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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 



Chapter 2 
 
 

28 

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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