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Abstract
Arthrospira platensis is a cyanobacterium known for its widespread use as nutraceutical and food additive. Besides a high 
protein content, this microorganism is also endowed with several bioactivities related to health benefits in humans that make 
it a candidate for functional foods. These properties are strain and culture condition dependent. We compared, in terms of 
biomass productivity and protein, C-phycocyanin, and polysaccharide content, two A. platensis strains, A. platensis F&M-
C256 and A. platensis F&M-C260, characterized by morphological differences. The organisms were grown in annular 
photobioreactors with light-emitting diodes (LED) as light source in fed-batch and semi-continuous regimes. No significant 
differences in biomass productivity were found between the two strains. Both strains showed a protein content >55% in 
all culture conditions. C-phycocyanin content was higher in A. platensis F&M-C260 in semi-continuous regime. Cellular 
polysaccharide (PS) content, which included intracellular polysaccharide and those bound to the cell wall, was higher in A. 
platensis F&M-C256 during semi-continuous cultivation. In both strains, a higher release of polysaccharide was observed at 
the end of the fed-batch regime. A. platensis F&M-C256 showed the advantage to form clumps which facilitate harvesting, 
behavior not observed in A. platensis F&M-C260 and probably related to the different predominant monosaccharide found 
in the PS of the two strains (i.e., rhamnose in A. platensis F&M-C256 and glucose in A. platensis F&M-C260). The results 
show that the two strains are suitable for commercial production of high-value products, such as protein and C-phycocyanin, 
while for polysaccharide production, A. platensis F&M-C256 is preferable.

Keywords Arthrospira platensis · LED · Annular photobioreactor · Protein · C-phycocyanin · Polysaccharides

Introduction

Arthrospira platensis, commonly known as spirulina, rep-
resents one of the most important commercial cyanobac-
teria. Arthrospira biomass is produced all over the world 
and mainly sold in the health food market as dried prod-
ucts, with a total production worldwide estimated at 15,000 
tonnes annually (Belay 2013; Meticulous Market Research 
2017; Hu 2019). Besides being rich in proteins and anti-
oxidants (e.g., phycocyanin and carotenoids), Arthrospira 

also represents an important source of minerals and vitamins 
(Khumuda et al. 2010; Becker 2013; Belay 2013). Many 
health benefits derived from the consumption of this cyano-
bacterium have been observed in animals (Pérez-Juárez et al. 
2016; Bigagli et al. 2017) and humans (de la Jara et al. 2018; 
Abu-Taweel et al. 2019). Arthrospira has a long history as 
food, as far back as the ninth century (Abdulqader et al. 
2000), and it is consumed worldwide (Lafarga et al. 2020). 
Arthrospira is considered GRAS (Generally Recognized as 
Safe) in the USA (FDA 2003; Borowitzka 2013); in Europe 
only A. platensis is included in the catalogue of foods con-
sumed prior to May 1997 and thus can be commercialized 
as food and food ingredient (EU  2015).

Arthrospira is mostly cultivated in open ponds exploit-
ing sunlight; it grows at high pH (>9) and bicarbonate 
concentration, which makes the culture medium rather 
selective (Belay 2013), although some strains of A. max-
ima have been also cultivated in seawater (Tredici et al. 
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1986). Lighting technologies are improving rapidly, pro-
viding options for supplemental or sole artificial lighting 
in microalgal cultivation systems (Tredici et al. 2009; 
Nwoba et al. 2019). Artificial illumination in microalgal 
research and production was for long time attained with 
fluorescent tubes, which mimic natural radiation spectrum 
and thus include those wavelengths, such as green ( � ≈ 
520–560 nm) with low photosynthetic activity for certain 
microalgae (Schulze et al. 2014); alternatively, LED can 
be used (Schulze et al. 2014; McGee et al. 2020). LED are 
long lasting (about 50,000 h), mercury-free, and can pro-
vide nearly monochromatic light at various wavelengths by 
virtue of solid-state electronics (Schulze et al. 2014). The 
exploitation of artificial light results in high investment 
and electricity costs, which increase the final biomass 
production costs and are sustainable only if high-value 
products are the target (Blanken et al. 2013). However, 
artificial light has numerous advantages compared to solar 
radiation, among which are (i) independence from climatic 
conditions and site location, (ii) possibility to select light 
spectrum, (iii) optimization of the photosynthetic photon 
flux density (PPFD) and light regimes, and (iv) higher 
stability of culture conditions. Several studies performed 
under artificial light with Arthrospira showed that quantity 
and quality of light play a key role in biomass productiv-
ity and composition (Wang et al. 2007; da Fontoura et al. 
2020).

The genus Arthrospira shows a broad variety in mor-
phological and physiological characteristics. In natural 
habitats, trichome diameter can range from 2.5 to 15 μm, 
and helix pitch can reach 80 μm with a diameter from 15 
to 60 μm (Sili et al. 2012). According to environmental 
conditions, straight trichomes are also observed (Toma-
selli 1997). The optimum growing conditions include 
alkaline media (pH 8.5–11) and temperature between 35 
and 40 °C (Lupatini et al. 2017). Differences can also be 
found in the content of the main constituents of interest 
for industrial application. Protein content can vary from 
55 to 70% of the dry biomass (Becker 2013; Belay 2013) 
and C-phycocyanin content from 9 to 18% (Belay 2013; 
Park et al. 2018). Arthrospira represents the main source 
of C-phycocyanin in the market. This pigment is used as 
a colorant for food and cosmetics and also as fluorescent 
dye for pharmaceutical applications (Lehto et al. 2017; 
Seyedi et  al. 2020). While the antioxidant and radical 
scavenging activities of purified C-phycocyanin are well 
documented (Park et al. 2018), other positive health effects 
of this pigment, which include anticancer and anti-inflam-
matory properties, are still under investigation (Rodríguez-
Sánchez et al. 2012; Liu et al. 2016). The current market 
value for phycobiliproteins is estimated to vary from US$ 
120 per gram of food/cosmetic grade pigments to US$ 
1,500 per milligram of highly purified molecular markers 

labeled with antibodies and fluorescent molecules (Park 
and Dinh 2019).

Polysaccharides produced by Arthrospira have shown 
biological activities of potential interest for the medical 
field, for example, Ca-spirulan, a complex sulfated polysac-
charide, has been shown to inhibit the replication of different 
enveloped viruses (Hayashi et al. 1996; Lee et al. 1998). 
Strain and cultivation regime can considerably affect poly-
saccharide content in A. platensis, which generally ranges 
from 6 to 12% of biomass dry weight (Wang et al. 2018). 
Arthrospira also releases polysaccharides in the culture 
medium, which can be easily recovered and, due to their 
physicochemical properties, are suitable for a variety of 
industrial applications (Phélippé et al. 2019).

For the commercial production of A. platensis biomass 
or derived products (e.g., protein, C-phycocyanin, polysac-
charides), the choice of a suitable strain is fundamental as 
many biological properties, besides productivity, are strain-
dependent (Satora et al. 2015). The aim of this study was to 
compare two A. platensis strains, A. platensis F&M-C256 
and A. platensis F&M-C260, in terms of growth perfor-
mance and production of high-value products (C-phycocy-
anin and polysaccharide), besides protein. To this end, the 
strains were cultivated in annular reactors under white LED 
illumination, firstly in fed-batch and then in semi-continuous 
regimes.

Materials and methods

Organisms and culture conditions

Two strains of Arthrospira platensis were used in this study: 
A. platensis F&M-C256 and A. platensis F&M-C260, both 
obtained from the Microalgae and Cyanobacteria Culture 
Collection of Fotosintetica & Microbiologica S.r.l. (Flor-
ence, Italy). Filaments of A. platensis F&M-C256 were 
straight, with a thickness of 7–8 μm. Filaments of A. platen-
sis F&M-C260 were wavy with a thickness of 6–7 μm. Both 
strains were grown in Zarrouk medium (Zarrouk 1966). The 
air for mixing was bubbled at a flow rate of 0.3 L of gas 
mixture (air:CO2, 98:2, v/v) per liter of culture per minute, 
culture temperature was maintained at 35 °C, and pH in the 
range  9.2–9.4.  CO2 was used to regulate pH and provide 
carbon. The two strains were grown in fed-batch for 4 days, 
and then the cultures were diluted with fresh medium to 
reach an initial concentration of about 0.7 g  L−1 (24 g  m−2 
of illuminated surface area) and maintained in semi-con-
tinuous regime, during which 50% of the culture volume 
was harvested daily and replaced with fresh medium. The 
experiments were carried out under continuous illumination 
at an average photosynthetic photon flux density (PPFD) 
of 700 μmol photons  m–2  s–1 which was measured on the 
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reactors illuminated surface with a Photosynthetically Active 
Radiation (PAR) DO 9721 sensor connected to an LP 9021 
quantum-photo-radiometer (DELTA OHM, Italy). The reac-
tors were wrapped to screen them from ambient light.

Culture system

Growth experiments were performed in 6-L annular pho-
tobioreactors made of two Plexiglas cylinders of different 
diameter (9 and 15 cm) placed one inside the other so as to 
form a 2.7-cm-thick and 63-cm-high annular culture cham-
ber. Culture mixing was attained by bubbling an air:CO2 
mixture through a perforated tube, positioned at the bottom 
of the culture chamber. Illumination was provided by 90 W 
white (400–750 nm) LED (C-LED Penta Industrial, Italy) 
positioned inside the inner cylinder. The reactor had an illu-
minated culture surface of 0.178  m2.

Analytical procedures

Microscopic observations of the cultures were carried out 
daily using a direct-light microscope (Nikon Eclipse 50i, 
Nikon Corporation, Japan). Culture growth was estimated 
by measurement of biomass dry weight concentration. For 
dry weight determination, culture samples (5 mL) were fil-
tered through pre-weighed 1.2-μm glass-fiber filters (MFV3, 
Filter-Lab, Spain), washed with deionized water, and dried 
at 105 °C to constant weight. Biomass concentration was 
expressed as grams of dry biomass per unit of culture vol-
ume (L) and per unit of culture illuminated surface  (m2). 
Biomass for biochemical analyses was harvested using a 
nylon filter cloth with a porosity of 15 μm (PA 15/11, Gaud-
enzi S.r.l., Italy). The samples were washed with a saline 
solution (NaCl, 1 g  L−1), lyophilized, and stored at −20 °C. 
The lyophilized biomasses were analyzed for C-phycocya-
nin, protein, and polysaccharide.

C-phycocyanin was extracted according to Herrera et al. 
(1989). About 1 g of lyophilized biomass was suspended in 
20 mL of 1%  CaCl2 in water (w/v) and kept under agitation 
on a magnetic stirrer for 4 h. Then, samples were centrifuged 
(Neya 8, Neya, Italy) at 3500 rpm for 20 min. Phycocyanin 
in the supernatant of the extracts was measured spectropho-
tometrically (Cary 50, Varian Inc., USA) and the concentra-
tion calculated using Bennett and Bogorad (1973) equations.

Protein content was determined according to Lowry et al. 
(1951). About 15 mg of lyophilized biomass suspended in 
50 mL of demineralized water were sonicated (Sonics Vibra 
Cell TM VCX 130, Sonics & Materials Inc., USA) for 10 
min at the maximum power (20 kHz, 130W). 0.5 mL of 
the sonicated sample was mixed with the same volume of 
NaOH 1N and, after thermic treatment (water bath at 100 
°C for 5 min), cooled in cold water. The samples were then 
added with 2.5 mL of a solution prepared by adding 2 mL 

of a 0.5% (w/v) solution of pentahydrate  CuSO4 in 1% (w/v) 
K-Na tartrate in water to 50 mL of a 5% (w/v)  Na2CO3 in 
water solution. After 10 min, 0.5 mL of 1N Folin-Ciocal-
teau reactive was added. The absorbance of the sample was 
measured at 750 nm after incubation for 30 min in the dark. 
Protein concentration was calculated based on a calibration 
curve obtained with bovine serum albumin (Sigma Aldrich, 
Germany) following the same procedure used for samples.

Cellular polysaccharide (PS) content, which includes both 
intracellular and capsular (i.e., tightly bound to the cell wall) 
polysaccharides, was analyzed according to Chaiklahan et al. 
(2013). PS was extracted from 0.5 g biomass samples kept 
in water (1:45 w/v) at 90 °C for 120 min. After centrifuga-
tion, the supernatant containing the PS was separated. Then, 
a 1% cetyltrimethylammonium bromide (CTAB) solution 
in water was used to precipitate polysaccharides. The pre-
cipitate was collected by centrifugation (4500 rpm for 20 
min) and washed stepwise with a saturated sodium acetate 
solution in 95% ethanol and then with absolute ethanol. 
The precipitated polysaccharide was then resuspended in 
50 mL of deionized water and quantified by the phenol-
sulfuric acid method (Dubois et al. 1956). One milliliter of 
5% (w/v) phenol in water was added to 1 mL of the sus-
pended polysaccharide. Then, 5 mL of  H2SO4 were added, 
and after 10 min, the samples were placed in a cold-water 
bath to stop the reaction. The absorbance was measured at 
488 nm. Carbohydrate concentration was calculated using a 
calibration curve obtained with anhydrous glucose (Sigma 
Aldrich, Germany). Released polysaccharides (RPS) were 
extracted from the culture media, which were previously 
centrifuged at 4500 rpm for 20 min to remove the cells, 
by overnight precipitation with ethanol (1:9 v/v) at +4 °C. 
The precipitate was suspended in 5 mL of deionized water, 
and the RPS concentration was determined by the phenol-
sulfuric acid method.

The monosaccharide composition of PS at the end of 
the fed-batch cultivation period was determined accord-
ing to Zampieri et al. (2020). PS extracts were obtained as 
described above and lyophilized. Ten milligrams of extracted 
PS were hydrolyzed with 2N trifluoroacetic acid (TFA) at 
120 °C for 120 min and then cooled in an ice bath. After-
wards, hydrolysates were centrifuged (Ultra-4 Amicon, Mil-
lipore, USA) at 8200 ×g for 20 min, and the excess of TFA 
was removed through evaporation by a rotary evaporator 
(Rotavapor R-100, Büchi, Switzerland). The dried extracts 
were re-solubilized in 2 mL of deionized water. Samples 
were then analyzed using a Dionex ICS-2500 ion exchange 
chromatograph (Dionex, USA) equipped with an ED50 
pulsed amperometric detector operating with a gold working 
electrode and a DionexCarboPac PA1 column of 250-mm 
length and 4.6-mm internal diameter (Thermo Scientific, 
USA). Eluents used were HPLC-grade water (A), 0.185M 
sodium hydroxide (B), and 0.488M sodium acetate (C). In 
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the first stage of the analysis (from injection time to 20 min), 
the eluent was constituted by 90% A and 10% B; in the sec-
ond stage (from 20 to 30 min), the eluent was constituted by 
50% B and 50% C; in the final stage (from 30 to 60 min), the 
eluent was that of the first stage. The flow rate was kept at 1 
mL  min−1. Peaks for each sugar were identified and quanti-
fied on the basis of known standards (Sigma Chemicals Co., 
USA, for all monosaccharides except L(+)-rhamnose, Carlo 
Erba Reagents, Italy and D-glucosamine, Alfa Aesar, India). 
The analyses were conducted in duplicate.

Photosynthetic efficiency

Light energy input  (Ein; kJ  m−2  day−1) was calculated by 
converting the average PPFD (mol photons  m−2  day−1) to 
light energy assuming the average energy content of the PAR 
spectrum to be 217 kJ  mol−1 (Tredici 2010). The energy 
output  (Eout; kJ  m−2  day−1) was calculated by multiplying  Bp 
(g  m−2  day−1), representing the biomass averagely produced 
per square meter per day, by the biomass caloric content 
 (Bcc; kJ  g−1). The caloric content, measured at the end of the 
fed-batch phase and as average value for the semi-continuous 
phase, was obtained by multiplying the protein, carbohy-
drate, and lipid content of the biomasses produced in each 
culture condition by 23.8, 17.6, and 38.9 kJ  g−1, respectively 
(Abiusi et al. 2014). The photosynthetic efficiency (PE) was 
calculated by dividing  Eout by  Ein.

Clump formation in A. platensis F&M‑C256

As A. platensis F&M-C256 was seen to clump when left 
without bubbling, clump formation was measured in sepa-
rate trials, by placing 200 mL of culture in a 14.8-cm diam-
eter glass Petri dish. Pictures were taken at different times, 

and the area occupied by the clumped biomass was measured 
using an image analysis software (ImageJ, NIH, USA).

Statistical analysis

Differences in productivity, photosynthetic efficiency, and 
content of the biomass components (protein, C-phycocya-
nin, and polysaccharides) were analyzed between different 
culture regimes (for the same strain) and between different 
strains (for the same culture regime) using two tailed t-test 
with software Prism (GraphPad Inc., USA). The significance 
level was P<0.05. For biomass components, three technical 
replicates for duplicate samples were analyzed.

Results

Growth in annular reactors under LED light

The growth curves of A. platensis F&M-C256 and A. 
platensis F&M-C260 cultivated in 6-L annular reactors 
firstly in fed-batch and then in semi-continuous (50% 
daily dilution rate) are shown in Fig. 1. The growth of 
the two Arthrospira strains was not significantly differ-
ent neither in fed-batch nor in semi-continuous. In fed-
batch the two strains reached a final concentration of 3.4 
± 0.2 g  L−1 (Fig. 1) and showed a biomass productivity 
of 0.71 and 0.77 g  L−1  day−1 (24 and 26 g  m−2  day−1) 
for A. platensis F&M-C256 and A. platensis F&M-C260, 
respectively (Table 1). In semi-continuous, the biomass 
productivities were 0.94 and 0.95 g  L−1  day−1 (32 g  m−2 
 day−1) for A. platensis F&M-C256 and A. platensis F&M-
C260, respectively. Comparing batch and semi-continu-
ous cultivation within the same strain, both A. platen-
sis strains showed significantly higher productivity in 

Fig. 1  Growth, expressed as 
dry biomass concentration (g 
 L−1), of A. platensis F&M-C256 
and A. platensis F&M-C260 
cultivated firstly in fed-batch 
and then in semi-continuous 
in annular reactors with white 
LED as light source. Data are 
reported as average ± SD of two 
replicate trials.
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semi-continuous compared to fed-batch regime. A. plat-
ensis F&M-C256 and A. platensis F&M-C260 did not 
show any morphological modification during cultivation.

Photosynthetic efficiency

Biomass caloric content, as determined by biochemical 
composition, was 22.5 and 21.9 kJ  g−1 for A. platensis 
F&M-C256 and 24.4 and 21.7 kJ  g−1 for A. platensis 
F&M-C260 at the end of the fed-batch and as average 
of the semi-continuous phase, respectively (Table 1). PE 
was significantly lower in fed-batch for both strains (4.1 
and 4.8% for F&M-C256 and F&M-C260, respectively) 
compared to semi-continuous (5.3% for both strains) 
(Table 1). The two strains showed similar PE within the 
same culture regime.

Clump formation

During cultivation of the two strains in the same reactors to 
provide the inocula for the experiments, an interesting fea-
ture was noted in A. platensis F&M-C256. Once the aeration 
was stopped, the culture formed a single clump that com-
pacted with time, thus favoring separation of the filaments 
from the culture medium. The dynamic of clump forma-
tion in A. platensis F&M-C256 is shown in Figs. 2 and 3. 
After 1 h, a compact clump, which occupied a surface area 
about 6% the initial one, was observed. Additional time did 
not further reduce the occupied area. Clump formation did 
not occur in A. platensis F&M-C260, which still spread out 
over the entire plate after 17 h of rest (Figs. 2 and 3). The 
same behavior was observed during the experiments. In the 
absence of air-bubbling, clump formation occurred in less 
than an hour. In this case as well, A. platensis F&M-C260 
did not show this behavior.

Table 1  Productivity, energy output, and photosynthetic efficiency of 
A. platensis F&M-C256 and A. platensis F&M-C260 cultures in fed-
batch and semi-continuous regimes, using white LED as light source. 
Different letters indicate a significant difference (P<0.05). Letters a–c 

refer to differences between strains under the same culture regime, 
while letters w–z refer to differences between culture regimes for the 
same strain.

Energy input (PAR)  (Ein) was equal to 13,129 kJ  m−2  day−1

Eout energy output, PE photosynthetic efficiency.

Regime A. platensis strain Productivity (g  L−1  day−1) Productivity 
(g  m−2  day−1)

Eout (kJ  m−2  day−1) PE (g mol  photons−1) PE (%)

Fed-batch F&M-C256 0.71 ± 0.04a,w 23.8 ± 1.2 536 ± 28 0.39 ± 0.02a,w 4.1 ± 0.2a,w

F&M-C260 0.77 ± 0.04a,x 25.9 ± 1.5 633 ± 36 0.43 ± 0.02a,x 4.8 ± 0.3a,x

Semi-continuous F&M-C256 0.94 ± 0.12b,y 31.8 ± 4.0 696 ± 87 0.53 ± 0.07b,y 5.3 ± 0.7b,y

F&M-C260 0.95 ± 0.09b,z 31.9 ± 3.1 692 ± 67 0.53 ± 0.05b,z 5.3 ± 0.5b,z

Fig. 2  Clump formation in A. 
platensis F&M-C256 and A. 
platensis F&M-C260.
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Protein and C‑phycocyanin

Protein and C-phycocyanin content at the end of the fed-
batch and in semi-continuous (as an average content of the 
4 days of cultivation), is shown in Table 2. No significant 
differences were found in protein content between the two 
strains in the two culture regimes. Both strains showed a 
significantly higher protein content in fed-batch. The pro-
tein productivity was about 0.5 g  L−1  day−1 (corresponding 
to about 17 g  m−2  day−1) for both the strains and culture 
regimes.

In fed-batch the two strains showed comparable C-phy-
cocyanin content (12.0% and 11.2% for A. platensis F&M-
C256 and A. platensis F&M-C260, respectively), which was 
significantly higher for both strains compared to semi-con-
tinuous cultivation. In semi-continuous regime, A. platensis 
F&M-C260 showed a significantly higher C-phycocyanin 
content (9.1%) compared to A. platensis F&M-C256 (7.5%). 
C-phycocyanin productivity was not significantly different 
between the two strains and the two cultivation regimes 

(about 0.08 g  L−1  day−1 corresponding to about 2.7 g  m−2 
 day−1).

Polysaccharide

Cellular polysaccharide (PS) content and released polysac-
charides (RPS) at the end of the fed-batch and in semi-con-
tinuous (as the average content of the 4 days of cultivation) 
are reported in Table 3. In fed-batch, no significant differ-
ence was found in PS content between the two A. platensis 
strains. In semi-continuous, A. platensis F&M-C256 showed 
a significantly higher PS content (5.8%) compared to A. plat-
ensis F&M-C260 (4.3%). Moreover, PS productivity of A. 
platensis F&M-C256 cultivated in semi-continuous (53.7 
mg  L−1  day−1 corresponding to 1.8 g  m−2  day−1) was signifi-
cantly higher compared to that obtained in fed-batch (41.7 
mg  L−1  day−1 corresponding to 1.4 g  m−2  day−1). In A. plat-
ensis F&M-C260, PS productivities were not significantly 
different between the two culture regimes (about 35 mg  L−1 
 day−1 corresponding to 1.2 g  m−2  day−1).

Fig. 3  Dynamic of clump 
formation in samples of A. 
platensis F&M-C256 and A. 
platensis F&M-C260.

Table 2  Protein and C-phycocyanin content (% of dry biomass) of A. 
platensis F&M-C256 and A. platensis F&M-C260 in fed-batch (at the 
end of the trial) and in semi-continuous (as the average content in 4 
days of cultivation) regimes. Data are the mean ± SD values of three 

technical replicates for duplicate samples (n=2). Different letters indi-
cate a significant difference (P<0.05). Letters a–c refer to differences 
between strains under the same culture regime, while letters w–z refer 
to differences between culture regimes for the same strain.

Regime A. platensis strain Protein content (% dry biomass) C-phycocyanin con-
tent (% dry biomass)

Fed-batch F&M-C256 62.8 ± 2.0a,w 12.0 ± 0.1a,w

F&M-C260 65.2 ± 2.2a,x 11.2 ± 1.0a,x

Semi-continuous F&M-C256 55.4 ± 2.1b,y 7.5 ± 0.5b,y

F&M-C260 56.4 ± 0.8b,z 9.1 ± 0.7c,z
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RPS concentration in the culture medium (Table 3) was 
significantly higher in fed-batch compared to semi-contin-
uous for both strains. Within each cultivation regime, no 
significant difference in released polysaccharides was found 
between A. platensis F&M-C256 and A. platensis F&M-
C260. RPS productivity (3–4 mg  L−1  day−1) was not sig-
nificantly different between the two culture regimes and the 
two strains.

Monosaccharide composition of PS

PS of the two Arthrospira platensis strains cultivated in 
fed-batch were analyzed for their monosaccharide content 
(Fig. 4). PS of A. platensis F&M-C260 was composed of 
seven predominant monosaccharides (>5 mol%) on a total 
of twelve detected, while the PS of A. platensis F&M-C256 
was composed  of five predominant monosaccharides on a 

total of eleven detected, being mannose absent. Rhamnose 
and glucose were the most abundant monosaccharides in 
both strains PS, but their relative content was different. In 
the PS of A. platensis F&M-C256, rhamnose was predomi-
nant (55 mol%) followed by glucose (18 mol%), while in the 
PS of A. platensis F&M-C260, glucose (30 mol%) prevailed 
on rhamnose (21 mol%). The PS of the two strains presented 
the same amount of galactose (about 11 mol%). Fucose, ara-
binose, glucosamine, mannose (present only in F&M-C260), 
and xylose content was lower than 10 mol% for both strains. 
The other monosaccharides were present only in traces.

Discussion

Both A. platensis strains presented higher biomass produc-
tivity in semi-continuous compared to fed-batch regime 
likely due to the fact that photosynthesis decreases with 
the increase of biomass concentration because of the shad-
owing effect (Borowitzka 2016; Borowitzka and Vonshak 
2017). Besides, in semi-continuous cultivation, the renewal 
of nutrients is guaranteed by partial replacement of the 
exhausted medium. Together with the maintenance of a 
higher growth rate, semi-continuous cultivation also has 
operational advantages, such as maintaining a more constant 
cell concentration (Ho et al. 2014). Moreover, nutrient con-
centration required for growth and toxic metabolites can be 
always maintained at non-limiting and non-inhibitory levels 
(Bezerra et al. 2011). Only few papers deal with photobiore-
actors of the type used in this work (cylinders with internally 
lodged lamps) or with similar culture depth (3 cm) or illu-
minated surface/volume ratio (30  m−1). Markou (2014) and 
Yim et al. (2016) cultivated A. platensis in reactors similar 
to that used in the present work but under different culture 

Table 3  Content (% of dry biomass) of PS and RPS concentration in 
the culture media (mg  L−1) of Arthrospira platensis F&M-C256 and 
F&M-C260 grown in annular column with LED light, in fed-batch (at 
the end of the trial), and in semi-continuous regime (as the average 
content of the 4 cultivation days). Data are the mean ± SD values of 
three technical replicates for duplicate samples (n=2). Different let-
ters indicate a significant difference (P<0.05). Letters a–c refer to dif-
ferences between strains under the same culture regime, while letters 
w–z refer to differences between culture regimes for the same strain.

Regime A. platensis strain PS content (% 
dry biomass)

RPS concen-
tration (mg 
 L−1)

Fed-batch F&M-C256 5.7 ± 0.8a,w 26.3 ± 3.7a,w

F&M-C260 4.8 ± 0.6a,x 21.6 ± 4.3a,y

Semi-continuous F&M-C256 5.8 ± 0.6b,w 7.5 ± 1.7b,x

F&M-C260 4.3 ± 0.3c,x 7.8 ± 1.0b,z

Fig. 4  Monosaccharide 
composition expressed as 
molar ratio (mol%) on PS total 
sugars produced by A. platensis 
F&M-C256 and A. platensis 
F&M-C260 cultivated in fed-
batch. Data are the average 
of duplicate samples ± SD. 
Abbreviations: ara, arabinose; 
fru, fructose; fuc, fucose; gal, 
galactose; galA, galacturonic 
acid; glc, glucose; glcA, glucu-
ronic acid; glcN, glucosamine; 
man, mannose; rha, rhamnose; 
rib, ribose; xyl, xylose.
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conditions (temperature, initial cell concentration, light 
intensity, and  CO2 supply, often absent). The productivities 
attained were between 0.015 and 0.08 g  L−1  day−1 (Markou 
2014; Yim et al. 2016), much lower than those found in our 
study (0.73–0.96 g  L−1  day−1).

Proteins are the most abundant constituents of Arthrospira 
biomass, making it a valuable feedstock for the food, feed, 
and nutraceutical markets (Belay 2013). The two A. platensis 
strains investigated in this work showed a similar protein 
content, which was always higher than 55%, a value com-
parable to the content (50%) reported for A. platensis SAG 
21.99 cultivated in photobioreactors under white LED light 
by Markou (2014). A similar protein content (about 53%) 
was observed in Arthrospira sp. LEB 18 grown in 1.8-L 
bubble columns with external lighting provided by a com-
bination of white LED and fluorescent tubes (da Fontoura 
et al. 2018; 2020).

Among high-value proteins, there is C-phycocyanin, 
owing to its antioxidant and anti-inflammatory properties 
(Liu et al. 2016). In our work, both strains showed a high 
C-phycocyanin content, which provides a basis for the devel-
opment of new natural products. C-phycocyanin content was 
lower in semi-continuous in both strains following cyano-
bacterial photoadaptation for which, at higher light intensi-
ties, phycobiliproteins decrease (Grossman et al. 1993; Xie 
et al. 2015). Markou (2014) observed a 10% C-phycocyanin 
content under white LED light with A. platensis SAG 21.99 
cultivated in semi-continuous regime. The higher value com-
pared to our results in semi-continuous (7.5 and 9.1%) can 
be due to the lower PPFD adopted, besides by the different 
strain. Xie et al. (2015) with A. platensis WH879 grown 
in fed-batch at 300 μmol photons  m−2  s−1 in a 1-L glass 
vessel found a C-phycocyanin content of about 12%, simi-
lar to that found by Chen et al. (2013) in a 1-L flat reactor 
at 700 μmol photons  m−2  s−1 (the same PPFD used in this 
work). The values of phycocyanin reported in these papers 
are similar to those found in the present work in fed-batch. 
The decrease in phycocyanin content with increasing light 
intensity is not always linear, and beyond a certain intensity, 
depending on culture conditions and reactor characteristics, 
the phycocyanin content remains stable (Takano et al. 1995; 
Yim et al. 2016).

A characteristic found in A. platensis F&M-C256 that 
may become advantageous in large-scale production is the 
ability to clump in compact aggregates in short time (<1 
h), so that it would be possible to avoid handling large vol-
umes of culture at harvest, whether this phenomenon will be 
confirmed in large-scale cultures. A. platensis F&M-C260 
did not show this ability. Clumping ability was reported for 
an A. platensis strain when cultivated at 35 °C (Karemore 
et al. 2020), the same temperature adopted in this work, 
and for other Oscillatoriales from hot springs (Castenholz 
1967). In order to improve harvesting, a wild-type strain 

of A. platensis (NIES 39) was subjected to mutagenesis to 
increase clump formation (Kim et al. 2013). The formation 
of clumps is beneficial to survive under critical environ-
mental conditions or to adhere to a solid surface (Fattom 
and Shilo 1984; Ohmori et al. 1992). Enomoto et al. (2020) 
reported for Arthrospira that the formation of clumps, that 
assume the shape of the containing vessel (Ohmori et al. 
1998), is stimulated by cyclic adenosine monophosphate 
(cAMP), which is correlated to an increase of respiration 
and trichome motility; cAMP signaling is also probably 
regulated by light (Ohmori and Okamoto 2004). In addition, 
straight trichomes seem to improve directionality and speed 
of gliding motility (Chaiyasitdhi et al. 2018). Ohmori et al. 
(1992) suggested that cAMP might stimulate extracellular 
polysaccharide production, which is directly involved in cell 
aggregation. In the present study, we observed that the two 
A. platensis strains produce a similar amount of polysaccha-
ride. The different clumping behavior might, thus, be related 
to a different monosaccharide composition of the polysac-
charides (Henriques Vieira et al. 2008). Some cyanobacteria 
exopolysaccharides are characterized by a significant level 
of hydrophobicity due to the presence of ester-linked acetyl 
groups, peptidic moieties, and deoxysugars such as rham-
nose and fucose (Pereira et al. 2009). In our study, PS mono-
saccharide composition of the two A. platensis strains was 
consistent with that reported in previous studies for other 
Arthrospira strains (Phélippé et al. 2019). Glucose is usually 
one of the most abundant monosaccharides in cyanobacteria 
exopolysaccharide (Pereira et al. 2009), and it resulted to be 
the predominant sugar in the PS of A. platensis F&M-C260. 
The clumping capacity observed in A. platensis F&M-C256 
may be due to the higher content of rhamnose in its PS com-
pared to that of A. platensis F&M-C260. Polysaccharides 
rich in rhamnose have been shown to increase the adhesion 
properties thus favoring cell aggregation in diatoms (Henr-
iques Vieira et al. 2008) and cyanobacteria (Yoshikawa et al. 
2021).

For both strains, the final RPS concentration was about 
three times higher in fed-batch compared to semi-continu-
ous, and thus, it is convenient to conduct A. platensis cul-
tivation in fed-batch when RPS are the target products. To 
further increase RPS production, it is advisable to reach the 
stationary phase, since RPS concentration in the culture 
medium can be enhanced during this phase (Cogne et al. 
2003). In the stationary phase, due to reduced metabolic 
activity, light can bear an excess of energy that can gener-
ate oxidative stress to the cells. To avoid this damage, cells 
activate a drain of excess ATP in the form of, for example, 
exopolysaccharide production (Cogne et al. 2003).

According to their chemical and physiochemical features, 
exopolysaccharide can find many applications as gelling or 
thickening agents in the food and cosmetic and pharma-
ceutical industries as well as for the recovery of valuable 
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metals from industrial waters (Pereira et al. 2009; Pierre 
et al. 2019). Besides, rare sugars (e.g., fucose, rhamnose, 
or uronic acids) can confer important biological proper-
ties (e.g., anti-aging, anti-inflammatory, hydrating, aroma 
precursors) to polysaccharides that thus could find applica-
tion for high-value products (cosmetics, pharmaceuticals, 
functional foods) (Roca et al. 2015). The two A. platensis 
strains investigated represent an interesting source of rare 
sugar containing polysaccharides thus increasing their 
market value. Moreover, the physical chemical properties 
of the polysaccharides and thus their potential applica-
tions as thickeners, emulsion stabilizers, and flocculants are 
enhanced by the presence of deoxysugars (e.g., rhamnose) 
(Pereira et al. 2009).

Conclusion

To improve the economic performance of Arthrospira pro-
duction, all its valuable components, including those found 
in the culture medium, must be used. Despite the morpho-
logical differences, the two A. platensis strains tested showed 
similar biomass productivity and content of C-phycocyanin, 
protein, and polysaccharide, both exhibiting favorable char-
acteristics for cultivation under artificial light. In both the 
strains, semi-continuous cultivation allowed higher biomass 
productivity, whereas in fed-batch regime, the content of 
C-phycocyanin and protein in the biomass, and released pol-
ysaccharides in the medium, increased. A. platensis F&M-
C256 has the advantage to spontaneously form clumps, 
which facilitates harvesting and allows easier separation of 
the biomass and recovery of released polysaccharides from 
the culture medium.
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