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Abstract
The biotechnological potential of Nostoc linckia as a biofertilizer and source of bioactive compounds makes it important to 
study its growth physiology and productivity. Since nitrogen is a fundamental component of N. linckia biomass, we com-
pared the growth and biochemical composition of cultures grown in BG11 (i.e., in the presence of nitrate) and  BG110 (in 
the absence of nitrate). Cultures grown in BG11 accumulated more cell biomass reaching a dry weight of 1.65 ± 0.06 g  L–1, 
compared to 0.92 ± 0.01 g  L–1 in  BG110 after 240 h of culture. Biomass productivity was higher in culture grown in BG11 
medium (average 317 ± 38 mg  L–1  day–1) compared to that attained in  BG110 (average 262 ± 37 mg  L–1  day–1). The chloro-
phyll content of cells grown in BG11 increased continuously up to (39.0 ± 1.3 mg  L–1), while in  BG110 it increased much 
more slowly (13.6 ± 0.8 mg  L–1). Biomass grown in BG11 had higher protein and phycobilin contents. However, despite 
the differences in biochemical composition and pigment concentration, between BG11 and  BG110 cultures, both their net 
photosynthetic rates and maximum quantum yields of the photosystem II resulted in similar.
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1 Introduction

Cyanobacteria have been proposed as cell factories to pro-
duce high-value products such as carbohydrates, proteins, 
and lipids [1], food supplements and biomaterials [2, 3], as 
well as to produce biogas, and hydrogen [4–7].

Cyanobacteria perform oxygen-evolving photosynthesis, 
split water and synthesize organic molecules using solar 
energy. In contrast to microalgae and higher plants the plas-
toquinone pool is shared between the photosynthesis chain 
and respiration. This fact can affect the measure of fluores-
cence since respiration can reduce plastoquinone pool and 
promote state two transition. Another fundamental differ-
ence is that cyanobacteria possess only chlorophyll a, which 
is mainly associated with photosystem I (PSI). In addition, 
in cyanobacteria the content of PSI is up to five times higher 
than that of photosystem II (PSII). Phycobilisomes, acces-
sory pigments, serving PSII help to balance light absorption 
between the two photosystems.

In recent years, the potential of cyanobacteria to pro-
duce plant biostimulants is being investigated [8, 9]. 

Cyanobacterial strains can be selected to produce com-
pounds such as auxins and cytokinins, as well as biopesti-
cides [10–12]. Several cyanobacterial species have shown 
remarkable pharmacological and biological properties for 
their ability to synthesize useful bioactive compounds [13, 
14].

The use of cyanobacterial species offers many advan-
tages, such as a rapid growth rate, high solar energy con-
version efficiency compared to land plants, good compat-
ibility with various pollutants, and the possibility of using 
wastewater sources for their growth [12, 15]. Their growth 
depends on culture conditions such as light, temperature, 
pH, and nutrient availability [16, 17]. Among nutrients, 
nitrogen (N) along with phosphorus (P) play an impor-
tant role in the growth and photosynthetic performance 
[18–20]. N is essential for protein synthesis, and low N 
can reduce cellular growth rates and cause the degrada-
tion of phycobiliproteins, leading to the inhibition of 
photosynthesis [21, 22]. P plays both structural (i.e., for 
nucleic acids and cell membranes) and functional roles in 
a number of metabolic processes. Low P concentrations 
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affect photosynthesis, ATP-dependent enzyme activity, 
and respiration [23].

The Nostocaceae is a family of cyanobacteria that form 
filamentous colonies and can fix atmospheric nitrogen 
in the absence of combined nitrogen. The filaments are 
embedded in a protective gelatinous matrix and consist 
of photosynthetic cells and  N2- fixing heterocysts [24]. 
The development of a heterocyst occurs through the dif-
ferentiation of a vegetative cell. During the development 
of heterocyst, the PSII is lost and there are fewer phy-
cobiliproteins. By means of PSI, the heterocyst captures 
light to generate chemical energy. The absence of the 
PSII in the heterocyst prevents the release of  O2 which 
would inactivate the nitrogenase, but it also means that 
neither electron nor reducing power are generated from 
water splitting operated by PSII. As a result, the heterocyst 
depends on nearby vegetative cells for the supply of reduc-
ing equivalents, which are likely imported in the form of 
carbohydrates. The enzyme nitrogenase catalyzes nitrogen 
fixation, where ammonia synthesis is accompanied by the 
generation of  H2.

However, the presence of heterocysts is not necessar-
ily proof that the organism is fixing  N2. When cultures of 
heterocystous cyanobacteria are grown in the presence of 
combined nitrogen, heterocysts do not always disappear 
[25].

There is a growing interest in the cultivation of Nostoc 
species due to their wide range of applications [8, 26]. 
Bioactive chemicals of Nostocaceae species include the 
polysaccharide k-carrageenan (kcar), auxins, phycocya-
nin, and antibiotic-like compounds [8, 27]. Nostoc species 
have various antioxidant properties due to their ability to 
scavenge free radicals and inhibit lipid peroxidation [28]. 
Mai et al. [29] showed in their work that inoculation of 
Nostoc calcicola HN9 extract reduced the formation of 
 O2

− and  H2O2 in leaves of soybean (Glycine max (L.)) 
infested with Aphis craccivora. Takács et al. [30] dem-
onstrated the plant biostimulator effect of Nostoc pisci-
nale on the winter wheat variety Bőség. Yadav et al. [31] 
showed that the culture extract of locally isolated Nostoc 
calcicola exhibited antibacterial activity against human 
pathogenic bacteria Escherichia coli and Staphylococcus 
aureus. Biondi et al. [32] reported that the Nostoc strain 
ATCC 53789 acts as a natural pesticide against a variety 
of plant-pathogenic fungi. Virág et al. [33] showed that 
freeze-dried and ultrasonically treated Nostoc biomass can 

8H+
+ 8e− + N2 + 16MgATP − − − 2NH3 + H2 + 16MgADP + 16Pi.

promote the development of some orchid species. Nostoc 
calcicola is a rich source of pigments such as phycocyanin, 
allophycocyanin, phycoerythrin, and carotenoids that have 
medicinal, industrial, and biotechnological applications 
[34]. It is also a good candidate for the decontamination 
of cadmium by microbially induced carbonate precipita-
tion [35].

The objective of this study was to investigate whether 
there are significant differences in the productivity and bio-
chemical composition of the biomass of the cyanobacterium 
Nostoc linckia (N. linckia) grown in two different culture 
media. To this end, N. linckia was grown in BG11 (i.e., with 
nitrate) and diazotrophically in  BG110 (i.e., without nitrate) 
under fixed conditions of light/dark cycle, light intensity, and 
temperature. The results are important to properly address 
the choice of the culture medium in large-scale cultures, 
where the nitrogen supply can represent an important voice 
of the production cost of this cyanobacterium to produce 
phyto-stimulants, biofertilizers and valuable pigments such 
as phycobilin.

2  Material and methods

2.1  Culture conditions

The freshwater filamentous cyanobacterium N. linckia strain 
MACC-612 (previously referred to as Nostoc calcicola 
strain MACC-612) (Fig. 1) was obtained from the Moson-
magyaróvár Algal Culture Collection (Hungary). Growth 
experiments were performed in vertical glass columns (5-cm 
light path, 400 mL working volume). N. linckia cells were 
grown in BG11 and  BG110 (BG11 without nitrate) media 
in batch mode under specified conditions of light/dark cycle 
(10 h light/14 h dark), light irradiation (150 μmol photons 
 m–2  s–1), temperature (28 °C) and mixing (mixture of air/
CO2 98:2 v/v). Light irradiation was provided by cool white 
lamps (Dulux L, 55 W/840, Osram, Italy). The starting bio-
mass dry weight of both culture conditions was 44 mg  L–1. 
The experiments lasted for ten days. Composition of the 
BG11 medium [36]: (g  L–1):  NaNO3 1.5,  CaCl2*2H2O 0.036, 
 MgSO4*7H2O 0.075,  K2HPO4 0.04, Citric Acid 0.006, 
 (NH4)5[Fe(C6H4O7)2] 0.006,  Na2CO3 0.02,  Na2-EDTA 
0.001,  H3BO3 0.0028,  ZnSO4*7H2O 0.00022,  MnCl2*4H2O 
0.0018,  NaMoO4*2H2O 0.00039,  CuSO4*5H2O 0.00008, 
Co(NO3)2*6H2O 0.00005, pH7.2. Photon flux density (PFD) 
was measured using the LI-250A equipped with a quantum 
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radio-photometer (LI-COR Biosciences).  NaNO3 was not 
added to the  BG110 medium.

At the beginning and end of each light cycle, samples 
were taken from the cultures to determine phosphorus and 
nitrogen consumption, cell growth (as CDW), and photo-
synthetic activity (oxygen evolution and respiration rate and 
chlorophyll fluorescence). Sample volume was 30 mL. and 
thereafter once the cultures were denser, we reduced the vol-
ume withdrawal from the tubes to 20 mL and then to 10 mL.

2.2  Analytical procedures

Cell biomass dry weight (CDW) (g  L–1) was measured in 
triplicate using 5 mL culture samples at the beginning and 
end of the light period using the method described by Tou-
loupakis et al. [37]. Culture samples are filtered using pre-
weighed 47 mm diameter glass microfiber filter membranes 
(Whatman GF/F, Maidstone, England), washed twice with 
deionized water, dried at 80 °C until constant weight. Chlo-
rophyll content was measured spectrophotometrically in 
triplicate with 5 mL samples centrifuged in an ALC-PK110 
centrifuge at 2650g for 8 min. The pellet was resuspended 
in 5 mL of pure methanol, placed in a 70 °C water bath for 
3 min, and centrifuged again. The absorbance of the super-
natant was measured at 665 and 750 nm [38]. Extraction of 
phycobiliproteins from fresh biomass performed according 
to the method described by Lauceri et al. [39]. 5 mL of the 
culture was centrifuged at 12,000g for 10 min (T = 10 °C). 
The pellet was washed once with pure Milli-Q water and 
centrifuged again for 10 min. The pellet was suspended in 
10 mL of extraction solution, freeze-thawed, and sonicated.

During the experiments, samples of the culture were 
collected (5 mL), at the beginning and end of the light 
period, and analyzed for nitrate concentration  (NO3

–) using 
a DX-320 ion chromatograph (Dionex, Sunnyvale, CA, 
USA) equipped with a conductivity detector and an AD25 
Ultraviolet–Visible detector. Separations were performed 
using a DionexIonPac AS19 (250 × 4.0 mm) analytical col-
umn and an IonPac AG19 (50 × 4.0 mm) guard column. The 
AQuAAtro segmented flow analyzer (Seal Analytical, Nor-
derstedt, Germany) was used for phosphate  (PO4) analysis.

Chlorophyll fluorescence measurements were performed 
using a pulse-amplitude-modulation fluorometer (PAM-
2100, H. Walz, Effeltrich, Germany) operated by PamWin 
PC software. The Fv/Fm [(Fm – F0)/Fm] ratio between variable 
and maximum fluorescence, was used to determine the maxi-
mum photochemical quantum yield of PSII in dark-adapted 
culture samples. Where F0 is the minimal fluorescence level 
with all PSII reaction centers open, and Fm is the maximum 
fluorescence yield. For this purpose, samples were incu-
bated in the dark for 5 min to remove any energy-dependent 
quenching. In addition, just before sending a flash for the Fm 
determination, the sample was illuminated with a 10 s-long 
far-red light pulse (above 700 nm, 10 W  m−2), supplied by 
the PAM-2100.

The nonlinear least squares regression model of Eil-
ers and Peeters [40] was used to fit electron transport rate/
PFD curves obtained from the culture samples. Each curve 
allowed the determination of the following photosynthetic 
variables: irradiance at the onset of light saturation (Ik), 
and light utilization efficiency as determined by the initial 
slope of P/I curve (α). The maximum electron transport 
rate  (ETRmax) was calculated as the product of the effective 

Fig. 1  Light microscopy image of N. linckia grown in BG11 (left) and in  BG110 (right)
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photochemical quantum yield of PSII and the photon flux 
density. Oxygen evolution measurements were performed 
in triplicate with 2 mL culture samples using a liquid-phase 
oxygen electrode chamber (DW3 Hansatech, UK) equipped 
with an oxygen control electrode unit (Oxy-lab Hansat-
ech, UK). Light was supplied by a red LED light source 
(LH36/2R Hansatech, UK) with a wavelength of 637 nm 
and 500 μmol photons  m−2  s−1 PFD [41].

Electron transpor t  rates were calculated as 
ETR = Y(II) × PAR × ETR factor, where ETR is the elec-
tron transport rate, Y(II) is the effective quantum yield, PAR 
is the incident irradiance based on the photosynthetically 
active radiation (PAR) list of the instrument (in µmol pho-
tons  m–2  s–1) and ETR factor is the fraction of light absorbed 
by the sample and distributed to PSII (for ETR calculations, 
ETR factor of 0.42 was used arbitrarily, since true PSII 
absorption requires quantitative information on the PSII 
absorption cross section) [42].

2.3  Statistical analysis

Data were analyzed using one-way analysis of variance 
(ANOVA) at a significance level of p < 0.05, after the 
homogeneity test. Statistical analysis was performed using 
GraphPad Prism version 6.00 (GraphPad Software, Califor-
nia, USA).

3  Results and discussion

The availability of nutrients has a significant impact on the 
growth of cyanobacterial cultures. To produce biomass for 
biotechnological purposes, nitrogen content in the growth 
medium is a crucial parameter. Protein and carbohydrate 
contents can be affected by the availability of growth 
medium components such as nitrate and phosphate. Nitro-
gen is a vital ingredient that influences cell development 
and physiology, and its scarcity can have a variety of conse-
quences for cyanobacteria metabolism.

Considering that cyanobacteria are currently produced 
commercially under natural conditions, it is critical to under-
stand the effects of irradiance and photoperiod on the pho-
tosynthetic activity, biomass production and composition. 
The composition of the growth medium can affect photo-
synthesis, respiration, growth rate, and cellular components 
such as pigments, carbohydrates, and proteins [43]. In this 
work, N. linckia cells were cultured for ten days in BG11 
and  BG110 growth media under fixed light/dark cycle condi-
tions. In this study, cells were cultured under a 10/14 L/D to 
mimic the natural light-dark cycle. Dron et al. demonstrated 
that the photosynthetic machinery on the thylakoid mem-
brane is altered in response to cell cycling, which could alter 
photosynthesis [44]. The photosynthetic rate in microalgal 

cells synchronized by L/D phases can vary by more than 
twofold [45]. During the cell cycle, there can be significant 
changes in the structure of thylakoid membranes, in addi-
tion to changes in proteins for light collection and electron 
transport [46].

The macronutrient composition of the growth media 
influenced N. linckia cell growth. The cells formed aggre-
gates after the first day of growth in  BG110, while in 
BG11-grown cells, no cell aggregation was observed. In 
the absence of air bubbles, the cells in  BG110 sedimented 
immediately, while the cells in BG11 remained in suspen-
sion for a long time (Fig. 2). It is known that cyanobacteria 
increase exopolysaccharide production under conditions of 
nitrogen deficiency [47]. The ability of cyanobacterial poly-
saccharides to protect nitrogenase from the negative effects 
of oxygen is one possible function. Prosperi showed that the 
thick mucilaginous shell of heterocysts of a strain of Nostoc 
cordubensis appears to be critical in preventing the inacti-
vation of nitrogenase activity by atmospheric oxygen [48].

In both culture media, CDW increased constantly under 
light conditions, whereas it decreased in the dark due to 
carbohydrate metabolism which caused loss of dry weight. 
Cultures in BG11 achieved a higher CDW (1.65 ± 0.06 g 
 L–1) compared with  BG110 (0.92 ± 0.01 g  L–1) (Fig. 3A). 

Fig. 2  Growth of N. linckia cells in BG11 (A) and  BG110 (B) growth 
media. Cultures were photographed after cultivation for 8 days. With-
out bubbling, cells in  BG110 formed aggregates and sedimented, 
while cells in BG11 remained more homogeneous
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Biomass productivity was higher in the culture with BG11 
medium (average 317 ± 38 mg  L–1  day–1), in the last five 
days, compared to that with  BG110 medium (average 
262 ± 37 mg  L–1  day–1) in the last three days. N. linckia cells 
cultured in BG11 showed a much higher chlorophyll con-
centration (39.0 ± 1.3 mg  L–1) than in  BG110 (13.6 ± 0.8 mg 
 L–1) (Fig. 3B).

Heterocyst in cyanobacteria can fix atmospheric nitrogen 
to produce chlorophyll and carotenoids. However, nitrogen 
fixation comes at a high energy cost, requiring 16 ATP and 
eight electrons per fixed  N2 [49]. Cyanobacteria do not pro-
duce active heterocysts in conditions where available N, such 
as ammonium and nitrate, is a non-limiting resource [50, 
51]. Many cellular systems are strained by such a substantial 
investment in  N2 reduction, resulting in lower growth rates 
[52]. Despite the BG11 culture’s phosphate depletion on day 
8, the growth was still remarkable probably sustained by 
increased synthesis of carbohydrate which were then par-
tially metabolized at night to sustain respiration (Fig. 3).

It is known that nitrogen absence in the culture medium 
stimulates polysaccharide production as it has been dem-
onstrated in Nostoc [53], Oscillatoria formosa [54], and 
Anabaena [55]. The presence of exopolysaccharides coats 

on their trichomes facilitates colony formation and enabling 
them to retain moisture for growth and protect cells from 
various environmental stresses [56]. Data collected in  BG110 
cultures showed that pigment production is possible in the 
absence of nitrate and that the amount of chlorophyll cor-
relates with cell biomass, confirming the good diazotrophic 
capacity for growth and pigment production in this strain 
[57] (Table 1). Accessory pigments such as phycocyanin, 
phycoerythrin and allophycocyanin concentrations were pre-
dominant in BG11. Protein content was higher in BG11 cul-
tures, while carbohydrates were higher in  BG110 (Table 1). 
Therefore, the metabolism of N. linckia cultures grown 
under diazotrophic conditions is more addressed toward 
the production of carbohydrate as it is usually observed in 
cyanobacteria grown under the limitation of nitrogen [58].

Khajepour et al. [43] investigated the influence of pho-
toperiod and light intensity on N. calcicola growth and 
biochemical composition. Their results indicated that by 
increasing light intensity chlorophyll a, phycocyanin, allo-
phycocyanin, and phycoerythrin content decreased while 
total carotenoids increased.

Differences in growth depending on environmental fac-
tors such as temperature, light, and pH, can even be found 

Fig. 3  Dry biomass weight (A) and chlorophyll content (B) of N. linckia cells grown in BG11 (white circles) and  BG110 (black circles) media. 
White and grey columns represent light and dark periods, respectively

Table 1  Percentage of protein, carbohydrate, and pigments of N. linckia cultures were grown in BG11 and  BG110

Cells were harvested at the end of the experiment. Data are the average of three independent experiments. Different letters within the same col-
umn indicated significant differences (p < 0.01)

Culture media Chlorophyll (%) Phycocyanin (%) Allophycocyanin (%) Phycoerythrin (%) Protein (%) Carbohydrate (%)

BG11 1.28 ± 0.038a 3.38 ± 0.10a 0.54 ± 0.01a 3.13 ± 0.09a 55.5 ± 2.8a 10.1 ± 0.7a

BG110 0.75 ± 0.028b 1.48 ± 0.03b 0.38 ± 0.01b 1.29 ± 0.04b 36.8 ± 2.2b 26.8 ± 1.7b
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within strains of the same cyanobacterial species [59]. N. 
linckia does not require a nitrogen source in the culture 
medium because its growth is sustained by the process of 
nitrogen fixation although at a lower rate compared to BG11.

Figure 4 shows the change in nitrate and phosphate 
content of each culture during the experiment. The initial 
phosphate content in both growth media was 23 mg  L–1, 
while the average nitrate content in BG11 cultures at the 
start of the experiments was 1.1 g  L–1. In BG11, nitrate 
gradually decreased, and at the end of the experiment a 
concentration of 864 mg  L–1 was detected (Fig. 4). The 
kinetics of phosphate consumption was faster in BG11 

cultures very likely because of faster growth. In this cul-
ture, the phosphate concentration was completely depleted 
after 192 h, while in  BG110 there was a residue 1.85 mg 
 L–1 at the end of the experiment.

Table 1 shows the pigment and biochemical composi-
tion of N. linckia cultures grown in BG11 and  BG110. Cells 
grown in BG11 showed increased pigment and protein 
content, indicating that the presence of available nitrogen 
strongly influences the composition of cells. Chlorophyll 
content was 40% higher in cell grown with nitrate. Valuable 
pigments such as phycocyanin, phycoerythrin, allophyco-
cyanin were significantly higher (p < 0.01) in cells grown in 
the presence of nitrate (BG11).

Chlorophyll a is the primary pigment involved in pho-
tosynthetic activity in PSI and PSII, although carotenoids 
are critical for light absorption and protection from light-
induced oxidation [60]. Therefore, higher carotenoid con-
tent is considered an indication of protection against reactive 
oxygen species (ROS) which may cause photodamage of 
PSII. Lower chlorophyll content usually indicates that cul-
ture was tendentially acclimated to high light. Indeed, the 
cell density in the  BG110 culture was lower than in the BG11 
culture. Therefore, specific light absorption by  BG110 cells 
was higher. However, the fluorescence and oxygen evolu-
tion results indicated that no photoinhibition occurred under 
either culture condition, indicating that the culture was effec-
tively protected from photoinhibition, both by carotenoids 
and most likely by an effective repairing cycle of PSII [61, 
62].

Protein content in cells grown diazotrophycally was much 
lower than in cells grown in the presence of nitrate (36.8% 
vs 55.5%).

Fig. 4  Nitrate (circles) and phosphate (triangles) concentrations 
in BG11 (red) and in  BG110 (blue) growth media during N. linckia 
culture. White and grey columns represent light and dark periods, 
respectively

Fig. 5  Changes in net oxygen evolution (A) and respiration rates (B) 
with a time of N. linckia cells cultivated in BG11 (white circles) and 
 BG110 (black circles) growth media. The white and grey columns 

represent the light and dark periods, respectively. The error bars rep-
resent a standard deviation from the average of three specimens
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Net oxygen evolution rate measurements of N. linckia 
cells were carried out at the beginning and end of each light/
dark period of the cultures (Fig. 5). In BG11 cultures, oxy-
gen evolution increased during the light period until day 6 
and then remained stable. The maximum oxygen evolution 
rate (960 µmol  O2 mg  chl–1  h–1) was observed after 96 h 
when the chlorophyll concentration was 14.4 ± 0.6 mg  L–1. 
This value is close to the value (935 µmol  O2 mg  chl–1  h–1) 
found in the work of Celis-Pla and coworkers using the same 
Nostoc strain in outdoor cultures [8]. In BG11 culture, the 
net oxygen evolution activity during the first 5 days (120 h) 
was higher than that measured in  BG110 cells. Thereafter, 
it showed a remarkable reduction stabilizing around a value 
50% lower than the maximum attained. Reduction in pho-
tosynthetic activity was also accompanied by a reduction in 
the respiration rate (Fig. 5B). This condition coincided with 
a strong drop in the phosphate availability in the culture 
medium. Therefore, it is conceivable that the reduction in the 
photosynthetic performance may be attributed to a phosphate 
limitation [23]. The general pattern of photosynthesis in both 
cultures was bell-shaped, with a maximum of 120–140 h, 
after acclimation to low light due to the increased density 
of the cultures. Dark respiration rates on chlorophyll basis 
increased immediately in both growth media to a kind of sta-
tionary phase in the range of 335–470 μmol  O2 mg  chl–1  h–1 
and 100–224 μmol  O2 mg  chl–1  h–1 for  BG110 and BG11, 
respectively. Respiration then began to decline on day 5 in 
BG11 and day 6 in  BG110 (Fig. 5B).

It is noteworthy that gross photosynthesis rates, the sum 
of the net rate plus the respiration rate, were considerably 
higher in cells grown diazotrophycally. This fact may result 
in contrast with the lower growth attained by cultures grown 
in  BG110 (Fig. 3). This apparent contrast may be explained 
by the fact that cells grown diazotrophycally must drain a 
considerable amount of ATP and  NADPH2 produced by 
the photosynthesis to meet the high energetic requests by 
nitrogen fixation [63]. Acclimation to low light induces 
an increase in chlorophyll and a decrease in the satura-
tion of photosynthesis [64]. The increase in photosynthesis 
in  BG110 cells is explained by the fact that the culture in 
 BG110 becomes acclimated to high light intensity, charac-
terized by a reduction in chlorophyll per dry weight. In fact, 
chlorophyll/DW was 0.75% in  BG110, and 1.28% in BG11. 
Cells acclimated to high light are characterized by a higher 
photosynthesis rate per unit of chlorophyll a [64–66]. This 
behavior was initially noticed in Nannochloropsis cells dur-
ing the transition from bright light to dim light; they discov-
ered that acclimation to dim light increased photosynthetic 
unit turnover time [67]. Similar behavior was also observed 
with Chlamydopodium fusiforme cultures grown in media 
with different nitrogen concentrations [68].

Analysis of chlorophyll fluorescence provides a nonin-
vasive, fast evaluation of photosynthetic electron transport 

and light capture processes. Therefore, information on both 
photosynthesis and the acclimation status of cyanobacteria 
can be obtained rapidly from the chlorophyll fluorescence 
signals. The maximum quantum yield of PSII (Fv/Fm) val-
ues, in both culture media, showed only little fluctuations, 
and however within a physiologically range (0.40–0.55) 
(Fig. 6). It is well known that in cyanobacteria the value of 
Fv/Fm is usually lower than that found in microalgae, due to 
the influence of the respiration which reduces the plastoqui-
none pool (PQ pool) promoting state 1 to state 2 transition 
of photosynthetic apparatus. Indeed, in cyanobacteria, PQ 
pool is shared by both photosynthesis and respiration [69].

When comparing  ETRmax values during the stationary 
phase in  BG110 (48.0–56.8 μmol e–  m–2  s–1) and in BG11 
(45.1–62.0 μmol e–  m–2  s–1), we observe only a slight differ-
ence (10%). There was no consistent change in initial slope 
(α) between the two culture conditions (Fig. 7B). In both 
culture conditions, an increase in  ETRmax was observed 
(first 5 days) followed by a stationary phase (Fig. 7A). This 
behavior can be explained by the acclimation process of the 
cell to the light during the first 5 days of cultivation. Later, 
with the increase in the self-shading, cells started to accli-
mate to low light and ETR stabilized. Interestingly, compar-
ing the ETR behavior to that of the photosynthesis we can 
observe that there was a good correlation between the two 
parameters mainly during the first 120 h of culture, thereaf-
ter while the ETR stabilized while the photosynthesis rate 
decreased. However, comparison of these two parameters in 
cyanobacteria is quite difficult since these organisms during 
acclimation to light can go through important changes in the 
composition of pigments, which can affect their optical cross 

Fig. 6  Changes in maximum quantum yield of PSII photochemistry 
(Fv/Fm) of N. linckia cells grown in BG11 (white circles) and  BG110 
(black circles). The white and grey columns represent the light and 
dark periods, respectively. The error bars represent a standard devia-
tion from the average of three specimens
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section, and changes in the ratio between PSI/PSII, which 
can reach a value of up to 5 which affects the fluorescence 
yield [70, 71].

Nitrogen limitation can lead to a reduction in pigmen-
tation and a reduction in the cellular concentration of 
reaction centers [72, 73]. This was verified in the  BG110 
culture, which had low carotenoid content (average of 
0.30 ± 0.03 mg  L–1) due to nitrogen depletion. N. linckia 

cells cultured in BG11 showed an increasing trend of 
carotenoid content with a maximum of 2.08 mg  L–1 on 
day 7 (168 h) (Fig. 8). It then decreased sharply on day 9 
very likely because of the exhaustion of phosphate in the 
medium (Fig. 4).

4  Conclusions

The amount of nitrogen contained in the culture media 
clearly affected the growth of N. linckia cells. Direct sup-
ply of nitrogen promoted better growth and enhanced the 
protein content as well as the production of valuable pig-
ments such as phycocyanin, phycoerythrin and allophy-
cocyanin with high market value. On the contrary, diazo-
trophic growth was mostly addressed to the production of 
carbohydrates. The different biochemical composition of 
the biomass strongly influences its commercial value. No 
effects on photosynthetic performance were observed in 
either culture condition. A biomass rich in nitrogen is par-
ticularly appreciated for use as an organic fertilizer, while a 
biomass rich in carbohydrates (polysaccharides) is appreci-
ated for its capacity to improve soil fertility by improving 
soil structure [74]. Another very important biotechnologi-
cal difference observed between the cultures was the rapid 
cell sedimentation observed in the culture grown in  BG110. 
This is a very important issue since it may facilitate bio-
mass harvesting from open cultivation systems [75]. Yet, 
rapid sedimentation can entail a high energy requirement 
for mixing to maintain good exposure of the cell to light. 
According to Norsken et al. [76], mixing accounts for about 

Fig. 7  Changes in  ETRmax capacity (A), and initial slope (α) (B), of 
N. linckia cells grown in BG11 (white circles) and  BG110 (black cir-
cles). The white and grey columns represent the light and dark peri-

ods, respectively. The error bars represent a standard deviation from 
the average of three specimens

Fig. 8  Changes in total carotenoid content during growth of N. 
linckia in BG11 (white circles) and  BG110 (black circles) growth 
media. White and grey columns represent light and dark periods, 
respectively. The error bars represent a standard deviation from the 
average of three specimens
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26% of the cost of production. The phenotypic plasticity of 
this organism allows acclimation to different nutrient condi-
tions by modulating its biomass composition. This makes 
it very attractive for biomass production for various pur-
poses, such as aquaculture by cultivation in wastewater with 
high nitrogen content (e.g., digestate), for the production of 
nitrogen-rich biofertilizers, and for the extraction of bioac-
tive substances and pigments.
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