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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 
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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 



                                                                                                                               General introduction 
 
 

 13 

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. 




