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ABSTRACT 

 

Cyanobacteria are the most abundant group of organisms that are capable of both N2 and 

CO2 fixation. Recently, unicellular diazotrophic cyanobacteria such as Crocosphaera watsonii 

have been recognized as important contributors to primary production and to the nitrogen budget 

in the tropical and sub-tropical ocean. Because N2 fixation is incompatible with oxygenic 

photosynthesis these processes occur temporally separated in these unicellular cyanobacteria, the 

former being confined to the night. To date little is known about how CO2 and N2 fixation are 

controlled and tuned to each other in unicellular cyanobacteria. Here, we report on time course 

measurements of nifH expression, N2 (
15N) and CO2 (

13C) fixation in C. watsonii during a period 

of 27 hours. The results show distinct daily patterns of these processes. For instance, nifH 

expression and N2 fixation were out of phase and we observed opposite patterns of CO2 and N2 

fixation. The results also show that the incorporation of nitrogen and carbon into cellular material 

were accurately measured by the stable isotope technique but that they underestimated the actual 

rates of CO2 and N2 fixation in C. watsonii. The high rates of N2 and CO2 fixation observed 

underscore the potential contribution of C. watsonii to the global oceanic C and N budgets. 
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INTRODUCTION 

 

In the oligotrophic oceans, availability of fixed nitrogen can be a major growth limiting 

factor. Among the principal players contributing to global ocean primary production, the N2-

fixing cyanobacteria are important providers of ‘new’ nitrogen (Capone, 2001). Under conditions 

of nitrogen deficiency the independency of sources of combined nitrogen gives N2-fixing 

cyanobacteria a competitive advantage over other organisms. Because the fixation of N2 enhances 

CO2 fixation and primary productivity, diazotrophic cyanobacteria impact importantly the carbon 

sequestration into the deep sea (Falkowski, 1997; Gruber and Sarmiento, 1997; Karl et al., 1997). 

Trichodesmium has been considered as the only important diazotroph in the ocean (Capone and 

Carpenter, 1982; Carpenter and Romans, 1991). However, recently abundant unicellular 

diazotrophic cyanobacteria have been discovered in the ocean and has led to a reexamination of 

the global ocean nitrogen and carbon budgets (Fuhrman and Capone, 2001; Zehr et al., 2001; 

Hewson et al., 2007). However, little is known about the distribution, physiology, elemental 

stoichiometry (carbon and nitrogen content) and the N2 fixing characteristics of these 

cyanobacteria.  

In diazotrophic cyanobacteria a lowering of the cellular N status leads to the expression 

of nitrogenase. Nitrogenase is an enzyme complex consisting of two multi-subunit proteins: 

dinitrogenase reductase, encoded by nifH, and dinitrogenase, encoded by nifDK. This enzyme 

complex reduces atmospheric N2 to ammonium at the expense of 16 ATP and 8 low potential 

electrons (ferredoxin). Because nitrogenase is irreversible inactivated by O2 (Fay, 1992), 

cyanobacterial oxygenic photosynthesis and N2 fixation are incompatible. While CO2 and N2 

fixation are both dependent on reducing equivalents generated by photosynthesis, diazotrophic 

cyanobacteria evolved a variety of strategies to prevent inactivation of nitrogenase by oxygen. 

Basically, these strategies provide an anaerobic environment for nitrogenase and separate it from 

oxygenic photosynthesis. Heterocystous cyanobacteria separate N2 fixation spatially from 

oxygenic photosynthesis by confining the former to a differentiated anoxygenic heterocyst. Many 

non-heterocystous cyanobacteria exhibit a temporal separation of N2 fixation and photosynthesis 

by confining it to the dark (Stal and Krumbein, 1985). The non-heterocystous filamentous 

cyanobacterium Trichodesmium is an exception. This organism fixes N2 exclusively during the 

day and it has been suggested that it operates a combination of temporal and spatial separation of 
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N2 fixation and photosynthesis (Mitsui et al., 1986; Reddy et al., 1993). Another exception may 

prove to be the uncultivated putative unicellular cyanobacterium ‘Group A’. This organism fixes 

N2 during the day and seems to be devoid of the oxygenic photosystem PS-II. Obviously, this 

organism can not live autotrophically and future research must elucidate its ecology and 

physiology (Zehr et al., 2001; Falcón et al., 2004; Church et al., 2005).  

The diazotrophic unicellular cyanobacterium Crocosphaera watsonii is common in the 

tropical ocean and fixes N2 during the night or during the dark phase when grown under an 

alternating light-dark cycle (Compaoré and Stal, 2010). The aim of this study was to investigate 

the interrelationships of the expression of nifH and N2 and CO2 fixation in C. watsonii in order to 

understand the diazotrophic mode of life of this important organism. 

 

MATERIALS AND METHODS 

 

Experimental design 

An axenic culture of Crocosphaera watsonii WH8501 was obtained from the Culture 

Collection Yerseke (CCY 0601). C. watsonii was grown as a homogenous culture in 690 ml 

tissue culture flasks with filter screw caps (TPP, article 90151, Zollstrasse, Switzerland) in 

modified artificial seawater YCBII medium (Chen et al., 1996). The medium was devoid of any 

source of combined nitrogen. Prior to the experiment, the cyanobacterium was cultivated for 3 

weeks (exponential phase) in an illuminated incubator (Snijders model ECD01E, Tilburg, the 

Netherlands) under a 12-12 h light-dark regime with an irradiance of 25-30 µmol photons m-2 s-1, 

and 27ºC. At the day of the experiment, 200 ml of exponential growth culture (0.061 mg Chl a / 

ml) was poured into a 2 L serum bottle containing 1.8 L of modified YCBII medium. 

Subsequently, 100 ml of culture was poured into 500 ml TPP tissue culture flasks. The culture 

flasks were sealed with rubber septa and were subsequently labeled with 13C (1 ml of 14 mM 

NaH13CO3) and 15N2 gas (10%) using a gas-tight syringe. The cultures were then transferred back 

to the incubator and incubation continued under conditions described above. During the 

following 27 h two cultures were withdrawn from the incubator at intervals of 3 h. From each of 

these cultures, 25 ml were withdrawn for RNA extraction, 15 ml for cell counting and TSA-FISH 

probing. The remaining culture was filtered onto 46 mm GF/F glass fiber filters for 13C and 15N 

analysis.  
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RNA extraction and RT-QPCR 

RNA was isolated using the Qiagen RNeasy kit (Qiagen, Venlo, The Netherlands) 

following the manufacturer's instructions. Culture samples (25 ml) were centrifuged at 10,000 x g 

for 5 min, and the supernatants were discarded. Sterile glass beads (0.1 g) and 350 µl of mix RLT 

(guanidine isothiocyanate) buffer + β-mercapto-ethanol were added to the pellets. Samples were 

then placed into a vortex and agitated for 3 min at 1,200 rpm. The extracts were then centrifuged 

at 10,000 x g for 30 s and the supernatants were transferred to clean 2-ml microcentrifuge tubes 

with an equal volume of 70% ethanol. The extracts were subsequently applied to a QIAGEN 

RNeasy minicolumn, and the RNA was purified and eluted following manufacturer's instructions. 

In order to eliminate any DNA, samples were treated with DNase I. RNA concentrations were 

determined using NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Freiburg, 

Germany), and stored at –80°C until analysis. 

Specific primers and fluorescent-labeled TaqMan probes were designed and synthesized 

for quantitative RT-PCR (TIB-MOLBIOL, Berlin, Germany) (Table 1). The TaqMan primers and 

probes were checked for nonspecific amplification by blasting them to the C. watsonii genome. 

The primers and probes were specific for the target sequences. 

For reverse transcriptase-quantitative PCR (RT-QPCR) assays total RNA was reverse 

transcribed using a SuperScript III first strand cDNA synthesis kit (Invitrogen Life Science 

Technologies, Breda, The Netherlands) by following the manufacturer's protocol. The cDNA 

reaction mixtures consisted of 11 µl (200 ng) RNA, 1µl (100 ng/ µl) of antisense gene-specific 

primer, (in the case of duplex real time RT-PCR 1µl of nifH and 16S rRNA primers was taken) 

1µl of dNTP’s (10mM),  2µl 5x strand buffer, 1µl (10mM) dithiothreitol and 200 U SuperScript 

III reverse transcriptase. Upon completion of the cDNA synthesis, 1 U RNAse was added to each  

reaction mixture to eliminate any residual RNA and cDNA was stored at –20°C until it was 

utilized in the Q-PCR assays.  
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Table 1.  Primers and oligonucleotide probes used in this study for Q-PCR and TSA-FISH hybridization analyses. 

Probe used in Q-PCR was 16SCroco (labeled with Q670/BHQ-2) and NifHCroco (labeled with FAM/BHQ-1), and 

in TSA-FISH hybridization were Eub338 and Nitro821 (both labeled with Horse Radish Peroxidase). 

 

probes Target Primer direction  Primer/probe sequence (5’- 3’) source 

 

16SCroco 

 

16S rRNA in Crocosphaera sp. 

 

F 

R 

Probe 

 

TAATACGGAGGATGCAAGCGTT 

CCCTACCGAACTCTAGTCTCTCAGT 

ACCGCCTGCCCAGAGTTAAGCT 

 

This study 

 

NifHCroco 

 

NifH in Crocosphaera sp. 

 

F 

R 

Probe 

 

CGTATCCTACGACGTATTAGGGGAC 

CCATCATTTCACCAGAGGTAACGAT 

TCTTGTGCTTTTCCTTCACGGATAGGC 

 

This study 

 

Eub338 

 

16S rRNA in most Bacteria 

  

Probe 

  

 GCTGCCTCCCGTAGGAGT 

 

Amann et al. (1990) 

 

Nitro821 

 

16S rRNA in unicellular 

diazotrophic cyanobacteria 

 

Probe 

   

CAAGCCACACCTAGTTTC 

 

Mazard et al. (2004) 

 

The thermal cycling conditions and reaction mixtures used for the Q-PCR were as followed: 

triplicate 25-µl Q-PCR mixtures were used for each sample and standard. The reaction mixtures 

contained, 1 µl (20 ng) of template cDNA, 10 µl ABgene Master Mix, 1.5 µl (200 nM) each 

forward and reverse primers, 1.5 µl (150 nM) each TaqMan fluorogenic probes. Total reaction 

volume was filled up to 25µl with RNase-free water. A Rotorgene 6000 (Corbett Life Science) 

was used for quantitative detection of amplified PCR products using the following thermal 

cycling conditions: 95°C for 10 min, and 45 cycles of 95°C for 10 s, followed by 58°C for 45 

sec..The numbers of nifH and 16S rRNA (cDNA) transcripts were quantified relatively to a 

standard curve from plasmids containing the target gene inserts. Standards were made from serial 

dilutions of plasmids in nuclease-free water and 2 µl of each dilution was added to the 25-µl Q-

PCR mixtures providing a range of nifH and 16S rRNA targets containing between 1 and 1010 

gene copies. Model I least-squares linear regressions of log10 target gene copies versus the cycle 

threshold were used to quantify the target gene copies in each sample.  
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Tyramide signal amplified – Fluorescence In Situ Hybridization (TSA-FISH)  

Fixation, filtration and embedment. Bacterial samples were fixed with 1% (w/v) para-

formaldehyde (pH 7.5) for 20 min at room temperature (21°C) or for 1 h at 4°C. Samples were 

then treated with 50% (v/v) ethanol in 1x PBS (Phosphate-buffered saline (10 mM), pH 7.5) and 

were either kept at 4°C, or incubated for 24 h at room temperature and processed. Following an 

incubation with poly-L-lysine solution (0.01%) for 15 min at room temperature, samples were 

filtered on white polycarbonate membrane filters (type GTTP, 0.2 µm pore-size, diameter 25 mm, 

Millipore, Eschborn, Germany), using a vacuum of maximal 100 mm Hg. Filters were placed in 

preheated glass Petri dishes and left to dry for 1 h at 60°C. Dehydrated filters were cut in fourths 

or eights, placed in micro-centrifuge tubes and kept at -20°C until further use, which was mostly 

within a week.  

Cell permeabilization.  Filter sections were incubated in freshly prepared lysozyme solution (1 

mg ml-1 (final concentration), dissolved in 0.05 M EDTA (pH 8.0), 0.1 M Tris-HCl (pH 7.4)) for 

1 h at 37°C. After incubation, filter sections were washed with MilliQ water. Subsequently, filter 

sections were incubated for 30 min at 37°C in fresh achromo-peptidase solution (10 U ml-1, final 

concentration) dissolved in 0.01 M NaCl, 0.01 M Tris-HCl (pH 8.0). After incubation filter 

sections were washed with MilliQ water.  

Hybridization.  Filter sections were hybridized with bacterial probes Eub338 and Nitro821 (50 

ng µl -1) (Interactiva, Ulm, Germany) mixed with 200 parts hybridization buffer (0.9 M NaCl, 20 

mM Tris-HCl (pH 7.4) +10% (w/v) dextran sulfate + 0.01% (w/v) SDS + 55% (v/v) formamide + 

1% Blocking Reagent (Roche, Basel, Switzerland)) and incubated for 16 h at 35°C on a rotary 

shaker (~60 rpm). Subsequently, filter sections were washed for 15 min at 37°C in a washing 

buffer (20 mM NaCl, 5 mM EDTA (pH 7.4), 0.01% (w/v) SDS). 

Tyramide signal amplification. Sections were washed in 1x PBS amended with 0.05% Triton 

X-100 (pH 7.5, 0.2-µm filtered) for 5 min at room temperature. Filter sections were then 

incubated in the dark for 1 h at 37°C on a rotary shaker (~60 rpm) with TSA substrate mix (1 part 

Alexa488-labeled tyramide (1 mg ml-1, dissolved in DMSO) and 250 parts amplification buffer 

(10% (w/v) dextran sulfate, 2 M NaCl, 0.1% (w/v) Blocking Reagent (Roche) prepared in maleic 

acid buffer (100 mM maleic acid, 150 mM NaCl; pH 7.5) and freshly prepared 0.0015% H2O2 in 
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1x PBS (pH 7.6)). Filters were subsequently washed with MilliQ water and immediately further 

processed.  

 

CLSM-image analysis and fluorescence measurement. The filter sections were put on an 

object glass, a drop of immersion oil was added and the filter section was covered with a cover 

slip. A laser scan unit (Leica TCS NT; Leica Microsystems GmbH, Mannheim, Germany) was 

built on a microscope (Leica-DMRXE). The Ar/Kr laser was set at half maximum; the 488 nm 

excitation line was chosen, and set at 70% intensity by an opt-acoustic device (AOTF). The 

objective used was a 63× 1.32-0.6 NA/oil objective (Leica PL-APO). Via a beam splitter 

(RSP580), the green fluorescence from the focal plane was separated using emission filters 

BP530/30. The green fluorescence of the cells was measured in the stacks, by setting an upper 

and lower threshold in the range that would not oversaturated the PMT (photomultiplier tube). 

From each filter section ~100 cells were measured. All filter sections from one probe were 

measured on the same day. The mean fluorescence per cell was calculated along a diagonal line 

using the software program TCS-NT (Leica Microsystems, Wetzlar, Germany). The mean and its 

standard deviation were calculated in Excel. 

 

Determination of cell cycle. 

 

 The cell cycle was determined as described by Lebaron et al. (1998a, 1998b). The cell cycle was 

analyzed by treating the fixed cells with the DNA-stain Sytox Green. Fixed samples of the 

culture were diluted in TE buffer (FC: 10 mM Tris, 0.5 mM EDTA, pH 7.5) and stained by Sytox 

Green (10,000 diluted stock) (Invitrogen Life Science Technology, Carlsbad, USA). The stained 

cells were then measured and counted using a flow-cytometer (Epics Elite; Beckmann Coulter, 

Brea, USA). An internal standard of beads with a known concentration was added. Excitation 

was observed with a blue Ar-Kr laser at a wavelength of 488 nm. The emission was in the green 

channel (530 ± 30 nm). The number of cells in the different phases (G0/G1, S and G2+M) was 

calculated. 
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13C and 15N analysis.  

 

The particulate organic carbon (POC) and particulate organic nitrogen (PON) content and the 

bulk δ13C and δ15N ratios were determined by elemental analyzer isotopic ratio mass 

spectrometry (EA-IRMS) using a Flash EA 1112 Series elemental analyzer coupled via a Conflo 

III interface to a Delta V Advantage isotope ratio mass spectrometer (Thermo Electron, Bremen, 

Germany) with a typical reproducibility of +/-0.15‰ (Boschker et al., 2008). Stable isotope 

ratios (13C/12C and 15N/14N) are reported in the delta notation, defined as: 

δ (‰) = (Rsample/ Rsample)-1) ·1000 

Where for carbon the Rsample is the 13C/12C-ratio in the sample and the Rsample is the international 

standard of Vienna Pee Dee Belemnite (R=0.01123); for nitrogen the Rsample is the 15N/14N-ratio 

in the sample and the Rsample is the international standard of atmospheric N2 (R=0.0036782). 

 

Nitrogen and carbon fixation rates 

 

Both nitrogen and carbon fixation rates were calculated as described by Dugdale and Wilkerson 

(1986). The specific fixation rate (N taken up per unit particulate N) was calculated as µ(t), based 

on the isotope ratio of the sample at the end of the incubation: 

µ(t) = 15Nxs / (( 
15Ni – na)·T) 

Where 15Ni represent the atom% 15N in the initially labeled fraction, 15Nxs represents the atm% 
15N excess in the sample, na represents the natural abundance of 15N and T represent the 

incubation time. The N2 fixation rate in concentration units (ρ) was calculated using µ(t)  and the 

final particulate nitrogen concentration (PON) as follows: 

ρ = µ(t)· PON 

The calculation of the carbon fixation rate was as described above for nitrogen but using the 13C 

and POC numbers. 
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 Growth rate 

 

 Specific growth rate (µ) was estimated from the cell cycle (based on DNA distribution) using the 

equation of Carpenter and Chang (1988):   

µDNA = 1/(n·tS+G2+M)·∑ln[1+ fS+G2+M(i)] 

where µDNA is the estimate of the growth rate µ (day-1), n is the number of samples taken during 

the 27h period, tS+G2+M is the combined duration of S and G2+M phases, and fS+G2+M(i) is the 

fraction of cells in S plus G2+M for sample (i). We calculated tS+G2+M as twice the distance 

between the peak of cells in S and the peak of cells in G2+M. the growth rate was converted to 

division rate (div day-1, number of division per day) by dividing by the natural logarithm of 2.  

In situ specific growth rates based on cell numbers (µcell, day-1) were estimated as the difference 

between observed cell numbers at the beginning and the end of division. Since the mortality rate 

was negligible over the 27h, the specific growth rate was calculated directly from cell numbers as 

follows:   

µcell = ln(Na/Nb)  

Where Na is the cell number at the end of the experiment and Nb is the cell number at the 

beginning of the experiment. 

 

RESULTS 

 

During the 27 h experiment the cell number of Crocosphaera watsonii increased by 18%. 

We did not observe the segregated appearance of doubling cells. The cell cycle was characterized 

by a discrete DNA synthesis S phase surrounded by G1 and G2+M phases (Fig. 1). The percentages 

of cells in the S and G2+M phases were higher than those in the G1 phase (~20% and ~ 40% 

respectively). The G2+M phase was most prevalent in the beginning of the sampling and decreased 

(12%) over the 27 h. In contrast, cells in the G1 phase were slightly more abundant in the light 

when compared to the dark. The percentage of cells in the S phase reached a peak 6 h in the dark 

and then gradually decreased. The estimates of the cell division rate made based on the cell cycle 

and on the cell counts were similar (0.27 and 0.25 cell divisions day-1, respectively).   

The expression of nifH was measured by quantitative real-time PCR using the 16S rRNA 

gene as a reference gene. We investigated the stability of the expression of 16S rRNA gene over 

the course of the experiment in order to confirm its suitability as reference. We used two different 
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Figure 1. Percentage of cells of Crocosphaera watsonii WH8501 in the G1 (black), S (light grey) and G2+M (dark 

grey) phases of the cell cycle at 3h intervals over the 27h experiment. The data represent the mean of two samples. 

Error bars indicate standard deviations. The white and black bars on the top of the panel indicate the light and dark 

periods.  

 

techniques (TSA-FISH and quantitative real-time PCR) and three different probes (Nitro821, 

Eub338, 16SCroco, Table 1) to analyze the pattern of expression of the 16S rRNA gene (Fig. 2). 

The Nitro821R probe targets the 16S rRNA gene of unicellular diazotrophic cyanobacteria and 

was designed using sequences from Crocosphaera sp. strain WH 8501 and Cyanothece sp. 

strains (Mazard et al., 2004). The general bacterial probe (Eub338) was used as control. With 

these two probes we measured the fluorescence intensity in individual cells and analyze the 

temporal pattern of 16S rRNA in C. watsonii. We did not observe significant differences between 

the fluorescence intensity observed with the Nitro821 and Eub338 probes (Fig. 2A). We further 

investigated the constancy of expression of the 16S rRNA gene in singleplex TaqMan assays 

(quantitative real-time PCR) using the 16SCroco probe (Table 1). As was the case in the TSA- 
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Figure 2. 16S rRNA gene expression level in Crocosphaera watsonii WH8501. (A) using fluorescence probes Eub338 

(probe targeting most Bacteria) (black bars) and Nitro821 (probe targeting unicellular diazotrophic cyanobacteria 

(grey bars)). (B) using quantitative PCR with 16S rRNA gene expression level represented by relative Ct values. The 

data are the mean of two samples and from independent RNA isolations. Error bars indicate standard deviations. 

The white and black bars on the top of the panel indicate the light and dark periods. 

 

FISH analysis, small variations of 16S rRNA were noticed during the course of the experiment 

(Fig. 2B). Subsequently, single- and duplex (16S rRNA gene and nifH) TaqMan assays were 

carried out. The pattern of nifH transcripts in the singleplex assays (results not shown) was the 

same as with the duplex assays (Fig. 3). NifH transcripts were detected throughout the 27 h 

experiment.  
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Figure 3. Daily variations of nifH transcripts (bars) and N2 fixation (symbols and line) in Crocosphaera watsonii 

WH8501, grown under a 12 h light - 12 h dark regime. Samples were taken at 3h intervals. The data represent the 

mean of two samples. Error bars indicate standard deviations. The white and black bars on the top of the panel 

indicate the light and dark periods. 

 

At the onset of the dark period an increase of nifH transcripts was observed. A peak of nifH 

transcripts was observed 6 h in the dark which was 7 fold higher than the lowest level of 

expression which was found in the light. As shown in Fig. 3, the fixation of N2 appeared at the 

time of the highest cellular level of nifH transcripts, reaching a maximum 3 h later (9 h in the 

dark) at a rate of 0.70 pg N cell-1 h-1, subsequently decreasing during the remainder of the dark 

period. Nitrogen and carbon fixation rates were measured by following the incorporation of 15N-

labeled N2 and 13C-labeled bicarbonate into the cells. Opposite daily patterns of cellular nitrogen 

(15N) and carbon (13C) contents were observed during the 27 h experiment (Fig. 4A). Three hours 

after labeling the culture, the cells contained 75o/oo δ
 13C (Fig 4A) and the fixation rate was 15 pg 

C cell-1 h-1 (Table 2). The peak in the C fixation rate (27.43 pg C cell-1 h-1) (Table 2) was 3 h 

prior to the maximum δ 13C (213o/oo). In the dark the δ 13C value decreased to 85o/oo and then  
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Table 2.  The particulate organic carbon (POC), particulate nitrogen (PON), the N2 fixation rates ρ (pg N cell-1 h-1) 

and the CO2 fixation rate ρ ( pg C cell-1 h-1) at each 3h interval over the 27h experiment (n = 2). 

 
15N  13C Time (h) 

PON (pg cell-1) ρ (N pg cell-1 h-1)  POC (pg cell-1) ρ (C pg cell-1 h-1) 

0 – 3 466.82 ± 66.79 0  2599.01 ±  395.33 14.91 ± 0.00 

3 – 6 566.05 ± 09.91 0  3278.14 ±  073.86 27.43 ± 2.52 

6 – 9 652.05 ± 04.04 0  3800.50 ± 051.48 08.34 ± 0.17 

9 – 12 564.35 ± 27.15 0.22 ± 0.03  3204.13 ± 167.33 -11.40 ± 0.40 

12– 15 534.11 ± 21.04 0.70 ± 0.20  2877.43 ± 133.26 -13.54 ± 0.31 

15 – 18 582.87 ± 38.97 0.47 ± 0.28  2997.99 ± 194.44 -04.51 ± 1.10 

18– 21 577.98 ± 74.51 -0.35 ± -0.34  3048.35 ± 381.96 13.45 ± 0.05 

21 – 24 603.23 ± 36.00 0.11 ± 0.40  3323.77 ± 210.90 25.84 ± 2.62 

24 – 27 387.24 ± 46.44 -0.23 ± -0.18  2231.80 ± 251.42 33.15 ± 7.36 

 

 

increased again in the next light period. The daily average of C fixation rate (primary production 

rate) was 13.7 pg C cell-1 h-1. Calculated on the basis of the amount of C respired per unit fixed N, 

the carbon demand of 26.70 C:Nfix was very high. The cells became labeled with 15N (13o/oo δ
15N) 

after 12 h incubation, at the time when the incorporation of 13C decreased (Fig 4A). The 

incorporation of 15N increased during the dark period and reached a peak of 100o/oo after 18 h. At 

that point the rate of N2 fixation was 0.70 pg N cell-1 h-1 while the labeling with 13C had 

decreased to 85o/oo. We would have expected that the δ15N value remained constant after the 15N2 

fixation had ceased at the end of the dark period. This was not the case and the δ
15N decreased 

during the subsequent light period to reach a value of 58o/oo (Fig. 4A). However, as shown in 

Table 2, no variations were observed in the cell’s organic carbon and nitrogen contents. The daily 

average of N2 fixation rate was 0.17 pg N cell-1 h-1.  The molar C:N ratio of C. watsonii followed 

the pattern of δ 13C (Fig. 4B). C:N ratios were within the range of  6-7. The highest C:N ratio 

(6.8) was 3 h after the maximum δ13C value, and the lowest (6) coincided with the maximum 

δ
15N value and the minimum δ13C value (Fig. 4B).  
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Figure 4. (A) Daily variation of 15N2 (inverse triangle) and 13CO2 fixation (black circle) and (B) the molar ratio of 

C:N in Crocosphaera watsonii WH8501 grown under a 12h light - 12h dark regime. Samples were taken at 3h 

intervals. The data represent the mean of two independently measured samples. Error bars indicate the standard 

deviation. The white and black bars on the top of the panel indicate the light and dark periods. 

 

DISCUSSION 

 

As a consequence of the alternation of day and night phototrophic organisms display daily 

periodicities in many of their activities. In this study, we have shown daily cycles of nitrogen and 

carbon fixation in the unicellular diazotrophic cyanobacterium C. watsonii. 

Populations of pico- and nano-phytoplankton grow synchronized and confine cell division 

to the night (Durand and Olson, 1996). This was clearly not the case in C. watsonii. While the  
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DNA synthesis in C. watsonii occurred predominately during the dark, cell division occurred 

mostly during the light, although the culture was not fully synchronized (Fig. 1) as has been 

shown in cultures and in the field populations of Prochlorococcus (Shalapyonok et al., 1998). 

The cell cycle in Synechococcus sp. is under control of a circadian rhythm (Huang and 

Grobbelaar, 1995). In their studies, Tuit et al. (2004) determined a cell division rate of 0.46 day-1 

for C. watsonii, almost twice the rate measured here. This discrepancy may be due to the slightly 

higher growth temperature (28˚C) and a light-dark cycle of 14h-10h (2 hours more light and less 

darkness) used by Tuit et al. (2004). Particularly the longer light and shorter dark period make a 

big difference in growth rate. Ortega-Calvo and Stal (1991) grew the unicellular diazotrophic 

cyanobacterium Gloeothece PCC 6909 in continuous culture at various light regimes and dilution 

rates. At a 12h-12 h light-dark cycle, the organism maximum growth rate was estimated as 0.2 

cell divisions day-1, while at a 16h-8h light-dark cycle the estimated maximum growth rate was 

0.50 cell divisions day-1 and, hence, was in the same range as for C. watsonii. 

In Cyanothece sp. ATCC 51142 and Synechococcus sp. RF-1 nifH transcripts were not 

detectable during the light period (Colón-López et al., 1997; Huang and Chow, 1990). In 

contrast, nifH transcripts were detectable in C. watsonii continuously over the 27 h period (Fig. 

3). Also, in the filamentous non-heterocystous diazotrophic cyanobacterium Lyngbya aestuarii 

nifK transcripts were present throughout the light-dark cycle, even when nitrogenase activity was 

present only during a part of the dark period (Ferreira et al., 2009). The daily pattern of N2 

fixation in C. watsonii was consistent with previous studies of nitrogenase activity in other non-

heterocystous cyanobacteria (Cyanothece sp., Synechococcus sp., Gloeothece sp. Plectonema 

boryanum, Lyngbya aestuarii (Mitsui et al., 1986; Gallon, 1992; Colón-López et al., 1997; Misra 

and Tuli, 2000; Ferreira et al., 2009). Nitrogenase activity (and consequently the fixation of N2) 

is restricted to the dark period when these non-heterocystous cyanobacteria are grown under 

alternating light-dark cycles. This phenomenon is known as temporal separation from (oxygenic) 

photosynthesis and by this behavior the organism avoids inactivation of nitrogenase by oxygen 

evolved during photosynthesis. Interestingly, the time of maximum nifH transcripts coincided 

with the peak of the S phase of the cell cycle suggesting that beside the day-night control, the 

nifH expression may be co-regulated with the cell division. This is consistent with studies of 

Synechococcus sp. (Mitsui et al., 1987). Interestingly, Tuit et al. (2004) conceived that the 

degradation of nitrogenase during the light period may be necessary in order to recycle the 
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component metals (Fe and Mo) and amino acids for use for light-dependent metabolic pathways 

in the cell.  

This study not only confirms the day-night control of the major processes of the cell cycle 

CO2- and N2 fixation in C. watsonii, but also suggests a regulation of N2 fixation by the energy 

status of the cells. N2 fixation occurred simultaneously with a phase of loss of carbon. Most likely 

this loss of carbon was the result of the respiration of the storage compound glycogen (Fig. 4A), 

which served both as the source of energy and reductant for nitrogenase as well as for scavenging 

the oxygen diffusing into the cell (Ortega-Calvo and Stal, 1991).  The co-occurrence of the loss 

of carbon and the fixation of dinitrogen was obvious from the pattern of the molar C:N ratio (Fig. 

4B) which  represents the general carbon status of the cell. The higher ratio in the light period 

indicates carbon sufficiency and a low availability of nitrogen which triggers the fixation of 

dinitrogen in the dark. The high C demand for N2 fixation subsequently causes the C:N ratio to 

decrease, moving the cell into the direction of carbon depletion which subsequently controls N2 

fixation through a lack of reductant, energy and the failure of scavenging the oxygen. Peschek et 

al. (1991) demonstrated that the lack of carbohydrates is the limiting factor for nitrogenase 

activity. Oelze (2000) also demonstrated that it was not the level of oxygen levels that decreased 

nitrogenase activity but the decrease of ATP generated via respiration. The high C demand for N2 

fixation (26.70 C/Nfix) may be the factor that limits the growth of C. watsonii. 

The decline of incorporated 15N after its maximum suggests loss of nitrogen compounds 

over time. The approach we have chosen here, the assimilation of 15N2, is probably 

underestimating the actual fixation of N2 since we measure only the part that is assimilated into 

cell material. It is known that 20-80% of the fixed nitrogen in N2-fixing cyanobacteria may be 

lost in the form of ammonia or amino acids, particularly when carbon fixation, cell division and 

N2 fixation are uncoupled (Gallon et al., 2002). As well as nitrogen compounds, cyanobacteria 

can release carbon compounds such as glycolate (Renstrom and Bergman, 1989). The release of 

amino acids represents loss of both carbon and nitrogen (Mulholland and Capone, 2001; Flynn 

and Gallon, 1990; Glibert and Bronk, 1994). Even though it accurately measured nitrogen and 

carbon into cellular material, stable isotope technique may underestimate the actual rates of CO2 

and N2 fixation in N2-fixing cyanobacteria. It is therefore important to consider the time of 

sampling in order to obtain accurate rates. 
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Although care should be taken with the stable isotope techniques, the N2 fixation rates 

displayed by C. watsonii in the present study are within the range of those previously reported for 

unicellular diazotroph cyanobacteria.  For the same strain, using acetylene reduction method 

(with conversion ratio of 4:1 for acetylene reduction to N2 reduction), Tuit et al. (2004) reported 

a range of 3.2–14.2 fmol N cell-1(0.04-0.20 pg N cell-1) in culture, the lower numbers were 

associated with low Fe conditions. Montoya et al. (2004) reported in natural populations a range 

of 0.12– 22.2 fmol N cell-1 (0.002-0.31 pg N cell-1). While Falcón et al. (2005) measured in 

laboratory cultures of unicellular diazotrophs a daily N2 fixation rate of 15 fmol cell-1 (0.21 pg N 

cell-1). The N2 fixation rates combined with the high abundance of unicellular cyanobacteria 

supports the conclusions of Montoya et al. (2004) that oceanic N2 fixation by unicellular 

diazotrophic organisms can equal or exceed the N2 fixation of the other known diazotrophs, 

Trichodesmium and Richelia.  

The present work has demonstrated the temporal separation of N2 fixation and 

photosynthesis in the unicellular diazotrophic cyanobacterium C. watsonii. The strategy of C. 

watsonii implies to achieve high rates of respiration in order to generate an intracellular O2 

concentration low enough to allow N2 fixation. Moreover, as is the case in many other  non-

heterocystous diazotrophic cyanobacteria, C. watsonii shows an intimate relation between N2 

fixation and carbon availability.  
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