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Abstract: The growth of Nostoc sp. PCC 7120 was found to decrease under low iron conditions. A greater degree of iron 

restriction was achieved when precultures of Nostoc sp. PCC 7120 were grown under low iron conditions to deplete iron 

stores. Iron deficiency was also found to delay the formation of heterocysts in Nostoc sp. PCC 7120 grown under nitrogen 

fixing-conditions.  The frequency of heterocysts under high iron was greater than under low iron by up to nearly twofold. 

These results suggested that iron (as well as nitrogen) regulate heterocyst formation and development in Nostoc sp. PCC 

7120 under nitrogen-fixing conditions. 
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1 Introduction 

Cyanobacteria (blue green algae) are a diverse group of 

photosynthetic, prokaryotic organisms found in freshwater 

and marine environments. The origin of these organisms is 

dated back three or four billion years [1]. Fossil evidence 

suggests that they were amongst the earliest life forms and 

may well be responsible for the production of oxygen gas in 

the early history of Earth’s atmosphere [2, 3]. One of the 

important features of cyanobacteria is the ability of some 

genera to fix nitrogen, dissolved in water, which enables 

them to survive with low concentrations of nitrogen. Those 

genera of cyanobacteria that can fix nitrogen include 

Anabaena, Aphanizomenon and Gloeotrichia while those 

that cannot include Microcystis and Coelosphaerium and 

others [4]. 

Cyanobacteria have evolved specific mechanisms for 

surviving under environmental stress. Under stress 

conditions, normal biochemical pathways are often altered, 

as genes responsible for making or modifying different 

cellular products are up or down regulated. This results in 

an altered physiology that provides a competitive edge in 

the changing environment. For instance, in nitrogen 

fixation processes, cyanobacteria utilize the iron-dependent 

nitrogenases to fix nitrogen gas into NH4 [5]. This process 

is not only important for the availability of nitrogen to the 

organism itself, but it also acts as an entry point for 

nitrogen to the aquatic food chain [6]. 

Iron is an essential element required for the growth of all 

animals, plants and most microorganisms. It is widely  

 

 

 

distributed in nature, being the second most abundant metal 

(after aluminium), and the fourth most abundant element 

(after oxygen, silcon and aluminium) in the Earth’s crust 

[7]. It plays vital roles in many important biological 

processes. 

Generally, phytoplanktonic cyanobacteria require higher 

Fe-C quotas than eukaryotic phytoplankton[8]. Also the 

overall metal quota is much higher in photosynthetic 

organisms than in non-photosynthetic ones. For instance, 

the iron content in Synechocystis cells is found to be one 

order of magnitude higher in comparison to Escherichia 

coli[9]. The high iron demand in cyanobacteria is required 

for both the respiratory redox enzymes as in non-

photosynthetic bacteria and also for photosynthetic 

machinery and nitrogen fixation apparatus [10]. 

In cyanobacteria many iron-containing molecules are 

required for necessary biological pathways such as 

metabolic and catabolic pathways, nitrogen assimilation, 

electron transport, and chlorophyll a production [11]. Iron 

in cyanobacteria serves as a major component in 

cytochromes, non-heme iron and in iron-sulphur centres 

required for the completion of enzymes [12-14]. Iron plays 

a key role in photosynthetic electron transfer. Photosystem 

II (PSII) contains two cytochromes and one non-haem iron 

[15, 16]. The cytochrome b6f complex has four hemes and 

one Fe2-S2 cluster [17, 18]. Non-haem iron is located 

between the QA and QB quinone molecules and it plays a 

key role in electron transfer between them [19]. However, 
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the largest contribution for iron in the photosynthetic 

system is photosystem I (PSI), which contains 12 iron 

atoms in three Fe4-S4 clusters [20].  Recently atomic 

absorption spectroscopy of isolated thyklakoid membranes 

of cyanobacteria has revealed that more than 25% of the 

cellular iron quota is present in PSI [9]. The functional 

photosynthetic apparatus in all cyanobacteria requires 22-

23 Fe atoms, depending on whether cytochrome c553 or 

plastocyanin is used as an electron donor to PSI [21]. 

Nitrogen fixation is perhaps the most ‘iron-expensive’ 

process within phytoplankton, and this Fe requirement 

forms the basis of arguments regarding the absence of 

significant populations of nitrogen-fixing phytoplankton in 

marine systems[22]. Direct evidence in both laboratory and 

field studies has linked the availability of Fe to N2-fixation 

in cyanobacteria[22, 23].Diazotrophy requires increased 

demand of iron for growth, diazotrophs grown on NO3- or 

NH4+ required less iron in culture media than those grown 

on N2. This may be due to the down-regulation of 

nitrogenase activity[8]. However, the  nitrogenase contains 

19 iron atoms per heterodimeric protein complex moiety 

(one [4Fe-4S] cluster in the nitrogenase reductase, and one 

P cluster ([8Fe-7S]) and one FeMoCo cluster ([7Fe-9S-

Mo]) in the nitrogenase), but in comparison to other iron-

containing enzymes involved in nitrogen metabolism such 

as nitrate reductase or nitrite reductase, nitrogenase has a 

lower iron usage efficiency[24]. The minimal iron cost for 

the nitrogenase activity was determined to be 10-30 mol Fe 

per mol fixed N[8]. 

Iron deficiency results in variety of morphological changes 

in cyanobacteria. The most obvious effect of iron limitation 

in cyanobacteria is chlorosis [11]. A decrease in the 

concentration of chlorophyll a per cell as well as 

phycocyanin due to lack of iron have been seen in 

Anacystisnidulans and Agmenellumqua druplicatum [25, 

26]. Also, it has been suggested that degradation of cellular 

phycocyanin may result as a secondary effect of iron 

limitation [27]. Nitrogen deficiency caused by a reduction 

in the level of iron-containing enzymes required for 

nitrogen assimilation may cause the cells to degrade 

phycocyanin pools and then utilize them as a source of 

nitrogen [28]. Furthermore, iron starvation of the 

cyanobacterium Synechococcus sp. PCC 7942 results in 

replacement of the phycobilisome by glycogen containing 

granules, the disaggregation of most thylakoid membrane 

stacks and the reduction in the number of carboxysomes 

[29]. A similar disaggregation of thylakoid membranes was 

observed with iron starvation in Acaryochloris marina [30] 

and Nostoc sp. PCC 7120.  

Iron deficiency leads to a number of physical changes in 

cyanobacteria. A size decrease in Anacystis nidulans R2 to 

between 33 and 50% of the iron satiated cell length has 

been documented [29]. Similarly a variation in size as well 

as a pronounced filament coiling was observed in iron-

deficient cultures of Anabaena flos-aquae [31]. 

The growth rate (μmax) of some cyanobacteria such as 

Synechococcus sp. PCC 7942, Synechococcus sp. PCC 

7002, Anabaena variabilis and Oscillatoria tenuis is 

decreased when iron availability decreases [28, 32-34]. 

Furthermore, it has been found that the growth rate of 

Oscillatoria tenuis at an “intermediate” iron concentration 

was even lower than that at the lowest iron concentration 

tested [33]. In contrast, the growth rate for Plectonema 

boryanum directly correlates with the iron content of the 

medium [33]. 

Here in this work, experiments were performed to 

investigate the effect of iron restriction on growth and 

heterocyst formation in the nitrogen fixing cyanobacterium 

Nostoc sp. PCC7120 in order to confirm the importance of 

iron for this organism, particularly under nitrogen-fixation 

conditions. The effect of iron-stores on growth under iron-

restriction was also investigated. 

2 Methodology 

2.1 Cyanobacterial strain and growth conditions 

The wild-type of Nostoc sp. PCC 7120 (= Anabaena sp. 

strain PCC 7120) used in this study was sourced from 

Pasteur Culture Collection of cyanobacteria (PCC) 

(France). Liquid cultures of Nostoc sp. PCC 7120 were 

grown in normal BG-11 medium[35]. For nitrogen-fixation 

conditions, Nostoc sp. PCC 7120 cells were grown on BG-

11o medium (Low NBG-11) which contained BG-11 

medium with 5-10 mM of NaHCO3 in place of  NaNO3 and 

ferric citrate in place of ammonium ferric citrate. Cultures 

were grown under a continuous fluorescence light of 50 

µmol photons m-2 s-1 of white light at 28 °C with 

continuous shaking at 100 rpm using a Bibby Stuart SO1 

orbital shaker. 

2.2 Iron-restricted cyanobacterial growth 

For growth under high iron conditions, precultures of 

Nostoc sp. PCC 7120 were prepared by inoculating 50 ml 

of normal BG-11 medium with cells from an iron sufficient 

solid BG-11 medium plate and allowing growth for 6 days 

(OD730nm ~ 1.0). 1-2 ml of the preculture was used to 

inoculate 50 ml of normal BG-11 medium, and the cell 

growth was monitored for 11-14 days by measuring the 

OD730nm. Precultures and cultures were grown under 

continuous fluorescence white light (50 µmol photons m-2 s-

1) at 28 °C with continuous shaking at 100 rpm. To achieve 

iron restriction, the cyanobacterial precultures were grown 

as before and centrifuged at 4,000 rpm, for 15 min in 

bench-top centrifuge to pellet the cells. The pellets then 

resuspended in 50 ml of low-Fe BG-11 medium and re-

centrifuged, as before, in order to wash the remaining iron 

from the cell surface. The pellets were again resuspended in 

50 ml low-Fe BG-11 medium and 1-2 ml of the culture was 

used to inculcate 50 ml of low-Fe medium.  The culture 

was then grown under the same conditions used for normal 

BG-11 medium. For the low-Fe medium, acid washed 
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glassware was used and the ferric ammonium citrate 

present in normal BG-11 medium was replaced with 

ammonium citrate. 30 µM ferric citrate and 20 µM DTPA 

were added to low-Fe BG-11 medium to investigate the 

effect of iron and iron chelator, respectively, on the growth 

of Nostoc sp. PCC 7120. 

2.3 Nitrogen-restricted cyanobacterial growth 

To achieve nitrogen stress in Nostoc sp. PCC 7120, iron 

replete-precultures were grown as described before in 

Section 2.2. The precultures were centrifuged at 4,000 rpm, 

for 15 min in a bench-top centrifuge to pellet the cells. The 

pellets were then resuspended in 50 ml of low N media 

(BG-11o media) and re-centrifuged as before in order to 

wash the remaining nitrogen from the cell surface. The 

pellets were again resuspended in 50 ml BG-11o medium 

and 1-2 ml of the pellets was used to inoculate 50 ml of 

BG-11o medium supplemented with 10 mM sodium 

bicarbonate. The cultures were then grown for 6-12 days 

under continuous fluorescence white light (50 µmol 

photons m-2 s-1) at 28 °C with continuous shaking at 100 

rpm. For iron stress conditions, acid washed glassware was 

used and the ferric citrate present in BG-11o medium was 

replaced with citric acid. 

2.4 Heterocyst counting 

Heterocyst frequency was determined by counting the 

number of heterocysts (late proheterocysts/early heterocysts 

were recognized by their thickened cell wall and pale 

appearance, and mature heterocysts were recognized by 

their poles) and vegetative cells that were present along 

filaments of Nostoc sp. PCC 7120. The total number of 

cells counted was approximately 100 cells per sample. 

Heterocyst frequency was determined by counting the 

number of heterocyst per hundred vegetative cells in at 

least 20-25 healthy and equal length filaments under 

microscope [36]. 

3 Results and discussion 

3.1 Effect of ferric citrate and iron chelators on 

the growth of Nostoc sp. PCC 7120 

To help to further establish conditions for iron-restriction, 

the effect of iron (ferric citrate) and the iron chelator, 

DTPA, on the growth of the Nostoc sp. PCC 7120 under 

consideration was investigated. Nostoc sp.PCC7120 cells 

were precultured in normal BG-11 for 6 days and then 

inoculated (with 2 ml of the preculture at OD 730 nm 1.6) into 

four different media (low-Fe BG-11, low-Fe BG-11 with 

30 µM ferric citrate, low-Fe BG-11 with 20 µM of DTPA 

and normal Fe BG-11), and subsequent growth was 

monitored for 13 days under illumination at 25 °C. The aim 

was to determine whether the ferric chelator, DTPA, or 

additional iron (30 µM ferric citrate) had any effect on 

growth in low-Fe BG-11. The results showed that Nostoc 

sp. PCC 7120 grew similarly in all four media for the first 3 

days, but after this its growth was enhanced in the low-Fe 

BG-11 medium by the presence of 30 µM ferric citrate 

(Figure 1).Surprisingly, DTPA did not affect growth 

suggesting that it is not effective at withholding iron from 

Nostoc sp. PCC 7120. Also, the normal Fe BG-11 medium 

(17 µM ferric ammonium citrate) gave the same growth 

level as seen for the low-Fe medium (and lower than for the 

medium with 30 µM ferric citrate). It is difficult to 

understand why 17 µM iron failed to boost growth of 

Nostoc whereas 30 µM Fe caused enhanced growth. 

However, this experiment does show that iron-restricted 

growth can be achieved for Nostoc by growth in low-Fe 

BG-11 medium with/without 30 µM ferric citrate, although 

the effect obtained is weak (1.4 fold after 13 days).These 

results are in agreement with many studies showing the 

effect of iron deficiency on the growth of cyanbacterial 

species. For example, the growth rate of some of 

cyanobacteria such as Synechococcus sp. PCC 7942, 

Synechococcus sp. PCC 7002, Anabaena variabilis and 

Oscillatoria tenuis is decreased under iron starvation [28, 

32-34] Also, the growth rate for Plectonema boryanum 

directly correlates with the iron content of the medium [33]. 

Phytoplanktonic cyanobacteria require higher Fe-C quotas 

than eukaryotic phytoplankton[8]. Also, the overall metal 

content is much higher in photosynthetic organisms than in 

non-photosynthetic ones. For example, the iron content of 

Synechocystis sp. PCC 6803 cells, which was determined 

by atomic absorption spectroscopy, was found to be one 

order of magnitude higher in comparison to E. coli[9].  The 

high iron demand in cyanobacteria is caused by the need to 

supply both the respiratory redox enzymes, as is the case in 

non-photosynthetic bacteria, and also for the photosynthetic 

machinery and nitrogen fixation apparatus[10]. 

 

Figure 1: The effect of DTPA and ferric citrate on the 

growth of Nostoc sp 7120. The symbols in the graph 

represent the growth in normal BG-11 medium (♦), low-Fe 

BG-11medium (■), low-Fe BG-11 medium + 30 µM ferric 

citrate (▲) and in Low-Fe BG-11 medium + 20 µM DTPA 

(×). The values represent the mean ± SD of three 

independent experiments. 
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3.2 Effect of iron storage in Nostoc sp. PCC 7120 

The relatively small growth difference observed in Nostoc 

sp. PCC 7120 during the early growth stages (1-10 days) 

under iron-replete and ion-restricted conditions (Figure 1) 

could be related to iron storage. Intracellular iron stores 

could compensate for lack of extracellular iron and thus 

enhance growth under iron deficiency[9]. It is possible that 

depletion of iron stores could allow a more extreme growth 

difference under high and low iron conditions.  To 

investigate the effects of iron storage on the growth of 

cyanobacteria, two 11 day precultures were performed, one 

on low-Fe BG-11 medium (iron restricted preculture) and 

the other on normal BG-11 medium (iron sufficient 

preculture). Then 2 ml of each preculture were inoculated 

into 50 ml of low-Fe BG-11 medium and subsequent 

growth was monitored for 12 days. The iron-restricted 

inoculum hardly grew in the low-Fe BG-11 medium 

(OD730nm at 12 days was just 0.37), while the iron-sufficient 

inoculum produced good growth (OD730nm at 12 days was 

0.90, ~three-fold higher than that of iron restricted cells) 

(Figure 2).  

 

Figure 2: The effect of iron storage on the growth of 

Nostoc sp. PCC 7120. The symbols in the graphs represent 

the growth of iron sufficient preculture (♦) and the growth 

of iron restricted preculture (■) on low-Fe BG-11 medium. 

Error bars represent SD.  

The poor growth of the iron-restricted inocula compared to 

the iron-replete inocula of Nostoc sp. PCC 7120 under low 

iron (low-Fe BG-11 medium) indicates that iron stores were 

consumed during the first 11 days of the growth of the iron-

restricted inocula such that they were unable to grow 

further without iron.  However, the good growth of the 

iron-sufficient inocula of both species in low-Fe BG-11 

medium indicated that they had deposited iron stores that 

supported subsequent iron restriction growth over the first 

11 days of growth under.  Thus, the iron-sufficient inocula 

used their storage iron to grow well under low iron 

conditions.  These results suggest that the failure observed 

above (Section 3.1) to obtain large growth reductions 

during iron restriction could be due to utilisation of iron 

stores (Figure 2).The iron storage in this organism is 

probably due to the presence of bacterioferritins and 

ferritins[9].Ferritin homologues have been found in some 

other cyanobacteria such as  Synechocystis sp. PCC 6803, 

Synechococcus sp. PCC 7002, Prochlorococcus marinus 

MED4, Thermosynechoccus elongatus Bp-1, Gloeobacter 

violaceus PCC 7421 and Nostoc sp. PCC 7120[9].  

3.3 Effect of iron on heterocyst formation in 

Nostoc sp. PCC 7120 

It is reported that heterocyst formation is influenced by the 

availability of iron [28, 37]. To confirm whether iron does 

indeed affect the formation and development of heterocysts 

in Nostoc sp. PCC 7120, Nostoc was precultured in normal 

BG-11 for 7 days (no heterocysts were formed due to high 

ammonium availability; Figure 3A) and then used to 

inoculate four different media with high or low amounts of 

iron or ammonium:  normal BG-11, low-Fe BG-11, normal 

BG-11o and low-Fe BG-11o.  Growth was maintained for 7 

days under continuous fluorescence white light (50 µmol 

photons m-2 s-1) at 28 °C with shaking at 100 rpm. Nitrogen 

stress was achieved by culturing the cells in BG11o (BG-11 

minus fixed nitrogen) supplemented with 10 mM sodium 

bicarbonate. The ammonium ferric citrate present in normal 

BG-11 medium was replaced with citric acid and ferric 

citrate for low-Fe BG-11o and normal BG-11o, 

respectively. Light-microscopic images were taken for each 

culture for 7 days.  

It was found that no heterocysts were formed in the cultures 

grown on normal- and low-Fe BG-11 media for 7 days, 

while heterocysts were observed in the cultures grown on 

normal- and low-Fe BG-11o media for the same period of 

time (Figure 3B). This implies that the heterocysts were 

formed only under nitrogen stress in order to enable the 

organism to fix nitrogen. This finding is fully consistent 

with previous results[38, 39]. Few proheterocysts were seen 

after 20 h of growth only in the cultures grown on normal 

BG-11o. However, both the proheterocysts and the mature 

heterocysts appeared after 2 days of growth on both low-Fe 

and normal BG-11o, and remained present for the 

subsequent period of growth (up to 7 days). Heterocyst 

frequency was determined by counting the number of 

heterocysts per 100 vegetative cells under the microscope. 

It was found that the number of heterocysts increased 

slowly with time under low iron (in Low-Fe BG-11o). No 

heterocysts were observed after 20 h of growth. Then there 

was an initial increase in the heterocyst frequency from 2-5 

days, giving 4.5 and 9.6% with respect to the vegetative 

cells, after 2 and 5 days, respectively. Then, not much 

increase in the heterocyst frequency was observed from 5-7 

days, with a frequency of just 10% after 7 days (only a 

0.4% increase; Figure 4). However under high iron (in 

normal BG-11o), the number of heterocysts increased 
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rapidly with time. Heterocysts were observed after 20 h of 

growth, giving a frequency of 6%. Then the frequency 

increased to 12% after 2 days and increasing further to give 

15 and 19% after 5 and 7 days, respectively (Figure 4). 

Thus the frequency of heterocysts under high iron was 

greater than under low iron by up to nearly twofold. 

 

Figure 3: Effect of iron on heterocyst formation in Nostoc sp. PCC 7120. Light microscopic photos of A: Nostoc precultures grown on 

normal BG-11 medium after 7 days of inoculation (time 0 h),B: Nostoc cultures grown on four different media, normal BG-11, low -Fe 

BG-11, normal BG11o and low-Fe G11o for 7 days. Black arrows point to the mature heterocysts and red arrows point to the premature 

heterocysts (proheterocysts). 

 

Figure 4: Appearance of heterocysts in Nostoc sp. PCC 

7120 cells under iron restriction: Heterocyst frequency was 

determined by counting the number of heterocysts per 100 

vegetative cells under the microscope. The frequencies 

were the average from two counts. Error bars indicate 

standard deviation (SD). 

 

These results showed that iron deficiency delayed the 

formation of heterocysts in Nostoc sp. PCC 7120 and 

affected their differentiation. These results are consistent 

with those reported by Xu et al[37] who found that 

heterocyst differentiation in Nostoc sp. PCC 7120 was 

delayed under moderate iron limitation conditions (as 

achieved by addition of the iron chelator 2,2′-dipyridyl at 

<80 μM). However, under severe iron limitation conditions 

(100 μM 2,2′-dipyridyl) no heterocyst differentiation was 

observed[37]. These results confirm the importance of iron 

in heterocyst formation during growth of Nostoc sp. PCC 

7120 under nitrogen-fixing conditions.  

These data indicates that iron (as well as nitrogen) regulates 

heterocyst formation and development. Also these data 

suggest that there are certain iron-regulated genes whose 

function is to control heterocyst development. López-

Gomollon et al[40] reported a strong activation of PfurA, but 

not PfurB and PfurC, in proheterocysts and heterocysts of 

Nostoc sp. PCC 7120 due to the binding of NtcA (the 

principal transcription factor involved in the regulatory 

network of nitrogen metabolism) to the operators present in 

the upstream region of furA. This finding indicates a direct 

crosstalk between heterocyst development and iron 

acquisition. Consistently, the promoter of furA possesses 

several putative NtcA binding sites. The nitrogen status 

thereby affects furA expression[40] and subsequently 

flavodoxin (isiB) synthesis [41]. However, in cyanobacteria 

many iron–responsive genes are regulated by NtcA, for 

example psaL, furA, furC, isiA and isiB[42]. Hence, the 

coordinated regulation of expression of “photosynthetic 

genes” by FurA and NtcA offers a regulatory network able 

to respond to almost all environmental conditions. 
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4 Conclusions  

Iron deficiency was found to decrease the growth of Nostoc 

sp. PCC 7120. A greater degree of iron restriction was 

achieved when precultures of Nostoc sp. PCC 7120 were 

grown under low iron conditions to deplete iron stores. 

Furthermore, heterocyst formation and development in 

Nostoc sp. PCC 7120 was found to be regulated by iron. 

This finding indicates a direct crosstalk between heterocyst 

development and iron acquisition.   
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