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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; 



Chapter 7 

108 

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, 
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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. 

 

 

 


