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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 
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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 



Oxygen and the light-dark cycle of nitrogenase activity 
 
 
 

 49 

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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