

rapid as it is produced, oxygenic photosynthesis must occur separately from N2 fixation. In 

addition, the organism must have an efficient system allowing quick removal of any O2. While 

heterocystous cyanobacteria confine nitrogenase to anoxygenic heterocysts and, hence, use 

spatial separation, non-heterocystous cyanobacteria such as Crocosphaera and Gloeothece 

primarily separate N2 fixation temporally from oxygenic photosynthesis by confining the former 

to the night (Millineaux et al., 1981; Bergman et al., 1997; Berman-Frank et al., 2003). However, 

a variety of diazotrophic cyanobacteria can fix N2 only under anaerobic or micro-aerobic 

conditions (Rippka and Waterbury, 1977; Misra, 1999). While it appears that there is a range of 

tolerance concentrations of O2 in the so-called anaerobic N2-fixing cyanobacteria (Misra, 1999), 
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the actual tolerance of O2 in the aerobic N2-fixing strains such as C. watsonii and Gloeothece sp. 

has never been carefully investigated (Gallon and Hamadi, 1984). Moreover, the paradigm of 

temporal separation of oxygenic photosynthesis and N2 fixation in Gloeothece sp. has been 

challenged by Ortega-Calvo and Stal (1991), who demonstrated that this organism fixed N2 

during the light period when grown in continuous culture. Also, our observation that under 

anaerobic conditions N2 fixation in Gloeothece sp. was confined to the light period (Fig. 2) 

suggests that temporal separation of N2 fixation and photosynthesis is not a prerequisite for 

diazotrophic growth in this organism. Moreover, several studies showed that Gloeothece sp. is 

also capable of diazotrophic growth under continuous light (Gallon et al., 1974; Taniuchi et al., 

2008). These characteristics of Gloeothece sp. contrast strongly with Crocosphaera. We were 

unable to grow C. watsonii diazotrophically under continuous light (this work, results not shown). 

Based on the results of this investigation we expected that nitrogenase activity in C. watsonii is 

strictly separated from photosynthesis.  

Although both C. watsonii and Gloeothece confine N2 fixation basically to the dark phase, 

there were a number of striking differences in the patterns between the two strains. At 0% O2 C. 

watsonii did not show nitrogenase activity (Fig. 1). Obviously, in the dark without oxygen, 

respiration does not take place and therefore nitrogenase is not supplied with energy. 

Photosynthetic O2 evolution will prevent nitrogenase activity in the light. However, this was 

obviously not the case in Gloeothece sp. At 0% O2, nitrogenase activity took place exclusively in 

the light period (Fig. 2). If the paradigm of the incompatibility of oxygenic photosynthesis and N2 

fixation also holds for Gloeothece, we will have to conceive that at least fraction of the 

population of cells must have turned off oxygenic photosynthesis in order to allow nitrogenase 

activity. Gloeothece would thus have a fundamentally different strategy as Crocosphaera. We 

speculate that Gloeothece sp. may exhibit a combination of temporal and spatial separation of 

oxygenic photosynthesis and N2 fixation, analogous as what has been proposed for the 

filamentous, non-heterocystous cyanobacterium Trichodesmium (Berman-Frank et al., 2001). In 

the light, some of the cells may switch off oxygenic photosynthesis as determined by the nitrogen 

status of the cell (Stephens et al., 2003).     

We were surprised to find no nitrogenase activity at 15% O2 and higher in both strains. 

This was unexpected because both strains can be cultivated in liquid medium and on agar 

exposed to air. Also, in nature Crocosphaera is present in air-saturated seawater and Gloeothece 

is as a terrestrial species exposed to air. Gallon and Hamadi (1984) reported that Gloeothece 
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could fix N2 (acetylene reduction) at O2 partial pressures of up to even 0.7 atm (i.e. ~70%). 

However, these were concentrations applied to the gas phase while the cells were suspended in 

the medium. Hence, the O2 must diffuse into the medium and dissolve. Respiration may be 

sufficient fast to produce a gradient of O2 so that the actual concentrations the organisms were 

exposed to must have been considerably lower. Relevant is the O2 concentration that is actually 

‘seen’ by the organism but this is technically difficult to measure. Similarly, the concentration of 

O2 that is experienced by Crocosphaera may actually be lower than the dissolved amount in the 

bulk seawater. In our on-line set-up, the cells are brought on a glass fiber filter as a thin film that 

avoids any self shading. This film was exposed directly to the constant flow of gas with the pre-

set concentration of O2. Because the constant flow of the gas mixture, the concentration of O2 to 

which the cells are exposed is also constant and known (Staal et al., 2003b). We conclude 

therefore that the actual concentrations to which the cells of the N2-fixing Crocosphaera and 

Gloeothece are exposed in nature and in laboratory culture must be below 15%.           

 The other striking difference between the diel patterns of nitrogenase activity of 

Crocosphaera and Gloeothece is the point of time in the light-dark cycle at which nitrogenase 

activity is induced. In Gloeothece, this happens at the end of the light period (Fig. 2), whereas in 

Crocosphaera this consistently occurs several hours into the dark phase (Fig. 1). There is no 

indication that the diel patterns of nitrogenase activity in Gloeothece is under the control of a 

circadian clock and it seems more likely that nitrogenase activity is induced under influence of 

the metabolic status of the cell, notably by the cellular nitrogen quota (Stephens et al., 2003). For 

Crocosphaera the absence of oxygenic photosynthesis and the lowering of the intracellular 

oxygen concentration by dark respiration is obviously a prerequisite for the induction of 

nitrogenase activity and probably even for transcription and translation. It is not known whether 

this process is under the control of a circadian clock in Crocosphaera as it has been observed in 

Cyanothece (Toepel et al., 2008), but it seems not required to obtain this diel pattern of 

nitrogenase activity. 

 The patterns of nitrogenase activity of both cyanobacteria show an instantaneous increase 

and decrease upon the transition from the dark to the light and vice versa, respectively, indicating 

that nitrogenase activity is either energy- or electron limited. These instantaneous but transient 

changes were clearly larger and more pronounced at the higher light intensity and also at the 
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lower O2 concentrations. Both observations are consistent with the energy- or electron limitation 

of nitrogenase activity in both Crocosphaera and Gloeothece.  

 Even 10% O2 impaired nitrogenase activity in both strains and optimum was at 5 or 7.5%, 

depending on the light intensity. At the higher light intensity the O2 optimum for nitrogenase 

activity was lower in Crocosphaera (Table 1). Obviously, at the higher light intensity the cells 

produce more O2 but this happens in the period that there is no nitrogenase activity. The 

diazotrophic cell must be virtually anaerobic otherwise nitrogenase will be irreversibly 

inactivated. The higher the flux of O2 (from the gas flow or produced by photosynthesis) the 

larger the amount of reducing equivalents are required by respiration. These electrons are 

subsequently unavailable for reducing N2 (or acetylene in this case). Hence, it is most likely that 

nitrogenase activity is limited by the availability of reducing equivalents in the experiments 

described in this paper. 

 The daily (24-hour) integral of nitrogenase activity in Gloeothece shows values at 7.5 and 

5% O2, with slightly higher values at the lower concentration (Table 2). The reason that 0% O2 

yielded lower 24-h integrated nitrogenase activity (Table 2) was because the (almost) zero 

activity during the dark period. The light activities were clearly highest at 0% O2. This is 

obviously because of the competition for electrons between nitrogenase and respiration as 

explained above. In Gloeothece incubated at the higher light intensity, the 24-h integrated 

nitrogenase activities were higher (Table 2). However, this increase was mostly attributed to the 

higher nitrogenase activity during the dark (Table 2). Obviously, the higher light intensity 

resulted in an elevated storage of carbohydrates that was used for N2 fixation during the dark 

phase. For Crocosphaera this picture was completely different. The higher light intensity lead 

overall to lower nitrogenase activity and this was also true when the light and the dark phases 

were considered separately (Table 1). Crocosphaera is apparently sensitive to light and it is 

possible that even relatively low irradiances such as the 76 µmol photons m-2s-1 applied here 

could have impaired photosynthesis resulting in a lower storage of carbohydrates necessary for 

the fixation of N2 in the dark. The higher O2 evolution in the light would not have affected 

nitrogenase activity which occurred only during the dark, although it might have affected 

transcription of the nif genes, if this would already start in the light. Because it took several hours 

into the dark phase until nitrogenase activity appeared in Crocosphaera, it is plausible that 

transcription of the nif genes only started after the onset of the dark. We are unaware of any 

reports studying the photosynthetic characteristics of Crocosphaera. Together with the inability 
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of Crocosphaera to fix N2 at air levels of O2, the sensitivity of Crocosphaera to light may be 

important for the choice of habitat of this cyanobacterium in the oceans.              

 The narrow temperature limits for C. watsonii (Table 3) agree with the constant 

environment in which this organism thrives in which temperature fluctuations are minor. We 

have not measured nitrogenase activity below the growth temperature of 27oC. From our 

experiences, growth of C. watsonii below 27oC is poor or there is no growth at all. Also, from 

theoretical considerations aerobic diazotrophic growth of planktonic free-living non-

heterocystous cyanobacteria is not expected below this temperature, while it is equally prohibited 

by slightly higher temperatures (Staal et al., 2003a; Stal, 2009). However, it is unknown whether 

these temperature limits are specific for diazotrophic growth of C. watsonii or whether they hold 

equally well for growth at the expense of combined nitrogen.  

Gloeothece PCC 6909 has a much wider temperature range (Table 4), reflecting its habitat 

in which considerable temperature fluctuations are normal. Although its origin has not been well 

documented, strain PCC 6909 originates probably from a terrestrial soil. Gloeothece has also 

been documented from the entrance of a limestone cave where it formed a biofilm on the wall 

(Griffiths et al., 1987). Such biofilms or cyanobacterial mats are well-known for the steep and 

fluctuating O2 gradients to which Gloeothece may have adapted. Gloeothece PCC 6909 grows in 

colonies of several cells embedded in a polysaccharide sheath (Tease et al., 1991), quit different 

from C. watsonii which grows as single cells. An interesting speculation that may explain some 

of the observed differences between the two organisms could be that Gloeothece might contain 

diazotrophic non-photosynthetic and non-diazotrophic but photosynthetic cells within one 

aggregate. 

These results are likely to be of physiological and environmental relevance since this 

study shows the range of O2 concentration and temperature, C. watsonii and Gloeothece sp. 

might experience in nature. Furthermore, the narrow range of O2 concentration and temperature 

to which nitrogenase activity in these strains seems to be confined could be an important factor 

explaining the distribution of cyanobacteria in nature. However, the results observed with 

cultures in the laboratory may not always be easily extrapolated to nature. Environmental studies 

should be done to corroborate the results observed in this study and to understand the relevance 

of the different adaptations of C. watsonii and Gloeothece sp. that allow their diazotrophic 

growth in their respective environments.  
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ABSTRACT 

 

Cyanobacteria are the most abundant group of organisms that are capable of both N2 and 

CO2 fixation. Recently, unicellular diazotrophic cyanobacteria such as Crocosphaera watsonii 

have been recognized as important contributors to primary production and to the nitrogen budget 

in the tropical and sub-tropical ocean. Because N2 fixation is incompatible with oxygenic 

photosynthesis these processes occur temporally separated in these unicellular cyanobacteria, the 

former being confined to the night. To date little is known about how CO2 and N2 fixation are 

controlled and tuned to each other in unicellular cyanobacteria. Here, we report on time course 

measurements of nifH expression, N2 (
15N) and CO2 (

13C) fixation in C. watsonii during a period 

of 27 hours. The results show distinct daily patterns of these processes. For instance, nifH 

expression and N2 fixation were out of phase and we observed opposite patterns of CO2 and N2 

fixation. The results also show that the incorporation of nitrogen and carbon into cellular material 

were accurately measured by the stable isotope technique but that they underestimated the actual 

rates of CO2 and N2 fixation in C. watsonii. The high rates of N2 and CO2 fixation observed 

underscore the potential contribution of C. watsonii to the global oceanic C and N budgets. 
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INTRODUCTION 

 

In the oligotrophic oceans, availability of fixed nitrogen can be a major growth limiting 

factor. Among the principal players contributing to global ocean primary production, the N2-

fixing cyanobacteria are important providers of ‘new’ nitrogen (Capone, 2001). Under conditions 

of nitrogen deficiency the independency of sources of combined nitrogen gives N2-fixing 

cyanobacteria a competitive advantage over other organisms. Because the fixation of N2 enhances 

CO2 fixation and primary productivity, diazotrophic cyanobacteria impact importantly the carbon 

sequestration into the deep sea (Falkowski, 1997; Gruber and Sarmiento, 1997; Karl et al., 1997). 

Trichodesmium has been considered as the only important diazotroph in the ocean (Capone and 

Carpenter, 1982; Carpenter and Romans, 1991). However, recently abundant unicellular 

diazotrophic cyanobacteria have been discovered in the ocean and has led to a reexamination of 

the global ocean nitrogen and carbon budgets (Fuhrman and Capone, 2001; Zehr et al., 2001; 

Hewson et al., 2007). However, little is known about the distribution, physiology, elemental 

stoichiometry (carbon and nitrogen content) and the N2 fixing characteristics of these 

cyanobacteria.  

In diazotrophic cyanobacteria a lowering of the cellular N status leads to the expression 

of nitrogenase. Nitrogenase is an enzyme complex consisting of two multi-subunit proteins: 

dinitrogenase reductase, encoded by nifH, and dinitrogenase, encoded by nifDK. This enzyme 

complex reduces atmospheric N2 to ammonium at the expense of 16 ATP and 8 low potential 

electrons (ferredoxin). Because nitrogenase is irreversible inactivated by O2 (Fay, 1992), 

cyanobacterial oxygenic photosynthesis and N2 fixation are incompatible. While CO2 and N2 

fixation are both dependent on reducing equivalents generated by photosynthesis, diazotrophic 

cyanobacteria evolved a variety of strategies to prevent inactivation of nitrogenase by oxygen. 

Basically, these strategies provide an anaerobic environment for nitrogenase and separate it from 

oxygenic photosynthesis. Heterocystous cyanobacteria separate N2 fixation spatially from 

oxygenic photosynthesis by confining the former to a differentiated anoxygenic heterocyst. Many 

non-heterocystous cyanobacteria exhibit a temporal separation of N2 fixation and photosynthesis 

by confining it to the dark (Stal and Krumbein, 1985). The non-heterocystous filamentous 

cyanobacterium Trichodesmium is an exception. This organism fixes N2 exclusively during the 

day and it has been suggested that it operates a combination of temporal and spatial separation of 
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N2 fixation and photosynthesis (Mitsui et al., 1986; Reddy et al., 1993). Another exception may 

prove to be the uncultivated putative unicellular cyanobacterium ‘Group A’. This organism fixes 

N2 during the day and seems to be devoid of the oxygenic photosystem PS-II. Obviously, this 

organism can not live autotrophically and future research must elucidate its ecology and 

physiology (Zehr et al., 2001; Falcón et al., 2004; Church et al., 2005).  

The diazotrophic unicellular cyanobacterium Crocosphaera watsonii is common in the 

tropical ocean and fixes N2 during the night or during the dark phase when grown under an 

alternating light-dark cycle (Compaoré and Stal, 2010). The aim of this study was to investigate 

the interrelationships of the expression of nifH and N2 and CO2 fixation in C. watsonii in order to 

understand the diazotrophic mode of life of this important organism. 

 

MATERIALS AND METHODS 

 

Experimental design 

An axenic culture of Crocosphaera watsonii WH8501 was obtained from the Culture 

Collection Yerseke (CCY 0601). C. watsonii was grown as a homogenous culture in 690 ml 

tissue culture flasks with filter screw caps (TPP, article 90151, Zollstrasse, Switzerland) in 

modified artificial seawater YCBII medium (Chen et al., 1996). The medium was devoid of any 

source of combined nitrogen. Prior to the experiment, the cyanobacterium was cultivated for 3 

weeks (exponential phase) in an illuminated incubator (Snijders model ECD01E, Tilburg, the 

Netherlands) under a 12-12 h light-dark regime with an irradiance of 25-30 µmol photons m-2 s-1, 

and 27ºC. At the day of the experiment, 200 ml of exponential growth culture (0.061 mg Chl a / 

ml) was poured into a 2 L serum bottle containing 1.8 L of modified YCBII medium. 

Subsequently, 100 ml of culture was poured into 500 ml TPP tissue culture flasks. The culture 

flasks were sealed with rubber septa and were subsequently labeled with 13C (1 ml of 14 mM 

NaH13CO3) and 15N2 gas (10%) using a gas-tight syringe. The cultures were then transferred back 

to the incubator and incubation continued under conditions described above. During the 

following 27 h two cultures were withdrawn from the incubator at intervals of 3 h. From each of 

these cultures, 25 ml were withdrawn for RNA extraction, 15 ml for cell counting and TSA-FISH 

probing. The remaining culture was filtered onto 46 mm GF/F glass fiber filters for 13C and 15N 

analysis.  
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RNA extraction and RT-QPCR 

RNA was isolated using the Qiagen RNeasy kit (Qiagen, Venlo, The Netherlands) 

following the manufacturer's instructions. Culture samples (25 ml) were centrifuged at 10,000 x g 

for 5 min, and the supernatants were discarded. Sterile glass beads (0.1 g) and 350 µl of mix RLT 

(guanidine isothiocyanate) buffer + β-mercapto-ethanol were added to the pellets. Samples were 

then placed into a vortex and agitated for 3 min at 1,200 rpm. The extracts were then centrifuged 

at 10,000 x g for 30 s and the supernatants were transferred to clean 2-ml microcentrifuge tubes 

with an equal volume of 70% ethanol. The extracts were subsequently applied to a QIAGEN 

RNeasy minicolumn, and the RNA was purified and eluted following manufacturer's instructions. 

In order to eliminate any DNA, samples were treated with DNase I. RNA concentrations were 

determined using NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Freiburg, 

Germany), and stored at –80°C until analysis. 

Specific primers and fluorescent-labeled TaqMan probes were designed and synthesized 

for quantitative RT-PCR (TIB-MOLBIOL, Berlin, Germany) (Table 1). The TaqMan primers and 

probes were checked for nonspecific amplification by blasting them to the C. watsonii genome. 

The primers and probes were specific for the target sequences. 

For reverse transcriptase-quantitative PCR (RT-QPCR) assays total RNA was reverse 

transcribed using a SuperScript III first strand cDNA synthesis kit (Invitrogen Life Science 

Technologies, Breda, The Netherlands) by following the manufacturer's protocol. The cDNA 

reaction mixtures consisted of 11 µl (200 ng) RNA, 1µl (100 ng/ µl) of antisense gene-specific 

primer, (in the case of duplex real time RT-PCR 1µl of nifH and 16S rRNA primers was taken) 

1µl of dNTP’s (10mM),  2µl 5x strand buffer, 1µl (10mM) dithiothreitol and 200 U SuperScript 

III reverse transcriptase. Upon completion of the cDNA synthesis, 1 U RNAse was added to each  

reaction mixture to eliminate any residual RNA and cDNA was stored at –20°C until it was 

utilized in the Q-PCR assays.  
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Table 1.  Primers and oligonucleotide probes used in this study for Q-PCR and TSA-FISH hybridization analyses. 

Probe used in Q-PCR was 16SCroco (labeled with Q670/BHQ-2) and NifHCroco (labeled with FAM/BHQ-1), and 

in TSA-FISH hybridization were Eub338 and Nitro821 (both labeled with Horse Radish Peroxidase). 

 

probes Target Primer direction  Primer/probe sequence (5’- 3’) source 

 

16SCroco 

 

16S rRNA in Crocosphaera sp. 

 

F 

R 

Probe 

 

TAATACGGAGGATGCAAGCGTT 

CCCTACCGAACTCTAGTCTCTCAGT 

ACCGCCTGCCCAGAGTTAAGCT 

 

This study 

 

NifHCroco 

 

NifH in Crocosphaera sp. 

 

F 

R 

Probe 

 

CGTATCCTACGACGTATTAGGGGAC 

CCATCATTTCACCAGAGGTAACGAT 

TCTTGTGCTTTTCCTTCACGGATAGGC 

 

This study 

 

Eub338 

 

16S rRNA in most Bacteria 

  

Probe 

  

 GCTGCCTCCCGTAGGAGT 

 

Amann et al. (1990) 

 

Nitro821 

 

16S rRNA in unicellular 

diazotrophic cyanobacteria 

 

Probe 

   

CAAGCCACACCTAGTTTC 

 

Mazard et al. (2004) 

 

The thermal cycling conditions and reaction mixtures used for the Q-PCR were as followed: 

triplicate 25-µl Q-PCR mixtures were used for each sample and standard. The reaction mixtures 

contained, 1 µl (20 ng) of template cDNA, 10 µl ABgene Master Mix, 1.5 µl (200 nM) each 

forward and reverse primers, 1.5 µl (150 nM) each TaqMan fluorogenic probes. Total reaction 

volume was filled up to 25µl with RNase-free water. A Rotorgene 6000 (Corbett Life Science) 

was used for quantitative detection of amplified PCR products using the following thermal 

cycling conditions: 95°C for 10 min, and 45 cycles of 95°C for 10 s, followed by 58°C for 45 

sec..The numbers of nifH and 16S rRNA (cDNA) transcripts were quantified relatively to a 

standard curve from plasmids containing the target gene inserts. Standards were made from serial 

dilutions of plasmids in nuclease-free water and 2 µl of each dilution was added to the 25-µl Q-

PCR mixtures providing a range of nifH and 16S rRNA targets containing between 1 and 1010 

gene copies. Model I least-squares linear regressions of log10 target gene copies versus the cycle 

threshold were used to quantify the target gene copies in each sample.  
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Tyramide signal amplified – Fluorescence In Situ Hybridization (TSA-FISH)  

Fixation, filtration and embedment. Bacterial samples were fixed with 1% (w/v) para-

formaldehyde (pH 7.5) for 20 min at room temperature (21°C) or for 1 h at 4°C. Samples were 

then treated with 50% (v/v) ethanol in 1x PBS (Phosphate-buffered saline (10 mM), pH 7.5) and 

were either kept at 4°C, or incubated for 24 h at room temperature and processed. Following an 

incubation with poly-L-lysine solution (0.01%) for 15 min at room temperature, samples were 

filtered on white polycarbonate membrane filters (type GTTP, 0.2 µm pore-size, diameter 25 mm, 

Millipore, Eschborn, Germany), using a vacuum of maximal 100 mm Hg. Filters were placed in 

preheated glass Petri dishes and left to dry for 1 h at 60°C. Dehydrated filters were cut in fourths 

or eights, placed in micro-centrifuge tubes and kept at -20°C until further use, which was mostly 

within a week.  

Cell permeabilization.  Filter sections were incubated in freshly prepared lysozyme solution (1 

mg ml-1 (final concentration), dissolved in 0.05 M EDTA (pH 8.0), 0.1 M Tris-HCl (pH 7.4)) for 

1 h at 37°C. After incubation, filter sections were washed with MilliQ water. Subsequently, filter 

sections were incubated for 30 min at 37°C in fresh achromo-peptidase solution (10 U ml-1, final 

concentration) dissolved in 0.01 M NaCl, 0.01 M Tris-HCl (pH 8.0). After incubation filter 

sections were washed with MilliQ water.  

Hybridization.  Filter sections were hybridized with bacterial probes Eub338 and Nitro821 (50 

ng µl -1) (Interactiva, Ulm, Germany) mixed with 200 parts hybridization buffer (0.9 M NaCl, 20 

mM Tris-HCl (pH 7.4) +10% (w/v) dextran sulfate + 0.01% (w/v) SDS + 55% (v/v) formamide + 

1% Blocking Reagent (Roche, Basel, Switzerland)) and incubated for 16 h at 35°C on a rotary 

shaker (~60 rpm). Subsequently, filter sections were washed for 15 min at 37°C in a washing 

buffer (20 mM NaCl, 5 mM EDTA (pH 7.4), 0.01% (w/v) SDS). 

Tyramide signal amplification. Sections were washed in 1x PBS amended with 0.05% Triton 

X-100 (pH 7.5, 0.2-µm filtered) for 5 min at room temperature. Filter sections were then 

incubated in the dark for 1 h at 37°C on a rotary shaker (~60 rpm) with TSA substrate mix (1 part 

Alexa488-labeled tyramide (1 mg ml-1, dissolved in DMSO) and 250 parts amplification buffer 

(10% (w/v) dextran sulfate, 2 M NaCl, 0.1% (w/v) Blocking Reagent (Roche) prepared in maleic 

acid buffer (100 mM maleic acid, 150 mM NaCl; pH 7.5) and freshly prepared 0.0015% H2O2 in 
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1x PBS (pH 7.6)). Filters were subsequently washed with MilliQ water and immediately further 

processed.  

 

CLSM-image analysis and fluorescence measurement. The filter sections were put on an 

object glass, a drop of immersion oil was added and the filter section was covered with a cover 

slip. A laser scan unit (Leica TCS NT; Leica Microsystems GmbH, Mannheim, Germany) was 

built on a microscope (Leica-DMRXE). The Ar/Kr laser was set at half maximum; the 488 nm 

excitation line was chosen, and set at 70% intensity by an opt-acoustic device (AOTF). The 

objective used was a 63× 1.32-0.6 NA/oil objective (Leica PL-APO). Via a beam splitter 

(RSP580), the green fluorescence from the focal plane was separated using emission filters 

BP530/30. The green fluorescence of the cells was measured in the stacks, by setting an upper 

and lower threshold in the range that would not oversaturated the PMT (photomultiplier tube). 

From each filter section ~100 cells were measured. All filter sections from one probe were 

measured on the same day. The mean fluorescence per cell was calculated along a diagonal line 

using the software program TCS-NT (Leica Microsystems, Wetzlar, Germany). The mean and its 

standard deviation were calculated in Excel. 

 

Determination of cell cycle. 

 

 The cell cycle was determined as described by Lebaron et al. (1998a, 1998b). The cell cycle was 

analyzed by treating the fixed cells with the DNA-stain Sytox Green. Fixed samples of the 

culture were diluted in TE buffer (FC: 10 mM Tris, 0.5 mM EDTA, pH 7.5) and stained by Sytox 

Green (10,000 diluted stock) (Invitrogen Life Science Technology, Carlsbad, USA). The stained 

cells were then measured and counted using a flow-cytometer (Epics Elite; Beckmann Coulter, 

Brea, USA). An internal standard of beads with a known concentration was added. Excitation 

was observed with a blue Ar-Kr laser at a wavelength of 488 nm. The emission was in the green 

channel (530 ± 30 nm). The number of cells in the different phases (G0/G1, S and G2+M) was 

calculated. 
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13C and 15N analysis.  

 

The particulate organic carbon (POC) and particulate organic nitrogen (PON) content and the 

bulk δ13C and δ15N ratios were determined by elemental analyzer isotopic ratio mass 

spectrometry (EA-IRMS) using a Flash EA 1112 Series elemental analyzer coupled via a Conflo 

III interface to a Delta V Advantage isotope ratio mass spectrometer (Thermo Electron, Bremen, 

Germany) with a typical reproducibility of +/-0.15‰ (Boschker et al., 2008). Stable isotope 

ratios (13C/12C and 15N/14N) are reported in the delta notation, defined as: 

δ (‰) = (Rsample/ Rsample)-1) ·1000 

Where for carbon the Rsample is the 13C/12C-ratio in the sample and the Rsample is the international 

standard of Vienna Pee Dee Belemnite (R=0.01123); for nitrogen the Rsample is the 15N/14N-ratio 

in the sample and the Rsample is the international standard of atmospheric N2 (R=0.0036782). 

 

Nitrogen and carbon fixation rates 

 

Both nitrogen and carbon fixation rates were calculated as described by Dugdale and Wilkerson 

(1986). The specific fixation rate (N taken up per unit particulate N) was calculated as µ(t), based 

on the isotope ratio of the sample at the end of the incubation: 

µ(t) = 15Nxs / (( 
15Ni – na)·T) 

Where 15Ni represent the atom% 15N in the initially labeled fraction, 15Nxs represents the atm% 
15N excess in the sample, na represents the natural abundance of 15N and T represent the 

incubation time. The N2 fixation rate in concentration units (ρ) was calculated using µ(t)  and the 

final particulate nitrogen concentration (PON) as follows: 

ρ = µ(t)· PON 

The calculation of the carbon fixation rate was as described above for nitrogen but using the 13C 

and POC numbers. 
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 Growth rate 

 

 Specific growth rate (µ) was estimated from the cell cycle (based on DNA distribution) using the 

equation of Carpenter and Chang (1988):   

µDNA = 1/(n·tS+G2+M)·∑ln[1+ fS+G2+M(i)] 

where µDNA is the estimate of the growth rate µ (day-1), n is the number of samples taken during 

the 27h period, tS+G2+M is the combined duration of S and G2+M phases, and fS+G2+M(i) is the 

fraction of cells in S plus G2+M for sample (i). We calculated tS+G2+M as twice the distance 

between the peak of cells in S and the peak of cells in G2+M. the growth rate was converted to 

division rate (div day-1, number of division per day) by dividing by the natural logarithm of 2.  

In situ specific growth rates based on cell numbers (µcell, day-1) were estimated as the difference 

between observed cell numbers at the beginning and the end of division. Since the mortality rate 

was negligible over the 27h, the specific growth rate was calculated directly from cell numbers as 

follows:   

µcell = ln(Na/Nb)  

Where Na is the cell number at the end of the experiment and Nb is the cell number at the 

beginning of the experiment. 

 

RESULTS 

 

During the 27 h experiment the cell number of Crocosphaera watsonii increased by 18%. 

We did not observe the segregated appearance of doubling cells. The cell cycle was characterized 

by a discrete DNA synthesis S phase surrounded by G1 and G2+M phases (Fig. 1). The percentages 

of cells in the S and G2+M phases were higher than those in the G1 phase (~20% and ~ 40% 

respectively). The G2+M phase was most prevalent in the beginning of the sampling and decreased 

(12%) over the 27 h. In contrast, cells in the G1 phase were slightly more abundant in the light 

when compared to the dark. The percentage of cells in the S phase reached a peak 6 h in the dark 

and then gradually decreased. The estimates of the cell division rate made based on the cell cycle 

and on the cell counts were similar (0.27 and 0.25 cell divisions day-1, respectively).   

The expression of nifH was measured by quantitative real-time PCR using the 16S rRNA 

gene as a reference gene. We investigated the stability of the expression of 16S rRNA gene over 

the course of the experiment in order to confirm its suitability as reference. We used two different 
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Figure 1. Percentage of cells of Crocosphaera watsonii WH8501 in the G1 (black), S (light grey) and G2+M (dark 

grey) phases of the cell cycle at 3h intervals over the 27h experiment. The data represent the mean of two samples. 

Error bars indicate standard deviations. The white and black bars on the top of the panel indicate the light and dark 

periods.  

 

techniques (TSA-FISH and quantitative real-time PCR) and three different probes (Nitro821, 

Eub338, 16SCroco, Table 1) to analyze the pattern of expression of the 16S rRNA gene (Fig. 2). 

The Nitro821R probe targets the 16S rRNA gene of unicellular diazotrophic cyanobacteria and 

was designed using sequences from Crocosphaera sp. strain WH 8501 and Cyanothece sp. 

strains (Mazard et al., 2004). The general bacterial probe (Eub338) was used as control. With 

these two probes we measured the fluorescence intensity in individual cells and analyze the 

temporal pattern of 16S rRNA in C. watsonii. We did not observe significant differences between 

the fluorescence intensity observed with the Nitro821 and Eub338 probes (Fig. 2A). We further 

investigated the constancy of expression of the 16S rRNA gene in singleplex TaqMan assays 

(quantitative real-time PCR) using the 16SCroco probe (Table 1). As was the case in the TSA- 
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Figure 2. 16S rRNA gene expression level in Crocosphaera watsonii WH8501. (A) using fluorescence probes Eub338 

(probe targeting most Bacteria) (black bars) and Nitro821 (probe targeting unicellular diazotrophic cyanobacteria 

(grey bars)). (B) using quantitative PCR with 16S rRNA gene expression level represented by relative Ct values. The 

data are the mean of two samples and from independent RNA isolations. Error bars indicate standard deviations. 

The white and black bars on the top of the panel indicate the light and dark periods. 

 

FISH analysis, small variations of 16S rRNA were noticed during the course of the experiment 

(Fig. 2B). Subsequently, single- and duplex (16S rRNA gene and nifH) TaqMan assays were 

carried out. The pattern of nifH transcripts in the singleplex assays (results not shown) was the 

same as with the duplex assays (Fig. 3). NifH transcripts were detected throughout the 27 h 

experiment.  
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Figure 3. Daily variations of nifH transcripts (bars) and N2 fixation (symbols and line) in Crocosphaera watsonii 

WH8501, grown under a 12 h light - 12 h dark regime. Samples were taken at 3h intervals. The data represent the 

mean of two samples. Error bars indicate standard deviations. The white and black bars on the top of the panel 

indicate the light and dark periods. 

 

At the onset of the dark period an increase of nifH transcripts was observed. A peak of nifH 

transcripts was observed 6 h in the dark which was 7 fold higher than the lowest level of 

expression which was found in the light. As shown in Fig. 3, the fixation of N2 appeared at the 

time of the highest cellular level of nifH transcripts, reaching a maximum 3 h later (9 h in the 

dark) at a rate of 0.70 pg N cell-1 h-1, subsequently decreasing during the remainder of the dark 

period. Nitrogen and carbon fixation rates were measured by following the incorporation of 15N-

labeled N2 and 13C-labeled bicarbonate into the cells. Opposite daily patterns of cellular nitrogen 

(15N) and carbon (13C) contents were observed during the 27 h experiment (Fig. 4A). Three hours 

after labeling the culture, the cells contained 75o/oo δ
 13C (Fig 4A) and the fixation rate was 15 pg 

C cell-1 h-1 (Table 2). The peak in the C fixation rate (27.43 pg C cell-1 h-1) (Table 2) was 3 h 

prior to the maximum δ 13C (213o/oo). In the dark the δ 13C value decreased to 85o/oo and then  
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Table 2.  The particulate organic carbon (POC), particulate nitrogen (PON), the N2 fixation rates ρ (pg N cell-1 h-1) 

and the CO2 fixation rate ρ ( pg C cell-1 h-1) at each 3h interval over the 27h experiment (n = 2). 

 
15N  13C Time (h) 

PON (pg cell-1) ρ (N pg cell-1 h-1)  POC (pg cell-1) ρ (C pg cell-1 h-1) 

0 – 3 466.82 ± 66.79 0  2599.01 ±  395.33 14.91 ± 0.00 

3 – 6 566.05 ± 09.91 0  3278.14 ±  073.86 27.43 ± 2.52 

6 – 9 652.05 ± 04.04 0  3800.50 ± 051.48 08.34 ± 0.17 

9 – 12 564.35 ± 27.15 0.22 ± 0.03  3204.13 ± 167.33 -11.40 ± 0.40 

12– 15 534.11 ± 21.04 0.70 ± 0.20  2877.43 ± 133.26 -13.54 ± 0.31 

15 – 18 582.87 ± 38.97 0.47 ± 0.28  2997.99 ± 194.44 -04.51 ± 1.10 

18– 21 577.98 ± 74.51 -0.35 ± -0.34  3048.35 ± 381.96 13.45 ± 0.05 

21 – 24 603.23 ± 36.00 0.11 ± 0.40  3323.77 ± 210.90 25.84 ± 2.62 

24 – 27 387.24 ± 46.44 -0.23 ± -0.18  2231.80 ± 251.42 33.15 ± 7.36 

 

 

increased again in the next light period. The daily average of C fixation rate (primary production 

rate) was 13.7 pg C cell-1 h-1. Calculated on the basis of the amount of C respired per unit fixed N, 

the carbon demand of 26.70 C:Nfix was very high. The cells became labeled with 15N (13o/oo δ
15N) 

after 12 h incubation, at the time when the incorporation of 13C decreased (Fig 4A). The 

incorporation of 15N increased during the dark period and reached a peak of 100o/oo after 18 h. At 

that point the rate of N2 fixation was 0.70 pg N cell-1 h-1 while the labeling with 13C had 

decreased to 85o/oo. We would have expected that the δ15N value remained constant after the 15N2 

fixation had ceased at the end of the dark period. This was not the case and the δ
15N decreased 

during the subsequent light period to reach a value of 58o/oo (Fig. 4A). However, as shown in 

Table 2, no variations were observed in the cell’s organic carbon and nitrogen contents. The daily 

average of N2 fixation rate was 0.17 pg N cell-1 h-1.  The molar C:N ratio of C. watsonii followed 

the pattern of δ 13C (Fig. 4B). C:N ratios were within the range of  6-7. The highest C:N ratio 

(6.8) was 3 h after the maximum δ13C value, and the lowest (6) coincided with the maximum 

δ
15N value and the minimum δ13C value (Fig. 4B).  
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Figure 4. (A) Daily variation of 15N2 (inverse triangle) and 13CO2 fixation (black circle) and (B) the molar ratio of 

C:N in Crocosphaera watsonii WH8501 grown under a 12h light - 12h dark regime. Samples were taken at 3h 

intervals. The data represent the mean of two independently measured samples. Error bars indicate the standard 

deviation. The white and black bars on the top of the panel indicate the light and dark periods. 

 

DISCUSSION 

 

As a consequence of the alternation of day and night phototrophic organisms display daily 

periodicities in many of their activities. In this study, we have shown daily cycles of nitrogen and 

carbon fixation in the unicellular diazotrophic cyanobacterium C. watsonii. 

Populations of pico- and nano-phytoplankton grow synchronized and confine cell division 

to the night (Durand and Olson, 1996). This was clearly not the case in C. watsonii. While the  
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DNA synthesis in C. watsonii occurred predominately during the dark, cell division occurred 

mostly during the light, although the culture was not fully synchronized (Fig. 1) as has been 

shown in cultures and in the field populations of Prochlorococcus (Shalapyonok et al., 1998). 

The cell cycle in Synechococcus sp. is under control of a circadian rhythm (Huang and 

Grobbelaar, 1995). In their studies, Tuit et al. (2004) determined a cell division rate of 0.46 day-1 

for C. watsonii, almost twice the rate measured here. This discrepancy may be due to the slightly 

higher growth temperature (28˚C) and a light-dark cycle of 14h-10h (2 hours more light and less 

darkness) used by Tuit et al. (2004). Particularly the longer light and shorter dark period make a 

big difference in growth rate. Ortega-Calvo and Stal (1991) grew the unicellular diazotrophic 

cyanobacterium Gloeothece PCC 6909 in continuous culture at various light regimes and dilution 

rates. At a 12h-12 h light-dark cycle, the organism maximum growth rate was estimated as 0.2 

cell divisions day-1, while at a 16h-8h light-dark cycle the estimated maximum growth rate was 

0.50 cell divisions day-1 and, hence, was in the same range as for C. watsonii. 

In Cyanothece sp. ATCC 51142 and Synechococcus sp. RF-1 nifH transcripts were not 

detectable during the light period (Colón-López et al., 1997; Huang and Chow, 1990). In 

contrast, nifH transcripts were detectable in C. watsonii continuously over the 27 h period (Fig. 

3). Also, in the filamentous non-heterocystous diazotrophic cyanobacterium Lyngbya aestuarii 

nifK transcripts were present throughout the light-dark cycle, even when nitrogenase activity was 

present only during a part of the dark period (Ferreira et al., 2009). The daily pattern of N2 

fixation in C. watsonii was consistent with previous studies of nitrogenase activity in other non-

heterocystous cyanobacteria (Cyanothece sp., Synechococcus sp., Gloeothece sp. Plectonema 

boryanum, Lyngbya aestuarii (Mitsui et al., 1986; Gallon, 1992; Colón-López et al., 1997; Misra 

and Tuli, 2000; Ferreira et al., 2009). Nitrogenase activity (and consequently the fixation of N2) 

is restricted to the dark period when these non-heterocystous cyanobacteria are grown under 

alternating light-dark cycles. This phenomenon is known as temporal separation from (oxygenic) 

photosynthesis and by this behavior the organism avoids inactivation of nitrogenase by oxygen 

evolved during photosynthesis. Interestingly, the time of maximum nifH transcripts coincided 

with the peak of the S phase of the cell cycle suggesting that beside the day-night control, the 

nifH expression may be co-regulated with the cell division. This is consistent with studies of 

Synechococcus sp. (Mitsui et al., 1987). Interestingly, Tuit et al. (2004) conceived that the 

degradation of nitrogenase during the light period may be necessary in order to recycle the 
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component metals (Fe and Mo) and amino acids for use for light-dependent metabolic pathways 

in the cell.  

This study not only confirms the day-night control of the major processes of the cell cycle 

CO2- and N2 fixation in C. watsonii, but also suggests a regulation of N2 fixation by the energy 

status of the cells. N2 fixation occurred simultaneously with a phase of loss of carbon. Most likely 

this loss of carbon was the result of the respiration of the storage compound glycogen (Fig. 4A), 

which served both as the source of energy and reductant for nitrogenase as well as for scavenging 

the oxygen diffusing into the cell (Ortega-Calvo and Stal, 1991).  The co-occurrence of the loss 

of carbon and the fixation of dinitrogen was obvious from the pattern of the molar C:N ratio (Fig. 

4B) which  represents the general carbon status of the cell. The higher ratio in the light period 

indicates carbon sufficiency and a low availability of nitrogen which triggers the fixation of 

dinitrogen in the dark. The high C demand for N2 fixation subsequently causes the C:N ratio to 

decrease, moving the cell into the direction of carbon depletion which subsequently controls N2 

fixation through a lack of reductant, energy and the failure of scavenging the oxygen. Peschek et 

al. (1991) demonstrated that the lack of carbohydrates is the limiting factor for nitrogenase 

activity. Oelze (2000) also demonstrated that it was not the level of oxygen levels that decreased 

nitrogenase activity but the decrease of ATP generated via respiration. The high C demand for N2 

fixation (26.70 C/Nfix) may be the factor that limits the growth of C. watsonii. 

The decline of incorporated 15N after its maximum suggests loss of nitrogen compounds 

over time. The approach we have chosen here, the assimilation of 15N2, is probably 

underestimating the actual fixation of N2 since we measure only the part that is assimilated into 

cell material. It is known that 20-80% of the fixed nitrogen in N2-fixing cyanobacteria may be 

lost in the form of ammonia or amino acids, particularly when carbon fixation, cell division and 

N2 fixation are uncoupled (Gallon et al., 2002). As well as nitrogen compounds, cyanobacteria 

can release carbon compounds such as glycolate (Renstrom and Bergman, 1989). The release of 

amino acids represents loss of both carbon and nitrogen (Mulholland and Capone, 2001; Flynn 

and Gallon, 1990; Glibert and Bronk, 1994). Even though it accurately measured nitrogen and 

carbon into cellular material, stable isotope technique may underestimate the actual rates of CO2 

and N2 fixation in N2-fixing cyanobacteria. It is therefore important to consider the time of 

sampling in order to obtain accurate rates. 
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Although care should be taken with the stable isotope techniques, the N2 fixation rates 

displayed by C. watsonii in the present study are within the range of those previously reported for 

unicellular diazotroph cyanobacteria.  For the same strain, using acetylene reduction method 

(with conversion ratio of 4:1 for acetylene reduction to N2 reduction), Tuit et al. (2004) reported 

a range of 3.2–14.2 fmol N cell-1(0.04-0.20 pg N cell-1) in culture, the lower numbers were 

associated with low Fe conditions. Montoya et al. (2004) reported in natural populations a range 

of 0.12– 22.2 fmol N cell-1 (0.002-0.31 pg N cell-1). While Falcón et al. (2005) measured in 

laboratory cultures of unicellular diazotrophs a daily N2 fixation rate of 15 fmol cell-1 (0.21 pg N 

cell-1). The N2 fixation rates combined with the high abundance of unicellular cyanobacteria 

supports the conclusions of Montoya et al. (2004) that oceanic N2 fixation by unicellular 

diazotrophic organisms can equal or exceed the N2 fixation of the other known diazotrophs, 

Trichodesmium and Richelia.  

The present work has demonstrated the temporal separation of N2 fixation and 

photosynthesis in the unicellular diazotrophic cyanobacterium C. watsonii. The strategy of C. 

watsonii implies to achieve high rates of respiration in order to generate an intracellular O2 

concentration low enough to allow N2 fixation. Moreover, as is the case in many other  non-

heterocystous diazotrophic cyanobacteria, C. watsonii shows an intimate relation between N2 

fixation and carbon availability.  
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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 non-heterocystous 

cyanobacteria and in the heterocyst-forming cyanobacterium Anabaena CCY9922 grown in the 

presence of combined nitrogen, supporting the idea that the long-chain 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-25-hexacosanol were ubiquitously 

distributed in species of the family Nostocaceae. 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 those 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 keto-diols 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. 
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  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 et al. (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 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 α-galactosides 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). 

Although a number of cyanobacteria have now been investigated for their glycolipid 

distribution, the reports are relatively few considering the large diversity in cyanobacteria.  
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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 

 

                          

 

Figure 1. Structures of heterocyst glycolipids detected in cyanobacterial cultures. 1-(O-hexose)-3,25-hexacosanediol 

(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). 

 

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 
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distributions under varying temperature conditions and discuss the potential of heterocyst 

glycolipids as chemotaxonomical tools to distinguish between different cyanobacterial genera. 

 

MATERIALS AND METHODS 

 

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 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  
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Table 1. 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. 

 

Organism Strain 
Growth 

Medium 

Nitrogen 

source 

Salinity 

(PSU) 

Light 

(µmol·m-2·s-1) 

Temp. 

(°C) 

Heterocystous       
Anabaena sp. CCY0017 BA° N2 10 - 11 30 14 

Anabaena sp. CCY9402 BG11° N2 0 30 14 

Anabaena sp. CCY9613 BG11° N2 0 30 14 / 27 

Anabaena sp. CCY9614 BG11° N2 0 30 14 

Anabaena sp. CCY9910 BG11° N2 0 30 14 

Anabaena cylindrica CCY9921 BG11° N2 0 30 14 

Anabaena sp. CCY9922 BG11° N2 0 30 14 

Nodularia chucula CCY0103 BG11° N2 0 30 14 

Nodularia sp. CCY9414 BA° N2 10 - 11 5 14 

Nodularia sp. CCY9416 BA° N2 10 - 11 5 14 

Nostoc sp. CCY0012 BG11° N2 0 30 14 / 27 

Nostoc sp. CCY9926 BG11° N2 0 30 14 / 27 

Calothrix sp. CCY0018 BA° N2 10 - 11 25 14 

Calothrix sp. CCY0202 ASN3I° N2 30 - 33 25 14 

Calothrix sp. CCY0327 BG11° N2 0 30 14 

Calothrix sp. CCY9923 BG11° N2 0 30 14 

       

Non-heterocystous       

Anabaena sp. CCY9922 BG11 NO3
- 0 30 14 

Leptolyngbya sp. CCY0004 ASN3 NO3
- 30 - 33 5 14 

Leptolyngbya sp. CCY0019 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0022 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0021 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0024 BA NO3
- 10 - 11 5 14 

Lyngbya sp. CCY9409 ASN3° N2 30 - 33 25 14 

Myxosarcina sp. CCY0025 ASN3° N2 30 -  33 15 23 

Oscillatoria sp. CCY0028 AB NO3
- 15 - 16 5 14 

Phormidium formosum CCY0001 ASN3 NO3
- 30 - 33 5 14 

Pseudanabaena sp. CCY9703 BG11 NO3
- 0 5 14 

Synechococcus sp. CCY0011 BG11 NO3
- 0 15 18 

Synechococcus sp. CCY9201 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9501 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9503 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9505 BA NO3
- 10 - 11 15 18 
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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 1. 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 bidistilled 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; 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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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 2). 

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 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-(O-hexose)-27-keto-3,25-octacosanediol (6b), 

observed in species of the Calothrix genus, as 1-(O-hexose)-3-keto-25,27-octacosanediol (6a). 
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Figure 2. Partial ESI-MS base peak chromatogram showing the presences of 1-(O-hexose)-3,25-hexacosanediol (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. 

 

In general, all analysed strains of the family Nostocaceae showed similar heterocyst 

glycolipid distributions with only minor structural variations (Table 2). 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)-3,25,27-octacosanetriol (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 
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Table 2. Distribution of heterocyst glycolipids in heterocystous and non-heterocystous cyanobacteria. Numbers refer 

to structures shown in Fig. 1. (-) Not detected; (+) minor amounts; (++) major amounts; (tr.) traces. LPP = 

morphotypes of Lyngbya-Phormidium-Plectonema 

 

Species Strain Family Order 1 2 3 4 5 6 

Heterocystous          
Anabaena sp. CCY0017 Nostocaceae Nostocales ++ + + + - - 

Anabaena sp. CCY9402a Nostocaceae Nostocales - - ++ + - - 

Anabaena sp. CCY9613 Nostocaceae Nostocales + + - - - - 

Anabaena sp. CCY9614a Nostocaceae Nostocales ++ + - - - - 

Anabaena sp. CCY9910 Nostocaceae Nostocales ++ + + + - - 

Anabaena cylindrica CCY9921 Nostocaceae Nostocales ++ + - - - - 
Anabaena sp. CCY9922 Nostocaceae Nostocales ++ + - - - - 
Anabaenopsis sp.  CCY0520 Nostocaceae Nostocales ++ + + - - - 

Aphanizomenon sp.  CCY0368 Nostocaceae Nostocales ++ + + - - - 

Aphanizomenon sp. CCY9905 Nostocaceae Nostocales ++ + + + tr. tr. 

Nodularia chucula CCY0103 Nostocaceae Nostocales ++ + - - - - 

Nodularia sp. CCY9414 Nostocaceae Nostocales ++ + - - - - 

Nodularia sp. CCY9416 Nostocaceae Nostocales ++ + - - - - 

Nostoc sp. CCY0012 Nostocaceae Nostocales ++ + - - - - 

Nostoc sp. CCY9926 Nostocaceae Nostocales ++ + - - - - 

Calothrix sp. CCY0018 Rivulariaceae Nostocales - - - - ++ + 

Calothrix sp. CCY0202 Rivulariaceae Nostocales tr. tr. - - ++ + 

Calothrix sp. CCY0327 Rivulariaceae Nostocales - - - - ++ + 

Calothrix sp. CCY9923a Rivulariaceae Nostocales - - + + ++ + 

Anabaena sp. CCY9922b Nostocaceae Nostocales - - - - - - 

          

Non-heterocystous          

Leptolyngbya sp. CCY0004 - Oscillatoriales - - - - - - 

Leptolyngbya sp. CCY9627 - Oscillatoriales - - - - - - 

LPP sp. CCY0021 - Oscillatoriales - - - - - - 

LPP sp. CCY0022 - Oscillatoriales - - - - - - 

LPP sp. CCY0024 - Oscillatoriales - - - - - - 

Lyngbya sp. CCY9409 - Oscillatoriales - - - - - - 

Myxosarcina sp. CCY0025 - Pleurocapsales - - - - - - 

Oscillatoria sp. CCY0028 - Oscillatoriales - - - - - - 

Phormidium formosum CCY0001 - Oscillatoriales - - - - - - 

Pseudanabaena sp.  CCY9703 - Oscillatoriales - - - - - - 

Synechococcus sp. CCY0011 - Chroococcales - - - - - - 

Synechococcus sp. CCY9201 - Chroococcales - - - - - - 

Synechococcus sp. CCY9503 - Chroococcales - - - - - - 

Synechococcus sp.  CCY9505 - Chroococcales - - - - - - 

Synechococcus sp. CCY9506 - Chroococcales - - - - - - 
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a HG distributions of Anabaena CCY9402, Anabaena CCY9614, and Calothrix CCY9923 have previously been 

reported by Bauersachs et al. (2009). 
b heterocystous strain grown on NO3

- 

 

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)-3-keto-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 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; 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 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-27-octacosanol (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; 1999). However, 1,3,25,27-tetrahydroxyoctacosane, thought  
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to derive from the hydrolysis of 1-(O-hexose)-3,25,27-octacosanetriol, 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 13C 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 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. 
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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 3). 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:  

 

)( 2626

26
26 olketoCdiolC

olketoC
HG

−+
−

=     [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 3). 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 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). 
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Table 3. 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 
 

             

 

 

 

 

 

 

 

 

 

                     a HG26 = C26 Keto-ol/(C26 Diol + C26 Keto-ol) 
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Temperature (°C) 1 2 3 4 5 6 HG26

a 

Anabaena CCY9613 14 ++ + - - - - 0.18 

 27 ++ + + - - - 0.11 

Nostoc CCY0012 14 ++ + - - - - 0.14 

 27 ++ + - - - - 0.05 

Nostoc CCY9926 14 ++ + - - - - 0.31 

 27 ++ + + - - - 0.07 
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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. 
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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. 

 

 

 

 



Chapter 6 

88 

 
 

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 



The diazotrophy community of a coastal cyanobacterial mat 
 

 103 

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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Cyanobacteria are a diverse group of oxygenic photoautotrophic organisms and many 

representatives are capable of fixing atmospheric N2, which allow them to grow independently of 

a supply of fixed nitrogen (Karl et al., 2002). As fixed nitrogen is often limiting the proliferation 

of microorganisms in nature, cyanobacterial diazotrophy has long been recognized as an 

important source of combined nitrogen and therefore they are considered to be important 

ecosystems components (e.g. in microbial mats, marine- and fresh waters). For instance, marine 

cyanobacteria make a major contribution to the global carbon and nitrogen cycles (Capone et al., 

1997; Zehr et al., 2001). Indeed, the activity of N2-fixing marine cyanobacteria may be a key 

factor influencing the ability of the oceans to sequester atmospheric CO2 (Falkowski, 1997).  

Cyanobacteria are exposed to environmental changes (e.g. light, oxygen and temperature) 

that affect their activity and proliferation. Numerous studies have been carried out in order to 

understand which factors control the growth and decline of cyanobacterial populations in marine 

and fresh waters. Our knowledge of the environmental factors that control the distribution of 

diazotrophic cyanobacteria is still limited. This thesis sheds some new light on the relation 

between temperature and oxygen on N2 fixation in cyanobacteria and on the importance for their 

distribution and activity in natural communities. 

 

The role of alternating light-dark cycles in dinitrogen fixation in non-heterocystous 

cyanobacteria 

 

The coexistence of oxygenic photosynthesis and N2 fixation in cyanobacteria is a 

remarkable evolutionary achievement, particularly in species where the two mutually exclusive 

processes occur in the same cell. Research during the past 20 years revealed a variety of 

mechanisms by which cyanobacteria protects nitrogenase from oxygen inactivation. Under N2-

fixing conditions, up to 10% of the cells of heterocystous cyanobacteria differentiate into a 

heterocyst, a specialized cell to which nitrogenase is confined and that has lost the capacity of 

oxygenic photosynthesis (Adams, 2000; Berman-Frank et al., 2003). Heterocysts possess a thick 

glycolipid cell wall that serves as a gas diffusion barrier and hence also limits the influx of O2 

(Adams, 2000; Walsby, 2007). The heterocyst allows cyanobacteria to fix N2 concomitantly with 

oxygenic photosynthesis in the light. These cyanobacteria fix also N2 during the dark, albeit at 

lower rates (Chapter 2).  
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While heterocystous cyanobacteria confine nitrogenase to the anoxygenic heterocysts, 

non-heterocystous cyanobacteria have developed other strategies. Some fix N2 only under 

anaerobic or micro-aerobic conditions while others such as Crocosphaera watsonii WH8501 and 

Gloeothece sp. PCC6909, when grown under alternating light dark cycles separate N2 fixation 

temporally from oxygenic photosynthesis by confining the former to the dark phase (Chapter 3). 

This makes sense because in the dark photosynthetic oxygen evolution does not take place and 

respiration scavenges the oxygen (Waterbury et al., 1988). Mullineaux et al. (1981) was the first 

to report the occurrence of cyclic patterns of nitrogenase activity in Gloeothece sp. under 

alternating light-dark cycles showing that nitrogenase activity was confined to the dark. 

Subsequently, several other authors reported similar patterns of nitrogenase activity in a range of 

other non-heterocystous cyanobacteria (Stal and Krumbein, 1985; Mitsui et al., 1986; Chan et al., 

1988). However, Ortega-Calvo and Stal (1991) challenged this paradigm of temporal separation 

of oxygenic and N2 fixation in Gloeothece sp. These authors demonstrated that Gloeothece sp. 

can fix N2 during the light period when grown in continuous culture. Also, the observation that 

nitrogenase activity under anaerobic conditions was confined to the light period suggests that in 

Gloeothece sp. N2 fixation and photosynthesis take place in different cells, because of the 

incompatibility of oxygenic photosynthesis and N2 fixation. We speculate that in the light, some 

of the cells might switch off oxygenic photosynthesis in order to allow nitrogenase activity. 

Similar to what has been suggested for the filamentous cyanobacterium Trichodesmium, 

Gloeothece might also exhibit a combination of temporal and spatial separation of oxygenic 

photosynthesis and N2 fixation. However, in contrast to Trichodesmium, batch cultures of 

Gloeothece fix N2 only in the dark suggesting that N2 fixation in Gloeothece is indirectly 

supported by photosynthesis. N2 fixation in Gloeothece seems to be under the control of the 

cellular N:C ratio rather than to a circadian rhythm. A high N:C ratio would indicate nitrogen 

sufficiency and a low availability of storage carbon and trigger the fixation of carbon in the light, 

which subsequently will cause a decrease of the N:C ratio, moving the cell into the direction of 

nitrogen depletion  and a high availability of reductant, and hence induce nitrogen fixation. These 

characteristics of Gloeothece sp. differ strongly with C. watsonii. We were unable to grow C. 

watsonii diazotrophically under continuous light. We therefore expected that N2 fixation in C. 

watsonii to be strictly temporally separated from oxygenic photosynthesis (Chapter 4). It has 

been shown that C. watsonii and Cyanothece regulate metabolic processes, in particular 

dinitrogen fixation, as a function of the alternating light and dark cycle (Sherman et al., 1998; 
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Tuit et al., 2004; Toepel et al., 2008). Pennebaker et al. (2010) succeeded to grow C. watsonii 

under continuous light for few days using a culture previously grown under a light-dark regime. 

These authors concluded that photosynthesis and N2 fixation in C. watsonii are independently 

regulated and under the control of a circadian clock.  

The confinement of nitrogenase to the dark has also some disadvantages. N2 fixation has a 

high demand for ATP and low potential reducing equivalents (usually reduced ferredoxin). In the 

light, photosynthetic electron transport provides an almost unlimited source of ATP and reduced 

ferredoxin while in the dark, N2 fixation depends on the oxidative degradation of the storage 

compounds (Chapter 4). In addition to dark energy generation limiting nitrogenase activity there 

will be a competition for electrons between nitrogenase and the respiration chain (Scherer et al., 

1988). This was demonstrated by an instantaneous increase and decrease of nitrogenase activity 

in C. watsonii and Gloeothece sp. upon the transition from the dark to light and vice versa, 

respectively. This indicated that nitrogenase activity in both strains was either energy or electron 

limited. These changes were instantaneous and were more pronounced at higher light intensity 

(HL) (Chapter 3). Andresen et al. (2010) also stressed the importance of light for N2 fixation in 

Trichodesmium a non-heterocystous cyanobacterium that occurs in the pelagic tropical oceans. 

Nitrogenase activity in Trichodesmium exhibits a behavior similar to that of heterocystous 

cyanobacteria. N2 fixation in Trichodesmium is confined to light phase but an important 

difference is that all heterocystous species also fix N2 to some extent during the night. N2 fixation 

in Trichodesmium ceases at night (Zehr et al., 1993). Andresen et al. (2010) demonstrated that 

the diel pattern of nitrogenase activity in Trichodesmium grown in continuous cultures under a 

12-12h light-dark cycles depend on the light intensities applied. In high light acclimated (HL) 

culture, Andresen et al. (2010) observed that nitrogenase activity in Trichodesmium peaked 

during the middle of the light phase, whereas in low light acclimated (LL) culture, there was a 

gradual increase of the nitrogenase activity, reaching a maximum in the late light phase. 

Andresen et al. (2010) concluded that Trichodesmium grown under LL regime nitrogenase 

activity was energy limited. In C. watsonii, the opposite pattern emerged. HL led to lower 

nitrogenase activity in the dark phase suggesting that in C. watsonii HL might have damaged the 

photosynthetic apparatus that would have resulted in a lower storage of carbohydrates which are 

necessary for dark nitrogenase activity. 
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Gas diffusion into the diazotrophic cell 

 

Heterocystous cyanobacteria 

 

Cyanobacteria occur in dynamic environments where dissolved O2, temperature, salinity 

and light can fluctuate rapidly. In order to perform optimally, diazotrophic cyanobacteria are 

expected to adapt to these fluctuations. Heterocystous cyanobacteria possess specialized cells 

called heterocysts (Kangatharalingam et al., 1992). The heterocyst possesses a thick glycolipid 

cell wall that serves as a gas diffusion barrier, decreasing the flux of oxygen. In combination with 

an efficient respiratory system any O2 that enters the heterocyst is removed so that an anoxic 

condition is created and maintained (Adams, 2000; Berman-Frank et al., 2003) allowing N2 

fixation. While in the light heterocysts produce ATP by cyclic photophosphorylation through 

photosystem I (Almon and Bohme, 1982), in the dark ATP is generated by respiration of 

carbohydrates imported from the vegetative cells. This energy generation depends on the rate of 

respiration and on the amount of storage carbohydrates in the vegetative cells and is usually 

lower than by photophosphorylation at saturating light. By recording the light response curves of 

nitrogenase activity in heterocystous cyanobacteria information on their physiology and on the 

limiting factors of N2 fixation is obtained (Chapter 2). By fitting the light response curves of 

nitrogenase activity, using the rectangular hyperbola model (Staal et al., 2002), three important 

parameters Ntot, Ntot/Nd and Ik can be calculated from the derived parameters (Nm, Nd, and α). Ntot 

which equals the sum of Nm and Nd represents the total nitrogenase activity at saturating 

irradiances. The ratio Ntot/Nd represents the portion of nitrogenase activity that is dependent on 

light energy and Ik (Nm/α) is the light saturation coefficient and represents the photon irradiance at 

which Nm would be reached when nitrogenase activity increased linearly with light. Ntot/Nd and Ik 

are biomass independent parameters and therefore reflect the processes in the N2-fixing cell 

(heterocyst). The overall average Ntot/Nd ratios for A. variabilis and Nostoc sp. reported in 

Chapter 2 were about 4 and 3. These ratios indicate that respectively 25% and 33% of the ATP 

that is needed to reach the maximum nitrogenase activity in A. variabilis and Nostoc sp. 

originated from the respiration. Staal et al. (2003) reported similar ratios for the same strains and 

other heterocystous cyanobacteria. From their investigation, they presumed that there is an 

optimal Ntot/Nd in heterocystous cyanobacteria in the range of 2-5. However, it is not yet 

understood why a specific ratio would be optimal for the organism. At high O2 concentrations, 
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nitrogenase could be fully driven by respiration but an Ntot/Nd of 1 has not yet been reported. The 

Ntot/Nd seems to be a trade-off between the synthesis of the heterocyst cell envelope and its 

efficiency as a gas diffusion barrier. With an efficient gas diffusion barrier of the cell envelope 

not only O2 but also less N2 would enter the heterocyst resulting in limitation of nitrogenase 

activity by its substrate. 

As the flux of O2 into the heterocyst is expected to be a function of its external 

concentration, we expected a large variation of Nd and Ntot/Nd from the large changes in O2 

concentrations that were applied. This was not the case. In both strains, there was an optimum for 

Nd at 5% O2. At higher O2 concentrations, Nd remained largely constant, suggesting a dynamic 

regulation of the flux of O2 in the heterocyst. The heterocyst is enveloped by complex glycolipid 

layers that act as a gas diffusion barrier. A short-term dynamic change of the gas diffusion 

characteristics of the heterocyst envelope is hard to imagine. Walsby (2007) proposed that the 

glycolipid envelope is not involved in the dynamic gas exchange between the heterocyst and its 

environment but rather the pores that connect the heterocyst with the neighboring vegetative cells. 

The glycolipid envelope serves as a constant gas diffusion barrier, whereas the pores serve as the 

main ports of gas exchange. Walsby also suggested that the pores of heterocysts might close 

during the dark period when nitrogenase activity is low and a low demand of N2 exist while at the 

same time the supply of reducing equivalents is low. Thus when the closed pores also limit the 

influx of O2, the heterocyst can be maintained anoxic with a limited supply of reducing 

equivalents, thereby preventing the inactivation of nitrogenase.  

 

Non-heterocystous cyanobacteria 

 

Unlike in heterocystous cyanobacteria, the cell envelope of unicellular and filamentous 

non-heterocystous cyanobacteria does not possess the glycolipid envelope that is typical for the 

heterocyst. However, as in heterocysts, the interior of the cells of non-heterocystous 

cyanobacteria must be virtually anoxic otherwise no active nitrogenase is expected. When O2 

diffuses into the N2-fixing cell, it has to be scavenged in order to maintain anoxic conditions 

(Staal et al., 2007). However, for unicellular species such as Crocosphaera and Gloeothece, and 

filamentous non-heterocystous cyanobacteria that fix N2 in the dark, it is important that O2 

diffuses into the cell in order to fuel respiration and therewith generate the energy for the fixation 

of N2. The complete absence of nitrogenase activity at 0% O2 concentration in C. watsonii and its 
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confinement to the light phase in Gloeothece emphasizes the O2 requirement for N2 fixation in 

the dark (Kana, 1993; Milligan et al., 2007; Chapter 3). There seems to be a range of in vivo O2 

tolerance of nitrogenase in so-called ‘anaerobic' N2-fixing cyanobacteria (Misra, 1999), but this 

has never been accurately investigated in aerobic N2-fixing strains such as Crocosphaera and 

Gloeothece. In Chapter 3 it was shown that neither C. watsonii nor Gloeothece sp. were able to 

induce nitrogenase activity at O2 concentrations equal and above 15%. This was a surprising 

observation because under natural conditions Crocosphaera is present in air saturated seawater 

and the biofilms of the terrestrial Gloeothece are exposed to air. In addition, Gallon and Hamadi 

(1984) reported that Gloeothece could fix N2 (acetylene reduction) at O2 partial pressures of up to 

0.7 atm (i.e. ~70%). However, these were O2 concentrations applied to the gas phase while the 

cells were suspended in the medium. The diffusion and dissolution of O2 into the medium may 

lead to O2 gradients. Hence, the actual O2 concentrations to which the cells were exposed must 

have been considerably lower. We therefore concluded that the actual concentration of O2 to 

which the diazotrophic Crocosphaera and Gloeothece are exposed in nature must be below 15%. 

 

Temperature relationship with gas diffusion in diazotrophic cells 

 

Elevated temperature and oligotrophic conditions have been shown to be important in 

dictating the distribution of diazotrophic cyanobacteria in the ocean (Mazard et al., 2004; 

Langlois et al., 2008). For instance, Mazard et al. (2004) detected unicellular diazotrophic 

cyanobacteria in the Arabian Sea when the water temperature was > 29°C. Similarly, Lugomela 

and colleagues (2002) found a possible temperature (~28°C) dependence of the Trichodesmium 

appearances in the Indian Ocean. These results hint to temperature as a key factor for the 

distribution of marine diazotrophic cyanobacteria. However, temperature itself is not the factor 

that restricts N2 fixation because it is found both at low temperatures such as in the Antarctic 

(Shukla et al., 1997) or at high temperatures in hot springs (Miyamoto et al., 1979; Steunou et al., 

2008). 

 In Anabaena and Nostoc there was a relationship between the effect of O2 on nitrogenase 

activity and temperature (Chapter 2). The temperature dependency coefficients of nitrogenase 

activity were calculated using the formula of Bayne and Newell (1983). For many metabolic 

processes, within the limits of the temperature given for an organism, the Q10 is usually ~2. This 

means that for a temperature increase or decrease of 10°C, the metabolic rate will double or halve 
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respectively. The increase in temperature in Anabaena and Nostoc resulted in a higher light 

dependent part of nitrogenase activity (Nm). The average Q10 of Nm was 3.0 and 3.6 for Anabaena 

and Nostoc, respectively, while the average Q10 of Nd was 1.6 for both strains. At constant O2 

concentration we would not expect much change in dark nitrogenase activity (Nd) with 

temperature. When no other O2-utilizing processes than respiration are going on, Nd can be 

interpreted as a measure for the flux of O2 into the diazotrophic cell (i.e. the O2 influx limits Nd) 

and therefore does not relate to the maximum light dependent part of nitrogenase activity (Nm). 

Whereas light (i.e. ATP) will not limit Nm, because it is by definition the activity at light 

saturation, O2 influx can limit Nd. Factors  that could potentially limit Nm include reducing 

equivalents, the amount of nitrogenase, or the flux of  N2 (or acetylene in the case of acetylene 

reduction assay). The low Q10 for Nd (1.6), below the theoretical Q10 of 2, indicate a limitation of 

the O2 flux into the heterocyst. At elevated temperature the possession of a heterocyst seems to be 

a limiting factor for diazotrophic growth.  Indeed, a highly efficient gas diffusion barrier would 

not only limit the flux of O2 but also the flux of N2 which would represent a serious disadvantage. 

Less O2 flux would decrease the energy supply to dark nitrogenase and less N2 flux might under 

saturate nitrogenase with its substrate. In addition, when the N2 concentration in the diazotrophic 

cell is limiting N2 fixation, nitrogenase will divert electrons to the evolution of H2, causing a loss 

of reducing power and energy (Ferreira et al., 2009; Schütz et al., 2004). Moreover, elevated 

temperature and high salinity affects the solubility of O2 in water negatively. The possession of a 

heterocyst under high temperatures and salinities is therefore disadvantageous. This could explain 

the presence of Trichodesmium in full salinity seawater at temperatures exceeding 20°C. The 

heterocyst cell envelope is genetically determined and adjusted to the environment in which the 

organism occurs. In Chapter 5, it was shown that elevated temperatures can affect the 

composition of the glycolipid layers of the heterocyst.  

It is still unclear what excludes heterocystous cyanobacteria from the pelagic temperate 

and cold marine waters. Extremely oligotrophic conditions with particularly low iron or 

phosphate concentrations may as well play an important role in the distribution and diversity of 

diazotrophic cyanobacteria (Kustka et al. 2002; Mills et al., 2004).  

The effects of temperature on N2 fixation have not yet been well studied in unicellular 

diazotrophs. The phylogenetic analyses of the nifH sequences obtained from the oligotrophic 

oceans have shown that there are three distinct groups of unicellular, diazotrophic cyanobacteria. 

Group “A” which does not have cultivated representatives and are only known from their nifH 
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sequences, group “B” that has been affiliated to Cyanothece, and group “C” affiliated with 

Crocosphaera watsonii (Church et al., 2005; Falcón et al., 2004; Zehr et al., 2001; 2008). 

Members of the genera Crocosphaera and Cyanothece are the only cultivated strains of 

unicellular, diazotrophic cyanobacteria from the open ocean. Because of the apparent limited 

temperature range of C. watsonii (26–31°C), like other unicellular diazotrophic cyanobacteria, 

this genus was originally thought not to be globally important (Campbell et al., 2005; Wasmund 

et al., 2001). However, phylogenetic and microscopic identification of these organisms in various 

regions suggests that they are more widespread and they may contribute importantly to the global 

N2 fixation (Ferris and Palenik, 1998; Palenik et al., 2003; 2006; Rocap et al., 2002; 2003; 

Johnson et al., 2006). Falcón et al. (2005) identified two cultivable types of Crocosphaera: one 

with a narrow temperature range (26–31°C, e.g. WH8501) and others (e.g. WH0003 and 

WH0001) that have wider temperature ranges for growth (21–36°C). The data presented by 

Falcón et al. (2005) could explain why it is possible to observe Crocosphaera-like cells in cooler 

regimes and can be cultivated at lower temperature. Moisander et al. (2010) also reported that the 

abundances of the representatives of the group “A” and Crocosphaera in the surface layers was 

more correlated with water temperature than other factors. However, the representatives of group 

“A” frequently grow in waters with lower temperatures (12˚C to 19˚C) than that are considered 

necessary for Crocosphaera. The data presented by Moisander et al. (2010) and others (Falcón et 

al., 2005) imply that elevated temperatures, increased stratification, and deposition of nutrients 

together may favor the development of potentially diazotrophic cyanobacteria, at least in 

oligotrophic coastal environments.  

 

N2-fixing cyanobacteria as important components of microbial mats 

 

Marine benthic cyanobacterial mats are a common feature of near shore environments 

(Stal, 1995; 2001) and contain metabolically diverse groups of microorganisms that perform 

critical steps in biogeochemical cycles. Biological dinitrogen (N2) fixation is an important source 

of nitrogen for cyanobacterial mats (Bebout et al., 1987), as well as for the marine environment 

(Capone, 2001). The measurement of dinitrogen fixation provides little information on the 

diversity or types of organisms involved. Experimental manipulations such as incubation under 

light or dark conditions are often used to infer whether N2 fixation is carried out by heterotrophic 

or photosynthetic organisms. The results of such experiments can be interpreted in multiple ways, 



Chapter 7 

114 

since interactions and nutrient exchange between microorganisms can cause N2 fixation to be 

light stimulated, even if the N2 fixer is not photosynthetic. Identification of N2-fixing organisms 

in microbial assemblages has been dependent on culturing microorganisms (Rippka and 

Waterbury, 1977). It has frequently been assumed that N2 fixation in cyanobacterial mats is due 

to the visually prominent cyanobacteria themselves (Bebout et al., 1993, Paerl et al., 1991) 

although the mats are composed of a rich assemblage of prokaryotic organisms, any of which 

could potentially fix N2 (Paerl, 1990). A small number of N2-fixing cyanobacterial isolates have 

been obtained from mats (Paerl et al., 1991, Stal, 1995) Nitrogenase genes, which encode the 

proteins that catalyze the fixation of dinitrogen, are widely dispersed among bacterial and 

archaeal genera (Postgate, 1982) such that taxonomic information alone cannot be used to predict 

N2 fixation capabilities. In Chapter 6, using microscopy, biological markers, stable isotopes 

(δ13C and δ15N) and 16S RNA gene clone libraries, we investigated the importance of 

cyanobacteria in microbial mats growing in the intertidal flats of the North Sea barrier island 

Schiermonnikoog. Microscopy and the 16S rRNA gene clone libraries identified Lyngbya, 

Microcoleus, Leptolyngbya and Phormidium as principal cyanobacterial mat builders on the tidal 

flats, while heterocystous cyanobacteria of the genera Anabaena, Nodularia, Nostoc and 

Calothrix were identified in more mature microbial mats of the upper littoral. The nitrogen-

depleted conditions observed in the supratidal suggested diazotrophic growth along the littoral 

gradient, which was supported by the presence of the heterocyst glycolipids 1-(O-hexose)-3,25-

hexacosanediol and 1-(O-hexose)-3,25,27-octacosanetriol, representing biological markers for 

N2-fixing heterocystous cyanobacteria, in microbial mats of the supratidal (Chapters 5 and 6). 

The multiple approaches in our investigation demonstrate that N2-fixing cyanobacteria are 

important suppliers of fixed nitrogen on intertidal flats. 
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Cyanobacteria occupy a unique position among the N2-fixing microorganisms. Cyanobacteria are 

the only oxygenic photosynthetic organisms capable of N2 fixation and they combine it with the 

fixation of CO2. Nitrogenase, the enzyme catalyzing the reduction of atmospheric dinitrogen to 

ammonia is extremely sensitive to oxygen. The occurrence of nitrogenase and the fixation of 

dinitrogen in the oxygenic and aerobic cyanobacteria is therefore an enigma that is still poorly 

understood. Heterocystous cyanobacteria separate dinitrogen fixation spatially from oxygenic 

photosynthesis by confining the former in specialized anaerobic cells (heterocysts). However, 

non-heterocystous cyanobacteria exist, filamentous as well as unicellular, that are capable of 

dinitrogen fixation. Some, but not all, of these organisms separate the incompatible processes in 

time and fix dinitrogen at night. Diazotrophic cyanobacteria play a central role in oligotrophic 

ocean ecosystems by providing the fixed N to support primary productivity. The filamentous 

non-heterocystous cyanobacterium Trichodesmium was thought to be the most abundant and 

active oceanic N2-fixing microorganism until the recent discovery of abundant unicellular 

diazotrophic cyanobacteria. It is still unclear how ecological or physiological constraints 

determine to the geographical range and distribution of diazotrophic cyanobacteria and what 

limits their growth and activity. Evidence from field observations and laboratory experiments has 

revealed that the supply of phosphorus and/or iron or temperature might constrain the growth of 

diazotrophs in the ocean. A few studies have focused on the combination of different factors, 

particularly on the combined effects of O2 and temperature on dinitrogen fixation. The work 

described in this thesis aimed at achieving a better understanding of N2 fixation in cyanobacteria 

and to investigate the factors that control it.  

In the Chapters 2 and 3 I investigated the effect of temperature on the oxygen 

sensitivity of nitrogenase in two heterocystous cyanobacteria (Anabaena variabilis ATCC29413 

and Nostoc sp. PCC7120) and in two unicellular (Gloeothece sp. PCC6909 and Crocosphaera 

watsonii WH8501), using an on-line acetylene reduction assay combined with a sensitive laser 

photo-acoustic ethylene detection method. The results show that nitrogenase activity in Anabaena 

and Nostoc, was highest at 39-42˚C and under anaerobic conditions and that both photosynthesis 

and respiration contribute to nitrogenase activity. However, the individual contribution of 

photosynthesis and respiration depend on both the O2 concentration and the temperature because 

it was discovered that the latter altered the flux of O2 into the heterocyst in a dynamic manner. 
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Nitrogenase activity in the unicellular Gloeothece sp. and C. watsonii was confined to a narrow 

range of O2 concentrations (5-7.5% O2) and temperatures (29-31˚C).  

Because nitrogenase activity and photosynthetic O2 evolution are incompatible, they 

occur temporally separated in the unicellular diazotrophic cyanobacteria, with the former being 

confined to the dark.  Little is known about how N2 and CO2 fixation are controlled and tuned to 

each other in unicellular aerobic N2-fixing cyanobacteria. In Chapter 4 I investigated a time 

course measurement of N2 and CO2 fixation by using stable isotopes (15N and 13C), while 

measuring and quantifying the expression of nifH in C. watsonii. The results hinted to the 

existence of distinct daily patterns of nitrogen and carbon fixation. The expression of nifH and 

the fixation of N2 were out of phase whereas the patterns of N2 and CO2 fixation were opposite. 

The high rates of N2 and CO2 fixation that were observed may underscore the potential 

contribution of C. watsonii to the global oceanic C and N budgets. In heterocystous cyanobacteria 

N2 fixation is performed under anaerobic conditions in the heterocyst. This differentiated cell 

possesses a thick cell envelope that consists of several polysaccharide and glycolipid layers that 

limit the gas diffusion into the cells. Organisms are known to adjust their membrane lipids in 

response to changing environmental conditions, especially with respect to temperature. Thus, in 

Chapter 5, the glycolipid distribution was investigated in several cyanobacteria as well as their 

changes with changing temperature. The results show that long–chain glycolipids were absent in 

all analyzed non-heterocystous (unicellular and filamentous) cyanobacteria as well as in 

heterocystous species when they were grown in the presence of combined nitrogen and therefore 

did not develop heterocysts. This supported the idea that these long-chain glycolipids were an 

important and unique structural component of the heterocyst cell wall. Furthermore, growth at 

different temperatures revealed that the amount of long-chain glycolipids decreased with 

increasing temperature. This suggested an adaptation to optimize the cell wall gas permeability in 

order to achieve a trade-off between the prevention of the inactivation of nitrogenase by O2 and 

allowing the highest possible N2 flux into the heterocyst. 

Using a polyphasic approach (microscopy, biological markers, fractionation of stable 

carbon (δ13C) and nitrogen (δ15N) isotopes and the construction of 16S rRNA gene clone 

libraries), the importance of N2-fixing cyanobacteria in microbial mats was investigated 

(Chapter 6). The results showed that cyanobacteria were the principle mat-building organisms 

on the beaches of North Sea barrier island Schiermonnikoog (The Netherlands), and that  
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diazotrophic species were of particular importance for the development of these mat systems 

since they supply the fixed nitrogen for the microbial community in this nitrogen-depleted 

ecosystem. 

In summary, the results described in this thesis revealed that unicellular diazotrophic 

cyanobacteria are unable to fix N2 under fully aerobic conditions. This suggested that in their 

natural environment these organisms must be exposed to O2 concentrations well below air 

saturation at least during the periods that they actively fix N2 (i.e. during the dark). Furthermore, 

temperature was identified as an important factor for dinitrogen fixation in cyanobacteria. It was 

found that  the O2 flux into the heterocyst was dynamically regulated by temperature.  
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Binnen de groep van de stikstoffixerende organismen nemen de cyanobacteriën een 

unieke positie in. Cyanobacteriën zijn de enige zuurstofproducerende fotosynthetische 

organismen die in staat zijn tot de fixatie van stikstofgas en combineren dit met de fixatie van 

koolzuurgas. Nitrogenase, het enzym dat de reductie van atmosferisch stikstofgas tot ammonia 

katalyseert, is uiterst zuurstofgevoelig. De aanwezigheid van nitrogenase en de fixatie van 

stikstofgas in de zuurstofproducerende en aerobe cyanobacteriën is daarom een schijnbaar 

onverklaarbaar fenomeen dat tot op heden niet goed wordt begrepen. Heterocysten vormende 

cyanobacteriën scheiden de fixatie van stikstofgas ruimtelijk van de zuurstofproducerende 

fotosynthese door de eerste te laten plaatsvinden in gespecialiseerde anaerobe cellen 

(heterocysten). Er zijn echter ook eencellige en draadvormige stikstoffixerende cyanobacteriën 

die geen heterocysten vormen. Sommige van deze soorten scheiden de niet-compatibele 

processen in de tijd en fixeren stikstofgas gedurende de nacht. Diazotrofe cyanobacteriën (soorten 

die zich ‘voeden’ met luchtstikstof) spelen een cruciale rol in de oligotrofe (arm aan 

voedingsstoffen) oceaan omdat de gefixeerde stikstof de primaire productie in dit ecosysteem 

drijft. Lange tijd werd aangenomen dat de draadvormige, niet heterocysten vormende 

cyanobacterie Trichodesmium de meest algemene en meest actieve oceanische cyanobacterie was 

totdat recentelijk grote aantallen eencellige stikstoffixerende cyanobacteriën werden ontdekt. Het 

is tot nu toe niet goed bekend welke ecologische en fysiologische randvoorwaarden het 

geografische verspreidingsgebied van stikstoffixerende cyanobacteriën bepalen en welke factoren 

hun groei en activiteit beperkt. Observaties in het veld en laboratorium experimenten hebben 

aanwijzingen opgeleverd die erop wijzen dat de toevoer van fosfaat en/of ijzer dan wel de 

temperatuur de groei van stikstoffixerende organismen aan banden legt. Slechts enkele studies 

hebben zich gericht op het effect van de combinatie van verschillende factoren op de fixatie van 

stikstof, in het bijzonder op de gecombineerde effecten van zuurstof en temperatuur. Het 

onderzoek dat in deze dissertatie wordt beschreven stelde zich tot doel om de fixatie van stikstof 

in cyanobacteriën beter te begrijpen en om de sturende factoren te identificeren. 

In de Hoofdstukken 2 en 3 beschrijf ik het onderzoek dat ik heb gedaan om het effect 

van temperatuur op de zuurstof gevoeligheid van nitrogenase in twee heterocysten vormende 

cyanobacteriën (Anabaena variabilis ATCC29413 en Nostoc sp. PCC7120) en in twee eencellige 

cyanobacteriën (Gloeothece sp. PCC6909 en Crocosphaera watsonii WH8501) te bepalen met 

behulp van een in lijn gekoppelde bepaling van de reductie van acetyleen waarbij gebruikt werd 
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gemaakt van een gevoelige laser fotoakoestische ethyleen detectie methode. De resultaten laten 

zien dat de nitrogenase activiteit in Anabaena and Nostoc het hoogste was onder anaerobe 

condities bij 39-42oC en dat zowel fotosynthese als respiratie aan de nitrogenase activiteit 

bijdroeg. Echter, de individuele bijdrage van de fotosynthese en de respiratie waren afhankelijk 

van zowel de zuurstofconcentratie als van de temperatuur. Ontdekt werd dat veranderingen in de 

temperatuur de flux van zuurstof in de heterocyst op een dynamische wijze veranderde. 

Nitrogenase activiteit in de eencellige Gloeothece sp. en C. watsonii was beperkt tot een gering 

bereik van zuurstof concentraties (5 – 7.5% O2) en temperatuur (29 – 31oC). 

Omdat nitrogenase activiteit en fotosynthetische zuurstof productie niet samengaan, 

moeten ze in eencellige stikstoffixerende cyanobacteriën in de tijd gescheiden optreden waarbij 

de eerste gedurende de nacht plaatsvindt. Er is nog maar weinig bekend over hoe in eencellige 

stikstoffixerende cyanobacteriën de fixatie van N2 en CO2 worden gereguleerd en op elkaar 

worden afgestemd. In Hoofdstuk 4 heb ik het tijd verloop van N2 en CO2 fixatie onderzocht 

doormiddel van stabiele isotopen (15N en 13C), terwijl ik de expressie van nifH in C. watsonii heb 

gemeten en gekwantificeerd. De resultaten wezen op het bestaan van duidelijk verschillende 

dagelijkse patronen van stikstof- en koolstoffixatie. De expressie van nifH en de fixatie van N2 

liepen niet gelijk op terwijl de patronen van de fixatie van N2 en CO2 tegenovergesteld bleken. 

De hoge N2 en CO2 fixatie snelheden die werden waargenomen onderschatten wellicht de 

potentiële bijdrage van C. watsonii aan de mondiale oceanische koolstof en stikstof budgetten. 

Heterocysten vormende cyanobacteriën fixeren N2 onder anaerobe condities in de heterocyst. 

Deze gedifferentieerde cel beschikt over een dikke celwand die is samengesteld uit verschillende 

lagen van polysaccharide en glycolipides die de gasdiffusie in de cel beperkt. Het is bekend dat 

organismen hun membraan lipiden aanpassen als reactie op veranderende omgevingsfactoren, 

vooral met betrekking tot temperatuur. Daarom  werd in Hoofdstuk 5 de glycolipide verdeling in 

verschillende cyanobacteriën onderzocht evenals de verschuivingen hierin ten gevolg van 

temperatuurveranderingen. De resultaten laten zien dat de langketige glycolipiden afwezig waren 

in alle niet heterocysten vormende cyanobacteriën (eencellige en draadvormige) die hiervoor 

werden geanalyseerd, evenals in heterocysten vormende soorten die werden gekweekt met 

gecombineerde stikstof en daarom geen heterocysten vormden. Dit resultaat ondersteund het idee 

dat deze langketige glycolipiden een unieke en belangrijk onderdeel van de heterocysten celwand  

is. Het kweken onder verschillende temperaturen liet bovendien zien dat de hoeveelheid van deze 

langketige glycolipiden daalden met toenemende temperatuur. Dit suggereerde een aanpassing 
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van de gasdoorlaatbaarheid van de celwand teneinde een optimum situatie te bereiken tussen het 

vermijden van het inactiveren van nitrogenase door een teveel aan zuurstof en het doorlaten van 

de grootst mogelijke flux van stikstofgas in de heterocyst. 

Door een meervoudige benadering toe te passen (microscopie, biologische merkers, 

fractioneren van stabiele koolstof (δ13C) en stikstof (δ15N) isotopen, en het construeren van 16S 

rRNA gen kloon bibliotheken) werd het belang van N2 fixerende cyanobacteriën onderzocht in 

microbiële matten die zich ontwikkelen op de Noordzee stranden van het Nederlandse 

Waddeneiland Schiermonnikoog (Hoofdstuk 6). De resultaten toonden aan dat de cyanobacteriën 

de belangrijkste organismen waren en dat in het bijzonder de stikstoffixerende soorten een 

essentiële rol spelen bij de ontwikkeling van deze matten door dit stikstofarme ecosysteem van 

gebonden stikstof te voorzien. 

De resultaten die in deze dissertatie zijn beschreven laten zien dat eencellige diazotrofe 

cyanobacteriën niet in staat zijn tot stikstoffixatie onder volledige aerobe omstandigheden. Dit 

suggereert dat zij in hun natuurlijke omgeving tenminste tijdens de perioden waarin zij actief 

stikstof fixeren worden blootgesteld aan zuurstofconcentraties die duidelijk beneden die van 

luchtverzadiging liggen. Verder werd vastgesteld dat temperatuur een belangrijke factor is voor 

de stikstoffixatie in cyanobacteriën. Een andere aanpassing die werd gevonden is dat de 

heterocyst in staat is tot een dynamische regulatie van de zuurstofflux in de cel.    
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L'Ennemi  

Ma jeunesse ne fut qu'un ténébreux orage, 

Traversé çà et là par de brillants soleils; 

Le tonnerre et la pluie ont fait un tel ravage, 

Qu'il reste en mon jardin bien peu de fruits vermeils. 

Voilà que j'ai touché l'automne des idées, 

Et qu'il faut employer la pelle et les râteaux 

Pour rassembler à neuf les terres inondées, 

Où l'eau creuse des trous grands comme des tombeaux. 

Et qui sait si les fleurs nouvelles que je rêve 

Trouveront dans ce sol lavé comme une grève 

Le mystique aliment qui ferait leur vigueur? 

— Ô douleur! ô douleur! Le Temps mange la vie, 

Et l'obscur Ennemi qui nous ronge le coeur 

Du sang que nous perdons croît et se fortifie! 

— Charles Baudelaire 

 

The Enemy 

My youth has been nothing but a tenebrous storm,  

Pierced now and then by rays of brilliant sunshine;  

Thunder and rain have wrought so much havoc  

That very few ripe fruits remain in my garden. 

I have already reached the autumn of the mind,  

And I must set to work with the spade and the rake  

To gather back the inundated soil  

In which the rain digs holes as big as graves. 

And who knows whether the new flowers I dream of  

Will find in this earth washed bare like the strand,  

The mystic aliment that would give them vigor? 

Alas! Alas! Time eats away our lives,  

And the hidden Enemy who gnaws at our hearts  

Grows by drawing strength from the blood we lose! 

 

—Translated by William Aggeler, The Flowers of Evil, Poems of Baudelaire (Fresno, CA: Academy 

Library Guild, 1954) 


