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Abstract
Microalgae have been highlighted in the production of biocompounds to apply in the food, pharmaceutical, and chemical 
sectors. Strategies in microalgae culture conditions, such as two-stage cultivation, can improve the synthesis of macromol-
ecules of interest allied to increasing biomass productivity. The objective of this work was to evaluate the production of 
macromolecules [proteins, carbohydrates, polyhydroxybutyrate (PHB), and lipids] by Spirulina sp. LEB 18 cultivated in 
two-stage strategy. In the first stage of culture, modified Zarrouk medium was used, containing 100% of nitrogen  (NaNO3, 
2.5 g  L−1) and 50% of carbon  (NaHCO3, 8.4 g  L−1). In the second stage, the culture medium was replaced by a medium 
containing nitrogen reduction  (NaNO3, 0.25 g  L−1) on the 5th, 10th, or 15th day. The nitrogen reduction the 5th day reached 
the highest lipid content (37.0%). To reach 58.1% of carbohydrates, cultivations must be conducted in a single stage for 
20 days, using 10% of nitrogen source. The highest protein content was obtained with 100% nitrogen, on the 10th day of 
the first stage of cultivation (73.8%). The two-stage cultivation with the second stage on day 10 provides proteins (57.4%) 
on day 5, lipids (34.6%) on day 15, and PHB (29.6%) and carbohydrates (15.8%) on day 20, enabling operating microalgal 
biomass in a biorefinery system. Thus, two-stage strategy contributes to determining cultivation conditions that involve the 
optimization of macromolecules by Spirulina sp. LEB 18.
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Introduction

Commercial production of microalgae biomass began in 
1960 with the cultivation of Chlorella in Japan. In 1970, 
there was the first commercial Spirulina (Arthrospira plat-
ensis) production plant (Mexico). Chlorella and Spirulina 
comprise more than 90% of the total production of microal-
gal biomass. Production is mainly intended (~ 90%) for the 
human food and nutrition (nutraceuticals) market. Globally, 
commercial autotrophic microalgae biomass production is 
around 20,000 tons/year, dry. Bulk sales prices for Spirulina 
and Chlorella range from around $10,000 to $30,000/ton. 
The market is about half a billion dollars annually and is 
increasing tenfold at the consumer level (Benemann et al. 
2018).

Many countries have been producing algae-based prod-
ucts (Chew et al. 2021). Compared to other microalgae spe-
cies, Spirulina is successfully marketed in China for the 
production of human feed and aquaculture (Show 2022). 
Spirulina is widely known for its protein content (50–70%) 
(Lafarga et al. 2021). Moreover, this microalga also contains 
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carbohydrates (~ 20%), lipids (~ 10%) (Moreira et al. 2016), 
as well as vitamins, minerals (Lafarga et al. 2021), and 
biopolymers such as polyhydroxybutyrate (PHB) (Moreira 
et al. 2016). More than 60 Spirulina plants with 7,500,000 
 m2 produce 9600 tons of dry biomass/year in China. The 
yearly retail value is over US$650 million (Li et al. 2015; 
Show 2022). According to Show (2022), this would sum-
marize the biomass productivity of 13 ha/year, where around 
70 kg of biomass is being sold to consumers (Show 2022).

On the other hand, the microalgae industries in Japan and 
the European Union focus on biofuel production (Murata 
et al. 2021). The size of the microalgae biofuel market in 
Japan is worth about 128 billion yen (USD 1170 million). 
In addition, there is ongoing investment in research and 
development to expand into other markets such as food, 
chemicals, and supplements. According to Mintel's Global 
New Products Database (GNPD), Europe accounted for the 
highest number of Spirulina-containing products, with 70% 
of global market launches. Next, Asia (14%), North America 
(10%), East Middle and Africa (5%), and Latin America 
(1%) are highlighted. In this sense, the biorefinery concept 
emerges to promote the economic viability of microalgae 
to replace fossil fuels and other bioproducts (Show 2022).

Biorefineries have emerged as a new concept in the con-
version of biomass into products with high added value, bio-
fuels, and/or energy in an integrated manner, which reduces 
environmental impacts and maximizes the potential of raw 
materials (Chew et al. 2017; Costa et al. 2017). Microalgae 
biomass has several biomolecules, such as proteins, lipids, 
carbohydrates, polymers, vitamins, pigments, and antioxi-
dants (Hornes et al. 2010). In the context of a biorefinery, 
proteins obtained from microalgal biomass can be used to 
increase the nutritional value of food. Long-chain fatty acids 
can be used as a food supplement. Carbohydrates can be 
applied as a carbon source in the fermentation industries for 
ethanol production, while lipids can be used as raw mate-
rial for biodiesel production (Chew et al. 2017). Degradable 
polymers synthesized by microalgae can act as a substitute 
for petrochemical plastics (Ansari and Fatma 2016).

The two-stage cultivation strategy can positively influence 
macromolecular synthesis by the microalgae and reduce the 
time of cultivation. The first stage involves optimal condi-
tions for growth, resulting in increased biomass productivity. 
In the second stage, there is a reduction of a specific nutrient 
in the culture medium, such as nitrogen, which can stimulate 
the accumulation of lipids, carbohydrates, or biopolymers 
by microalgae. Thus, the main advantage of using two-stage 
cultivation is to obtain high productivity in biomass simul-
taneously with the high concentration of macromolecules 
(Monshupanee et al. 2016).

Synthesis of proteins, carbohydrates, lipids, and PHB 
depends on the supply of nitrogen. Moreover, the nitro-
gen compound is one of the most important components 

in microalgae cultivation, as it directly interferes with cel-
lular metabolism. Nitrogen limitation diverts the microal-
gae's metabolic pathway to produce carbohydrates and/or 
lipids. The production of carbohydrates occurs during the 
carbon dioxide  (CO2) biofixation metabolism of the micro-
algae through photosynthesis (Braga et al. 2019). The PHB 
polymer is a lipid component and has its synthesis initiated 
through the condensation of two molecules of acetyl-CoA, 
in which β-ketothiolase produces acetoacetyl-CoA. The 
demand for acetyl-CoA becomes a limiting factor in the pro-
duction of PHB, as it inhibits the action of the β-ketothiolase 
enzyme. When the CoA molecule is no longer produced 
intracellularly by the microorganism (due to the nutritional 
limitations of the culture medium), the metabolic pathways 
converge toward the production of PHB (Costa et al. 2018a, 
b).

The two-stage cultivation with nitrogen limitation is a 
pioneer in defining the best period to start altering the nutri-
tional supply of microalgae, and the total cultivation time to 
maximize the production of proteins, carbohydrates, lipids, 
and PHB. In this context, the objective of this work was to 
evaluate the production of macromolecules by Spirulina sp. 
LEB 18 cultivated in two-stage strategy.

Material and methods

Microorganism and culture conditions

The microalga Spirulina sp. LEB 18, belonging to the strain 
bank of the Laboratory of Biochemical Engineering, was 
isolated from Lagoa Mangueira (latitude 33°31′08″ S and 
longitude 53°22′05″ W) located in the extreme south of 
Brazil (Morais et al. 2008). The inoculum was kept in a 6 L 
Erlenmeyer flask with modified Zarrouk medium containing 
50% of the carbon source  (NaHCO3, 8.4 g  L−1) for 10 days.

The two-stage experiments were performed in tubular 
photobioreactors of 2 L with a working volume of 1.6 L, 
containing 0.5 g  L−1 of initial biomass concentration. Cul-
tivations were performed at 30º C in a thermostatic camera, 
12 h light/dark photoperiod and 41.6 µmol  m−2  s−1 luminos-
ity provided by 40 W fluorescent lamps. Continuous agi-
tation was applied through the injection of sterile air, and 
the cultivations were carried out in triplicate for 20 days. 
The microalgae Spirulina sp. LEB 18 was grown in Zarrouk 
medium (Zarrouk 1966) modified with 50% of carbon (Mar-
tins et al. 2014).

The two-stage cultures were performed with medium 
containing the original concentration of Zarrouk medium, 
including the nitrogen source  (NaNO3, 2.5 g  L−1) in the first 
stage of cultivation. The second stage started at times 5, 10 
or 15 days, in which the medium was replaced with nitrogen 
reduction  (NaNO3, 0.25 g  L−1). The control experiments 
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were carried out in a single stage containing 10% (0.25 g 
 L−1) and 100% (2.5 g  L−1) of the original nitrogen source 
 (NaNO3) of the culture medium.

For the change of the culture medium, corresponding to 
the second stage, the cultures were subjected to centrifuga-
tion (HITACHI himac CR-GIII, Japan) at 15,200g, 20 °C for 
30 min. The cells were washed twice with sterile distilled 
water to remove salts from the medium by centrifugation at 
15,200g, 20 °C for 10 min. Thus, the Zarrouk medium was 
added with a 90% reduction in the nitrogen source  (NaNO3, 
0.25 g  L−1), maintaining the same cell concentration. The 
volume of the experiments was kept constant with the daily 
addition of sterile water to supply the evaporation losses.

Analytical determinations and kinetic parameters

Daily aliquots were taken from the cultivations to determine 
the biomass concentration by an optical density at 670 nm in 
spectrophotometer (UVmini-1240, Shimadzu, Japan) (Costa 
et al. 2002). Daily monitoring of pH was performed using a 
digital pH meter (Satra, PHS-3E, Brazil).

The maximum specific growth rate (μmax,  day−1) and 
maximum productivity  (Pmax, g  L−1  day−1) were determined 
from the cell concentration values. The maximum cell con-
centration  (Xmax, g  L−1) was the maximum concentration 
value obtained during cultivation, and the generation time 
 (tg, d) was determined in the exponential growth phase of 
the microalgae (Bailey and Ollis 1986), according to Eq. (1). 
Productivity was obtained according to Eq. (2), with  Xt 
being the cell concentration (g  L−1) at time t (days) and  X0 
being the cell concentration (g  L−1) at time  t0 (days). The 
maximum value of productivity found during the cultivation 
corresponded to  Pmax.

μmax was calculated by exponential regression applied to 
the logarithmic growth phase, according to Eq. (3).

Nitrogen analysis

The nitrogen content was determined at 3-day intervals by 
adding 0.8 mL of sulfuric acid  (H2SO4) with 5% (w  v−1) 
salicylic acid  (C7H6O3), and 19 mL of 2 M sodium hydrox-
ide (NaOH) to the samples. The spectrophotometer reading 
was performed at 410 nm and the absorbance values were 

(1)tg =
ln2

μmáx

(2)P =

(

Xt − X0

t − t0

)

(3)μx =
1 dx

x dt

correlated with the standard curve of  NaNO3 (Cataldo et al. 
1975).

Proximal composition of microalgal biomass

Samples were taken from each tubular reactor every 5 days, 
and then the biomass of Spirulina sp. LEB 18 was sepa-
rated from the liquid medium by centrifugation (HITACHI 
himac CR-GIII, Japan) at 4600g for 30 min. Subsequently, 
the biomass was resuspended in distilled water and again 
centrifuged for two more times, for 10 min, to remove the 
salts from the culture medium. The concentrated biomass 
was frozen at − 80 °C for 48 h and then was lyophilized for 
48 h. Therefore, the lyophilized sample was stored at − 18° 
C for later use in analyzes (Rosa et al. 2016). The lyophilized 
biomass was pre-treated by an ultrasonic probe. Thus, 10 mL 
of distilled  H2O was added to 5 mg of microalgae biomass 
and sonicated for 10 min in 59 s cycles (59 s on and 50 s off). 
Finally, using magnetic, the homogenized extract was ready 
for further characterization (Moreira et al. 2016).

The lipid concentration was determined by the gravity 
method of Marsh and Weinstein (1966), using a standard 
curve of tripalmitin. The concentration of carbohydrates in 
the biomass was evaluated according to the phenol–sulfuric 
method of Dubois et al. (1956), using a standard curve of 
glucose. The protein concentration was determined by the 
colorimetric method of Lowry et al. (1951), using the stand-
ard curve of albumin.

Quantification and yield of PHB

Gas chromatography was performed to determine the PHB 
concentration in the biomass at times 0, 5, 10, 15, and 
20 days. The biomass was lyophilized and subjected to pig-
ment extraction by adding 99.8% methyl alcohol (v  v−1) 
according to the method described by Lichtenthaler (1987). 
Thus, it was dried in an oven at 105 °C for 24 h, and then 
methanolysis was performed in 1 ml of chloroform, 0.85 ml 
of methanol and 0.15 ml of sulfuric acid at 100 °C for 3.5 h 
(Brandl et al. 1988). The gas chromatograph (G-C2014, Shi-
madzu, Japan), equipped with a Restek Rtx-5 silica capillary 
column (30 m, 0.25 mm, 0.25 μm) and a flame ionization 
detector (FID), was used to analyze the methyl ester groups. 
The operation was performed at 250 °C for injector and 
detector. To separate the methyl esters, 60 °C programming 
was used for 2 min, with an increase rate of 25 °C  min−1 
until reaching 180 °C. For the construction of the calibration 
curve, the poly(3-hydroxybutyrate-co-hydroxyvalerate) was 
used as standard 88 mol% HB and 12 mol% HV (Sigma-
Aldrich) (Brandl et al. 1988; Zhang et al. 2015). The yield 
(ɣ) of polyhydroxybutyrate (PHB) was determined using 
Eq. (4).
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Statistical analysis

The experiments were performed in triplicate, and the aver-
ages of the results were subjected to analysis of variance 
(ANOVA) followed by the Tukey test with a 95% confidence 
level.

Results and discussion

Microalgal growth and kinetic parameters

All experiments showed absence of the latency phase 
(Fig. 1) since the inoculum was previously adapted to the 
modified Zarrouk medium containing 50% of the carbon 
source  (NaHCO3, 8.4 g  L−1). The adaptation of the inocu-
lum contributed to eliminating the time of the latency phase 
(Schmidell et al. 2001). Therefore, the microalga culture 
showed the exponential phase at the beginning of cultivation.

The control assays carried out with 10 and 100% of the 
original nitrogen source showed cell growth up to the 10th 
day and 18th day, respectively. In the experiment performed 
with 100% of  NaNO3, the supply of nitrogen was not lim-
ited. Thus, this nutrient was used by the cell to produce 
compounds essential to growth, such as proteins, nucleic 
acids, and photosynthetic pigments. According to Castro 
et al. (2015), nitrate salts promote a higher concentration 
of biomass when compared to other sources of nitrogen, 

(4)γ =

(

g PHB

g biomass

) especially  NaNO3, which is the reason for its application in 
the Zarrouk medium. Studies show that this nitrogen source 
can be reduced by approximately 25% in the culture media 
without reducing the microalgae cell concentration (Colla 
et al. 2007). Therefore, the absence of this nutrient prevents 
or reduces cell growth.

The two-stage cultivations showed cell multiplica-
tion until the moment of substitution of the initial culture 
medium for the nitrogen-limited medium. After this replace-
ment, the cells went through an adaptation period, which 
varied from 1 to 2 days. This adaptation in growth may be 
related to the stress caused to the cells by the centrifugation 
performed to separate the initial culture medium, leaving the 
cells injured. Subsequently, the microalgae again presented 
a linear growth phase, for a period of 7 days for the experi-
ment with nitrogen reduction on the 5th day, 5 days for the 
experiment with nitrogen reduction on the 10th day, and 
5 days for the experiment with nitrogen reduction nitrogen 
at the 15th day, which was finished at 20 days of cultivation.

The two-stage assays and the control assay with 100% of 
nitrogen did not present a stationary phase, with cell decline 
immediately after the linear growth phase. The cell death 
phase of the assays with the start of the second stage at 5 and 
10 days was on the 15th and 17th day of cultivation, respec-
tively. The control assay with 10% of nitrogen showed this 
phase on the 11th day. Braga et al. (2019) cultivated Spir-
ulina sp. LEB 18 in a nitrogen-limited medium (0.25 g  L−1 
of  NaNO3), and they found the cell death phase on the 13th 
day of the culture. The control assay with 100% of nitrogen 
showed cellular a decline on the 19th day. The assay with 
the beginning of the second stage at 15 days did not show a 
cell death phase, as there was cell productivity until the 20th 
day of the culture.

The control assay with 10% of the nitrogen source 
obtained a shorter cell multiplication time, starting the 
decline phase on the 11th day of cultivation. However, the 
reduction of nitrogen, at times 5, 10, and 15 days of experi-
ment, did not prevent cell growth. In these conditions, possi-
bly the nitrogen supplied was used by the cell to produce the 
compounds necessary for growth, and stored for later use. 
According to Nayak et al. (2019), nitrogen is responsible for 
the synthesis of amino acids and proteins, contributing to the 
production of biomass.

All two-stage cultivations showed a higher maximum cell 
concentration after nitrogen reduction. The supply of a new 
nitrogen-reducing culture medium has provided important 
nutrients, such as phosphorus and carbon that contribute to 
cell growth. The control experiment with 10% of nitrogen 
obtained the lowest maximum cell concentration when com-
pared to the two-stage experiments. Therefore, it is possible 
to prove the advantage of the two-stage cultivation strategy 
to achieve greater biomass productivity.

Fig. 1  Growth curves of Spirulina sp. LEB 18 cultivated with 2.5 g 
 L−1 of  NaNO3 in a single stage (open circle), 0.25 g  L−1 of  NaNO3 in 
a single stage (open square), and two-stage with the first stage using 
2.5 g  L−1 of  NaNO3 and the second stage using 0.25 g  L−1 of  NaNO3 
on 5 days (filled circle), 10 days (filled square) or 15 days (filled tri-
angle)
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The nitrogen reduction assay on the 15th day obtained 
the highest cell concentration when compared to the other 
assays (Table 1). This greater growth of Spirulina sp. LEB 
18 is related to nitrogen being available throughout the expo-
nential phase, ensuring better cell multiplication. According 
to Martín-Juárez et al. (2017), nitrogen is the second most 
abundant component of biomass.

The lowest cell concentration of the two-stage assays was 
obtained with the reduction of nitrogen in the 5th day of 
cultivation. Nevertheless, this value is higher when com-
pared to the results obtained by Braga et al. (2019), who 
also cultivated Spirulina sp. LEB 18 with 10% of the nitro-
gen source (0.25 g  L−1 of  NaNO3). The authors reached a 
value of 0.56 g  L−1 as the highest  Xmax using  CO2 injection 
every 1 min and 120 ppm of fly ashes. In this context, it is 
possible to affirm that the accomplishment of the two-stage 
cultivation contributes to microalgae growth, because in the 
first 5 days of cultivation the microalga had nitrogen for the 
production of essential macromolecules, and there was also 
growth in the following 7 days after the limitation of this 
nutrient.

The maximum specific growth rate was higher in the 
first 5 days of cultivation (exponential phase), both for the 
control and two-stage experiments. This behavior may have 
occurred due to the incidence of uniform luminosity to the 
microalga cells in this period of the culture since the cell 
concentration is lower. According to Caprio et al. (2016), 
microalgae grow using light, but the increase in cell con-
centration prevents light from penetrating the suspension, 
resulting in a reduction in cell multiplication. Consequently, 
there is a reduction in the maximum specific growth rate.

The increase in the maximum specific growth rate causes 
a reduction in generation time. According to Braga et al. 
(2019), microalgae can duplicate cell concentration on 
1–7 days. The experiment conducted in a two-stage with 
nitrogen reduction on the 5th day conferred the highest 

maximum specific growth rate in the first stage of cultiva-
tion, which resulted in the shortest generation time.

All two-stage cultivations showed a decrease in produc-
tivity on 2–3 days after the start of the second stage, due to 
adaptation to the new nutritional conditions. After this adap-
tation, there was a sudden increase in productivity, probably 
due to the supply of nutrients (Fig. 2a). From the 15th day of 
cultivation, the assays with nitrogen limitation in the 5th and 
10th day exhibited a reduction in productivity. The control 
experiment with 10% of nitrogen showed higher productiv-
ity in the first two days of cultivation, remaining constant 
until the 10th day. From the 11th day, there was a reduction 
in cell productivity reaching zero in the 16th day, possibly 
due to the scarcity of nitrogen, since this nutrient is essen-
tial for cell development (Fig. 2c). Thus, it can be inferred 
that the control with 100% nitrogen showed an increase in 
productivity on the first 3 days of the experiment, remaining 
constant throughout the cultivation, with a decrease only in 
the last 2 days.

The highest maximum productivity was observed after 
replacing the medium in the 15th day. On the other hand, 
the lowest maximum productivity was observed in the 
assay with culture medium replacement on the 5th day. 
This fact occurred because the nitrogen reduction was car-
ried out after the beginning of the cultivation. Thus, most 
of the exponential phase occurred without the presence of 
this nutrient. Therefore, it can be inferred that the closer to 
the beginning of the cell death phase is the replacement of 
the culture medium, the greater the maximum productivity. 
Since all nutrients, including nitrogen, were available for 
15 days, the two-stage strategy provided a higher concentra-
tion of microalgal biomass.

Moraes et al. (2018) evaluated the effect of  NaNO3 con-
centration on the growth kinetics of the microalgae Spir-
ulina sp. LEB 18. The experiments were carried out in fed-
batch, in a single stage. The authors obtained  Xmax = 1.60 g 
 L−1,  Pmax = 0.109 g  L−1  day−1 and μmax = 0.208  day−1 when 

Table 1  Maximum cell concentration  (Xmax, g  L−1), maximum volu-
metric productivity  (Pmax, g  L−1  day−1), maximum specific growth 
rate (μmax,  day−1) and generation time  (tg, days) of Spirulina sp. LEB 
18 cultivated in a single stage with 100% of  NaNO3 (Control 1), a 

single stage with 10% of  NaNO3 (Control 2), and in a two-stage with 
2.5  g  L−1 of  NaNO3 in the first stage and 0.25  g  L−1 of  NaNO3 in 
the second stage on 5 days (Assay 1), 10 days (Assay 2) or 15 days 
(Assay 3)

*Different letters in the same column indicate a significant difference according to the Tukey test (p < 0.05)

Assay Stage Xmáx Pmax μmax tg

Control 1 Single 2.34 ± 0.23ab 0.15 ± 0.02bc 0.22 ± 0.04a 2.87 ± 0.28c

Control 2 Single 1.18 ± < 0.01c 0.11 ± 0.02c 0.10 ± < 0.01b 6.53 ± 0.56b

Assay 1 1° 1.05 ± 0.01c 0.16 ± 0.01bc 0.25 ± 0.01a 2.78 ± 0.16c

2° 1.87 ± 0.10b 0.11 ± < 0.01c 0.15 ± 0.04b 5.47 ± 1.22b

Assay 2 1° 2.03 ± 0.19b 0.19 ± 0.02b 0.22 ± 0.01a 3.30 ± < 0.01c

2° 2.27 ± 0.02ab 0.19 ± 0.04b 0.09 ± < 0.01b 7.37 ± 0.41b

Assay 3 1° 2.06 ± 0.22b 0.15 ± < 0.01bc 0.20 ± < 0.01a 3.39 ± 0.01c

2° 2.77 ± 0.07a 0.31 ± 0.01a 0.08 ± < 0.01b 8.62 ± 0.20a
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using 1.25 g  L−1 of  NaNO3. Comparing these results with 
those obtained in two-stage assays, it is possible to note the 
advantage of applying this cultivation strategy for micro-
algal growth and biomass production. Two-stage cultiva-
tions of Spirulina sp. LEB 18 provided greater productivity 
in all experimental conditions when compared to the study 
developed by Moraes et al. (2018), even though the nitro-
gen reduction was greater in our experiments (0.25 g  L−1 
of  NaNO3).

The pH of Spirulina sp. LEB 18 cultures varied accord-
ing to the microalgae growth (Fig. 2b). The ideal pH for the 
cultivation of this microalga is between 8.3 and 11.0. In this 
range, there is greater availability of carbonate and bicar-
bonate, which provides optimal growth conditions (Costa 
et al. 2002). The fixation of  CO2 during the respiration of 
microalgae causes greater dissociation of carbonate and 
bicarbonate, promoting the release of hydroxyl ions  (OH−), 
which generates an increase in pH (LI et al. 2011). Martins 
et al. (2014) performed the cultivation of Spirulina sp. LEB 
18 using sodium bicarbonate, glucose, and sodium acetate as 
a carbon source. The highest concentration of biomass found 
by these authors was obtained with sodium bicarbonate, due 
to the microalga having photosynthetic enzymes active in the 
assimilation of carbon.

Control and two-stage experiments showed an increase 
in pH according to the use of bicarbonate by microalgae for 
its development. However, the replacement of the culture 
medium led to a decrease in the cellular concentration of the 
microalga by 2 days. From this period, there was a decrease 
in pH, which confirms the adaptation phase of Spirulina sp. 
LEB 18 with the new culture medium. During the cultiva-
tion, the pH increased as the growth of microalga.

The distribution of chemical carbon species is determined 
by pH (Mangan et al. 2016). When the microalgal culture 
has a pH below 6, carbonic acid is present in greater quantity 
in the medium, whereas at pH 6 to 10.5, bicarbonate is pre-
dominant. In cultivation with a pH higher than 10.5, carbon-
ate is found in greater concentration. Thus, the higher the pH 
of the medium, the greater is the possibility of the available 
 CO2 being converted to carbonate (Hille et al. 2014). The 
pH of single and two-stage cultivations remained within the 
optimum pH range (9.6 to 10.9) for this microalga, which 
promoted cell growth.

Production of macromolecules

The two-stage cultivation of Spirulina sp. LEB 18 no pre-
sent significant difference (p > 0.05) in the concentration 

Fig. 2  Biomass productivity (a), pH (b) and nitrogen concentra-
tion (c) curves of Spirulina sp. LEB 18 cultivated with 2.5 g  L−1 of 
 NaNO3 in a single stage (open circle), 0.25 g  L−1 of  NaNO3 in a sin-

gle stage (open square), and two-stage with the first stage using 2.5 g 
 L−1 of  NaNO3 and the second stage using 0.25 g  L−1 of  NaNO3 on 5 
days (filled circle),10 days (filled square) or 15 days (filled traingle)
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of proteins, carbohydrates, and lipids at times 0 and 5 days 
when compared to the control experiment with 100% of 
nitrogen (Table 2), since the microalga was exposed to the 
same nutritional conditions.

Nitrogen makes up about 10% of the dry weight of micro-
algae, and it is a fundamental component used by cells for 
the synthesis of amino acids, proteins, nucleic acids, chlo-
rophyll, and other accessory pigments, such as phycobilins. 
The concentration of nitrogen present in the culture medium 
is related to the protein content produced by the cell. In 
this way, the less there is nitrogen available in the culture 
medium, the lower the protein synthesis by the microalgae.

Nitrogen is capable of limiting microbiological growth 
when supplied in small concentration, both in natural and 
artificial environments. Microalgae assimilate the nutrients 
in the cultivation and incorporate them into its biomass, 
resulting in a nutritionally rich product that can be used as 
a food supplement. The composition of micronutrients and 
macronutrients affect the composition of macromolecules, 
such as lipids, proteins and carbohydrates (Hornes et al. 
2010; Matos et al. 2015).

According to Hinai et al. (2019), Spirulina platensis has 
50 to 75% protein in its composition. In this way, it can be 
said that all the results obtained for the control and two-
stage experiments, at times 0 and 5 days of the cultivations, 
remained within the expected protein content range. How-
ever, due to nitrogen limitation, all two-stage cultivations 
showed a decrease in protein concentration immediately 
after the nutrient limitation. The two-stage cultivation with 

nitrogen reduction on the 5th day decreased the protein con-
tent from the 10th day of culture up to 21%. The assay with 
a nitrogen reduction on the 10th day decreased the protein 
content by up to ~ 20% from the 15th day. The experiment 
with a nitrogen reduction on the 15th day showed a decline 
in the protein concentration (~ 12%) on the 20th day.

In the second stage, the cultivation with nitrogen reduc-
tion in the 10th and 15th day did not show a significant dif-
ference in protein content. On the other hand, the experiment 
with nitrogen reduction on the 5th day had higher protein 
content when compared to the control with 10% of nitrogen. 
Therefore, for protein production, it is important that the first 
stage of cultivation is performed with 100% of the nitrogen 
source. The control cultivation with 10% of nitrogen showed 
the lowest concentration of proteins (20%) since there was 
not an essential element (nitrogen) available for protein 
synthesis. The assays with nitrogen reduction in the 10th 
and 15th day and the control with 100% nitrogen showed 
increasing protein concentration up to the 10th day. From 
this time of cultivation, if the nitrogen is not reduced, the 
protein content remains. However, if this nutrient is limited, 
the content of the macromolecule reduces.

The control experiment with 100% nitrogen presented the 
highest protein content at the end of the cultivation, as it 
received a nitrogen concentration from the Zarrouk medium 
without any limitation of this nutrient. In this experiment, 
there was no significant difference between the protein con-
tent synthesized in the 10th and 20th day of the culture. 
Therefore, the ideal would be to reduce the cultivation time 

Table 2  Macromolecules 
composition from the biomass 
of Spirulina sp. LEB 18 
cultivated in a single stage with 
100% of  NaNO3 (Control 1), a 
single stage with 10% of  NaNO3 
(Control 2), and in a two-stage 
with 2.5 g  L−1 of  NaNO3 in the 
first stage and 0.25 g  L−1 of 
 NaNO3 in the second stage on 5 
days (Assay 1), 10 days (Assay 
2) or 15 days (Assay 3)

*Different lower case letters in the same column indicate a significant difference between the times of the 
same assay. Different upper-case letters in the same line indicate a significant difference between assays of 
different conditions according to the Tukey test (p < 0.05)

Time (days) Control 1 Control 2 Assay 1 Assay 2 Assay 3

Proteins (%, w  w−1)
 0 53.5 ± 1.5bA 50.2 ± 2.3aA 56.6 ± 1.6aA 53.3 ± 1.2bA 51.4 ± 3.4bA

 5 55.9 ± 0.1bA 49.7 ± 1.4aB 57.4 ± 1.9aA 54.9 ± 0.3bA 55.3 ± 0.8bA

 10 66.8 ± 0.3aA 29.9 ± 2.4bC 43.5 ± 0.7bB 73.8 ± 2.2aA 69.1 ± 1.3aA

 15 67.2 ± 2.1aA 23.3 ± 2.2bC 38.6 ± 1.9bcB 59.7 ± 2.1bA 69.7 ± 0.2aA

 20 67.3 ± 0.6aA 20.0 ± 1.0dC 36.4 ± 0.8cC 54.9 ± 2.3bB 57.9 ± 1.0bB

Lipids (%, w  w−1)
 0 13.2 ± 0.8aA 14.5 ± 1.2aA 17.0 ± 0.9cA 14.1 ± 0.9abA 14.9 ± 1.2aA

 5 14.8 ± 1.3aA 15.7 ± 0.2abA 18.3 ± 0.8cA 15.1 ± 0.8abA 14.8 ± 1.3aA

 10 14.8 ± 0.2aB 14.7 ± 1.0abB 25.8 ± 0.2bA 15.8 ± 0.6aB 14.9 ± 0.1aB

 15 15.7 ± 1.3aB 11.9 ± 0.7bcB 34.6 ± 1.7aA 12.6 ± 1.2abB 15.3 ± 0.9aB

 20 13.9 ± 1.8aC 9.6 ± 0.4cC 37.0 ± 0.5aA 11.1 ± 1.6bC 19.4 ± 1.7aB

Carbohydrates (%, w  w−1)
 0 8.3 ± 0.4cA 8.5 ± 0.7eA 7.4 ± 0.2bA 8.8 ± 0.3cA 7.5 ± 0.2cA

 5 8.6 ± 0.3Cb 18.5 ± 0.8dA 7.8 ± 0.0bB 8.9 ± 0.2cB 8.2 ± 0.4cB

 10 10.6 ± 0.4bB 35.9 ± 2.4cA 7.8 ± 0.1bB 9.5 ± 0.0cB 10.4 ± 0.1cB

 15 15.1 ± 0.5aB 47.7 ± 3.1bA 7.7 ± 0.3bC 14.4 ± 1.3bB 14.8 ± 0.2bB

 20 16.1 ± 0.4Ac 58.1 ± 0.8aA 15.8 ± 1.3aC 26.1 ± 1.3aB 19.6 ± 1.8aC
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to decrease costs. It also can be inferred that the first stage 
without nitrogen reduction stimulates the protein content. 
Thus, to improve protein production, the best cultivation 
time for microalgae harvest is on the 10th day, which found 
73.8% of this macromolecule.

Microalgae need nitrogen for growth, however, when 
they do not receive this supply, cell multiplication reduces 
or ceases, and it begins to accumulate reserve compounds. 
Thus, when the microalgae are subjected to stress condi-
tions, as nitrogen limitation for long periods, it can produce 
higher concentrations of lipids (Sun et al. 2018). This state-
ment was observed in the experiment with nitrogen reduc-
tion on the 5th day (Table 2), because during the 15 days of 
the second stage the culture medium was limited by nitro-
gen, requiring a reserve of energy that would be consumed 
long-term.

The concentration of lipids obtained in the assay with 
nitrogen limitation on the 5th day was higher than that found 
in the assays with nitrogen reduction on the 10th and 15th 
day. The time difference in which the cultivations were 
maintained after nitrogen limitation can justify these results. 
The cultivation that underwent nitrogen reduction on the 
5th day remained for longer with the scarcity of this nutri-
ent (Fig. 2c). The experiments with nitrogen reduction on 
the 10th and 15th days remained with the limited nitrogen 
source for 10 and 5 days, respectively, which is a shorter 
time interval when compared to the nitrogen reduction test 
on the 5th day.

Nayak et al. (2019) evaluated the two-stage as a culti-
vation strategy to maximize the productivity of lipids in 
Chlorella sp. HS2. Urea was used as a nitrogen source by 
the authors, being deficient in the second stage of cultiva-
tion. The authors reached a higher lipid content of 36.7%, a 
result close to that found in our experiment with Spirulina 
sp. LEB 18 subjected to nitrogen reduction on the 5th day of 
cultivation (37.0%). Moreover, the second stage of cultiva-
tion showed the highest concentration of lipids, which is the 
best condition to produce this macromolecule. There was no 
significant difference between the concentration of lipids on 
the 15th (34.6%) and 20th day (37.0%) of cultivation. Thus, 
the best cultivation time to decrease costs and produce a 
maximum concentration of lipids is 15 days. In this condi-
tion, the N-NO3 was reduced to zero from the 12th day of 
cultivation (Fig. 2c), totaling three days without remaining 
nitrogen until the period of maximum lipid concentration.

The experiment with nitrogen reduction on the 15th day 
showed lipid concentration in the first stage of cultivation 
(0, 5, 10, and 15 days) without significant difference from 
the values obtained for the control experiment with 100% of 
nitrogen. The lipid contents found in these experiments were 
around 15%. This fact occurred because microalgae were 
subjected to the same nutrient conditions. However, the lipid 
content in this two-stage experiment was 5.5% higher in the 

second stage compared to the control cultivation with 100% 
of nitrogen due to the nutrient limitation on the 15th day.

Caprio et  al. (2016) described a metabolic change 
observed in the cells when the metabolizable carbohydrates 
available in the culture medium decrease as they are used by 
the cells. Therefore, carbohydrates are stored intracellularly 
and then converted to lipids. This statement can be seen in 
the control experiment with 10% of nitrogen that exhibited 
the highest carbohydrate content, and the lowest concentra-
tion of lipids at the end of the cultivation. Moreover, the 
cultivation with nitrogen reduction on the 5th day produced 
the highest concentration of lipids and the lowest concentra-
tion of carbohydrates at the end of cultivation.

When the cell needs a reserve of energy to be used in the 
short term, it follows the metabolic route of carbohydrate 
production. In this process, every carbohydrate produced 
is quickly consumed by the cell as an energy source (Sun 
et al. 2018). On the 10th day of cultivation, the microalga 
was in the linear phase, a period in which cell growth occurs. 
Therefore, the reduction of nitrogen at this time made the 
microalgae need an energy source for consumption to keep 
the cell multiplication. As a result, there was an improve-
ment in carbohydrate content (up to 10%) compared to 
experiments with nitrogen reduction on the 5th and 15th 
days (Table 2).

According to Becker (2007), Spirulina platensis has from 
8 to 14% of carbohydrates in its composition, which cor-
roborates with the results found in time 0 and 5 days of the 
cultures in single and two-stage. However, studies claim that 
this microalga can accumulate higher levels of carbohydrates 
due to the limitation of nutrients, such as nitrogen. Salla 
et al. (2016) cultivated the microalgae Spirulina platensis in 
diluted Zarrouk medium (20%) with the addition of residues 
containing whey protein. The authors reached a carbohy-
drate content of 58.0%. Braga et al. (2019) found that the 
reduction of nitrogen (10%  NaNO3) together with the injec-
tion of  CO2 and the addition of fly ashes to the cultivation of 
Spirulina sp. LEB 18 provided macromolecule accumulation 
in up to 63.3%. The results achieved by these authors were 
similar to that found at the end of the control experiment 
with 10% of nitrogen (58.1%).

The experiment with nitrogen reduction on the 15th day 
showed no significant difference in the concentration of car-
bohydrates in the first stage of cultivation when compared to 
the control with 100% of nitrogen. This fact occurred due to 
the microalga being submitted to the same nutrient condi-
tions in both. However, due to the nutrient limitation on the 
15th day, the carbohydrate content was higher in the second 
stage when compared to the control with 100% of nitrogen.

The cultivation with nitrogen reduction on the 5th day 
did not show a significant difference in carbohydrates at the 
end of the cultivation concerning the control with 100% of 
nitrogen, because in the two-stage experiment the microalga 
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presented a metabolic route deviation for the production of 
lipids. In all assays, the carbohydrate content was higher 
in the 20th day of cultivation, reaching a maximum of 
58.1%. Moreover, this statement implies that it is possible 
to increase the carbohydrates concentration if the cultivation 
is maintained for a longer time. Thus, from this study, it can 
be affirmed that to obtain a higher carbohydrate content by 
Spirulina sp. LEB 18, the best condition is cultivation with 
10% of the nitrogen source for 20 days. Furthermore, it can 
be seen that in this experiment condition, the N-NO3 was 
reduced to zero from the 6th day of cultivation (Fig. 2c). 
Thus, it totaled 14 days without remainder nitrogen until 
the 20th day, when the maximum concentration of carbohy-
drates was obtained.

Nitrogen-dependent macromolecules, such as proteins, 
were synthesized faster (10 days) than lipids and carbohy-
drates, which take longer to be produced (15 and 20 days). 
This statement can be justified considering that carbohy-
drates and lipids are reserve compounds accumulated at the 
end of the cultivation when there is stress due to a shortage 
of nutrients. Although the experiment with nitrogen reduc-
tion on the 15th day has reached greater biomass production, 
there was no PHB synthesis. In this experimental condi-
tion, the cells multiplied throughout the cultivation period, 
indicating that all nutrients necessary for microalgal growth 
were available in the culture medium. On the other hand, the 
experiment with nitrogen reduction on the 5th day produced 
PHB, probably because it remained in cultivation for a long 
time after the nutrient limitation. The cultivation with nitro-
gen limitation on the 5th day of the cultivation showed cell 
death in 4 days before the period found in the control experi-
ment with 100% of nitrogen. This statement corroborates 
with the production of PHB since the scarcity of nitrogen 
promotes a drop in the concentration of biomass with conse-
quent accumulation of PHB as a carbon and energy reserve.

From the chromatograms obtained for PHB quanti-
fication, it was possible to observe the occurrence of the 
3-hydroxybutyrate (3HB) polymer and 3-hydroxyvalerate 
(3HV) copolymer, since these monomers have a retention 
time equal to that found 3.9 and 5.1, respectively. The accu-
mulation of PHB (29.6%) was reached on the 20th day of 
the two-stage cultivation of the microalga Spirulina sp. LEB 
18 with nitrogen reduction on the 5th day, which can be 
confirmed by the high lipid concentration found at this time 
of the experiment. The production of this macromolecule 
occurred due to the microalgae having been in a shortage 
of nitrogen for 15 days. In this way, it produced lipids as an 
energy reserve for long-term use. Besides, it can be seen that 
in the condition of maximum PHB production, the N-NO3 
was reduced to zero from the 12th day of cultivation, total-
ing 8 days without remaining nitrogen until the period of 
maximum concentration of this macromolecule.

According to Schmidell et al. (2001), the levels of free 
coenzyme A (CoA) are high when all the nutrients neces-
sary for microbial growth are available. This fact occurs 
due to the high demand for acetyl groups for the produc-
tion of carbon skeletons and the generation of energy by the 
Krebs cycle. When there is a limitation of some nutrients, 
the demand for acetyl decreases, thus the levels of free CoA 
are reduced, also decreasing the inhibition on β-ketothiolase, 
which triggers PHB synthesis.

The limitation of nitrogen in the cultivations corresponds 
with the accumulation of PHB in the cells because as the 
nitrogen concentration reaches minimum values, the pro-
duction of PHB increases. PHB synthesis process by the 
microalgae Spirulina sp. LEB 18 cultivated in two-stage 
occurs in two moments, in which the first consists of the 
presence of nutrients that are a sufficient quantity for cell 
multiplication, and in the second, due to the exhaustion of 
the essential nutrient (nitrogen), the microalgae accumulate 
this biodegradable polymer as an energy reserve. Moreover, 
the low concentration of nitrogen changes the color of the 
cells, since this nutrient is part of the pigment composition, 
and there is probably a reduction in the chlorophyll content. 
In this way, there is a change in the metabolic route for the 
accumulation of lipid compounds, such as PHB, and conse-
quently, the cultivation takes on a slightly yellowish color.

Martins et al. (2017) evaluated the potential of microalgae 
for the production of biopolymers. The authors observed 
that Spirulina sp. LEB 18 was grown for 15 days in the 
Zarrouk medium and reached 20.6% of biopolymers. Costa 
et al. (2018a, b) also evaluated the nitrogen limitation in the 
cultivation of Spirulina sp. LEB 18 for the production of 
polymer. The authors obtained an accumulation of 12% PHA 
on the 15th day of the cultivation, limiting 70% of nitrogen 
from the Zarrouk medium. Therefore, it is possible to state 
that two-stage cultivation contributes to the greater produc-
tion of polymers by microalga. Furthermore, this cultivation 
strategy allows first to reach a higher cellular concentration, 
and then to accumulate the bioproduct of interest.

Two-stage cultures with nitrogen reduction on the 10th 
and 15th day did not show a peak in the chromatogram in 
the first stage. The characteristic peak of PHB was exhibited 
only after nitrogen limitation. However, in these cultivations, 
the production of PHB was below 1%. The control assay 
with 10% nitrogen showed, at culture times 0, 5, 10 and 
15 days, PHB content less than 1%, and did not show a peak 
of the polymer on the 20th day. The control assay with 100% 
of nitrogen did not synthesize PHB until the 15th day of the 
experiment, obtaining 0.03% of the polymer only on the 20th 
day of cultivation. This production may have been influenced 
by the lack of nitrogen present at the end of the cultivation. 
Similar results were found for microalga Spirulina platen-
sis by Campbell et al. (1982), who obtained 0.06% of PHB 
in cultivation with  CO2 injection of 5%, and by Jau et al. 
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(2005) who reached 0.03% of PHB in mixotrophic condi-
tions with nitrogen exhaustion in the culture medium, 9 g 
 L−1 of  NaHCO3 and 5% of  CO2.

Conclusions

In two-stage cultivation of Spirulina sp. LEB 18, it was 
found that the first stage of cultivation is the best condition 
to obtain high productivity of biomass (0.19 g  L−1  day−1) 
and protein content (73.8%). This productivity remained 
high and constant until the 10th day, which corresponds to 
the maximum protein concentration. Thus, the 10th day is 
ideal for the beginning of the second stage with nitrogen lim-
itation. The maximum production of lipids (34.6%), carbo-
hydrates (58.1%), and PHB (29.6%) occurred in the second 
stage after the nitrogen has been y consumed at 3, 14, and 
8 days, respectively. Moreover, in a microalgal biorefinery 
system, the two-stage cultivation condition with the second 
stage on day 10 makes it possible to extract proteins, lipids, 
PHB, and carbohydrates on days 5, 15, 20, and 20 with a 
yield of approximately 60, 35, 30 and 15%, respectively.
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