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Abstract: Arthrospira platensis and Arthrospira maxima are prokaryotic microalgae commercially
marketed as spirulina. The pigments extracted from these algae are widely used for cosmetic and
nutraceutical applications. This work aimed to evaluate the influence of three light-emitting lamps
(white, orange and blue) on the growth and biomass composition of two strains of A. platensis (M2
and M2M) and one of A. maxima. The obtained data show strain- and light-dependent responses of
the microalgae. In addition, white and orange lights led to a similar overall effect by increasing the
levels of chlorophyll 2 and carotenoids. However, exposure to orange light resulted in the highest
dry weight (5973.3 mg L' in M2M), whereas white light stimulated an increase in the carbohydrate
fraction (up to 42.36 g 100 g™ in A. maxima). Conversely, blue light led to a constant increase in the
concentration of phycocyanin (14 g 100 g™ in A. maxima) and a higher content of proteins in all
strains. These results provide important environmental information for modulating the growth of
different spirulina strains, which can be used to address the synthesis of biochemical compounds
of strategic importance for the development of new nutraceutical foods.

Keywords: Arthrospira platensis; Arthrospira maxima; spirulina; light sources; food applications;
nutraceutics

1. Introduction

Spirulina is the trade name of a prokaryotic cyanobacterium belonging to the family
Microcoleaceae and the genus Arthrospira. It comprises many species, and among these,
Arthrospira platensis and Arthrospira maxima are the most widely used for food, cosmetic
and pharmacological applications [1]. These prokaryotes are blue-green algae and grow
naturally in the alkaline waters of lakes and confined ponds, preferably in warm areas.
Arthrospira platensis is found in Africa, Asia and South America. In contrast, wild
Arthrospira maxima is limited to Central America and has been used for centuries as a food
source by various populations [2].

Cyanobacteria are Gram-negative eubacteria and represent the first form of life on
earth, responsible for the appearance of the earth’s atmosphere. They are defined as
“single-celled organisms that can use photosynthesis” because they can convert solar
energy, fixing CO2 and N, with a transformation rate ten times higher than that of
terrestrial plants [3-5]. Thus, they represent an essential ring of the trophic chain of
aquatic ecosystems and guarantee the flow of material and energy necessary to maintain
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heterotrophic organisms. The tiny green filaments of Arthrospira are usually coiled in
spirals of varying tightness and number, depending on the strain. Proteins represent the
main biomass constituent, accounting for almost 60%, whereas carbohydrates account for
15-20% and are represented chiefly by glucan [6]. Lipids account for about 7% of the
biomass, and the fatty acid profile is mainly characterized by palmitic (45%), linoleic and
Y-linolenic acids. y-Linolenic acid (GLA) (20%) is the precursor of prostaglandins [6-9].
Chlorophyll a represents 9-12% of the lipid fraction and is chemically pure since
cyanobacteria do not contain chlorophyll b, as found in microalgae and higher plants. The
mineral fraction is characterized by K and P (5.4-8.9%), a high Na content and consistent
Ca and Mg levels. In addition, Arthrospira contains high levels of vitamin B12 analogues
and substitutes, vitamin B complex and fat-soluble vitamins A, K and E [6,10].

Cyanobacteria use a broader spectrum of visible light than green plants (from 540 to
670 nm) to perform photosynthesis from sunlight using photosystems I (PSI, P700) and II
(PSIL, P680). The process is a light-dependent oxidoreductase reaction involving particular
antenna systems that capture the light in each photosystem and convey it to a reaction
center, containing two chlorophyll 2 molecules. The intrinsic antenna contains chlorophyll
a and carotenoids, whereas peripheral antennas contain chlorophylls and phycobilins.
Phycobilins, phycocyanin (green-blue color, absorbing red-orange light at a wavelength
of 620 nm), phycoerythrin (red color, absorbing at a wavelength of 565 nm),
phycoviolobilin (purple color), phycourobilin (yellow color) and allophycocyanin are
organized into phycobilisomes. Phycobilisomes exhibit a high capacity for light energy
absorption, at wavelengths different from chlorophyll 4, which is subsequently
transferred for photosynthesis [11]. Arthrospira platensis phycobilisomes are composed
only of C-phycocyanin (C-PC) and allophycocyanin (APC), accounting for 60% of the total
protein content [12]. The selective extraction of these pigments allows the manufacture of:
natural dyes, fluorescent markers, antioxidants, anti-inflammatory reagents and
nutritional ingredients used in cosmetic, health food, nutraceutical and pharmacological
applications, with a total market value of phycobiliprotein products of over USD 60
million [13-15].

The production of phycobiliproteins (PBPs) and the biochemical composition of the
associated biomass can be influenced by the intensity and spectrum of light [16].
Therefore, fluorescent lamps and light-emitting diodes (LEDs) could be utilized as
alternative light sources, with different ranges of energy conversion efficiency, to
modulate the biomass composition. Preliminary studies conducted at the beginning of the
21st century on the growth of A. platensis used colored cellophane paper. In addition,
studies with LEDs and fluorescent lamps were recently conducted to investigate the
biomass composition and production of PBPs [17-20].

This work investigated the behavior of three spirulina strains grown in model
systems under three different light spectra (white, orange and blue). In addition, growth
productivity and the amounts of total lipids, total proteins, total carbohydrates,
phycobilins, chlorophyll a (Chlz) and carotenoids were investigated to evaluate the
different performances of the microalgae.

2. Materials and Methods
2.1. Sample Collection and Processing

Two Arthrospira platensis strains, M2 and M2M, and one of Arthrospira maxima were
obtained from the culture collection of the Institute of BioEconomy (IBE) (National
Research Council, CNR Sesto Fiorentino, Italy). Cultures were grown in Zarrouk’s
medium in vertical glass columns thermostated at 30 °C and irradiated from both sides
with 80 umol photons m= s in March 2019 [21]. Culture mixing was conducted by
bubbling a mixture of air—COz2 (97/3 v/v) through the culture at 5 L min-'. The pH was
maintained close to 9.5.
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As described by Chini Zitelli et al. (2022) [22], an aliquot of spirulina from the bins
was diluted to 200/300 mg L' (DW) with the Zarrouk solution and placed in the
photobioreactor. Inoculation was conducted under a laminar flow hood, avoiding
possible contamination during the transfer. The experimental photobioreactors comprised
transparent Pyrex glass tubes equipped with an emery glass stopper with two holes. After
three days of acclimatization under the selected spectrum (white, orange or blue), the
measurements commenced. The tubes were placed in a parabolic structure that allowed
an equal and consistent amount of light exposure (24 h day~') of 80 umol photons m= s-!
supplied on both sides of the tube, avoiding shadow spots [22].

Three colors of light were applied: (1) white 380-760 nm, maximum 437 nm and 630
nm, (2) orange 615-645 nm, maximum 620 nm, and (3) blue 400-475 nm, maximum 450
nm, at the same light intensity (PFD) of 85-90 umoL m=2 s-'. Sampling (30 mL) was
performed daily until the late logarithmic phase, usually reached within seven days of
continuous culture. Sterilized distilled water was added daily to compensate for
evaporation.

At the end of the experiment, the entire culture was sieved using a 0.25 mm filter,
washed with a suitable volume of deionized water, lyophilized and finely ground in a
mortar before chemical analysis.

2.2. Chemicals

Methanol (MeOH) and chloroform (CHCIs) were ultra-residue solvents of analytical
grade purchased from Merck (Darmstadt, Germany). Sulfuric acid (95.5%), CaClz,
Na2COs, CuSO+5H:0, Na and K tartrate and PBS pH 7.4 (Na2HPOs and NaH:POs) were
reagent grade (Sigma Aldrich Chemie, Munich, Germany). D-glucose, BSA, tripalmitin
and Zarrouk components [21] were of reagent grade and purchased from Sigma Aldrich.

Double-deionized water with a conductivity of less than 18.2 M() was obtained with
a Milli-Q system (Millipore, Bedford, MA, USA). The Folin—Ciocalteu reagent was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Chemical Physical Analysis
2.3.1. pH

The pH was measured daily with a bench-top pH meter (Hanna Instruments, Rome,
Italy) and was maintained around 9; when necessary, it was adjusted by increasing the
level of CO..

2.3.2. Dry Biomass Weight (DW)

As described by Chini Zitelli et al. (2022) [22], the mean growth rate (u) of the crop
was calculated with the following formula:

u (day) =In (DWx - DW1)/Tx (1)

DWi: dry weight at x day of microalga growth;
DW:: dry weight at 1st day of exposure in the photobioreactors;
Tx: selected time of biomass collection.

2.4. Quantification of “Chlorophyll a” and Total Carotenoids

The chlorophyll a concentration was measured according to Singh et al. (2016) [23].
Briefly, the gas vacuoles were mechanically broken by pumping the solution with a 5 mL
syringe in 2 aliquots before 3 mL of the homogenized solutions was transferred to a 15 mL
falcon tube and centrifuged at 3154x g, 10 °C for 5 min (Centrifuge 5810 R, Eppendorf AG
22,331 Hamburg). The pellet was suspended in 3 mL of methanol in a vortex for 2 min
and left in a thermostatic bath at 70 °C for 3 min; after cooling, it was centrifuged at 3154x
g, 10 °C for 5 min to precipitate the undissolved cell debris. The supernatant (colored
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bright green) was analyzed in a UV-Vis spectrometer (Cary 50, Varian Inc, Agilent,
Milan, Italy) and calculated according to Chamizo et al. (2020) [24].

Chl a mg L1 =12.9447 (A665 — A750) x Volume of methanol (mL)/Volume of sample

(mL) 2

Chl 4% = (Chl a mg L-//DW) x 100 (3)

Carotenoid amounts were evaluated with the following formulas adapted from
Lichtenthaler [25]:

Carot mg L' = (4.08 x (A470 - A750) - 0.0117 x ChlA mg L) x (Solvent Vol/Sample

Vol) @

Carot% = (Carot mg L'/DW) x 100 (5)

2.5. Total Lipids

As described by Chen and Vaidyanathan (2012) [26], 10 mg of lyophilized sample
was suspended in 40 uL of PBS 0.05 M (pH 7.4) with 460 uL of NaOH 1 N/MeOH (75/25),
and the cells were fragmented in the vortex for 10 min in the presence of glass beads.
Subsequently, 1 mL of NaOH 1 N/MeOH (75/25) was added, and the obtained suspension
was vortexed for 5 min. Saponification occurred via warming at 100 °C for 30 min.

The solution was cooled down to room temperature and centrifuged at 3154x g, 10
°C for 5 min to precipitate cell debris. An aliquot of 1 mL of the solution was transferred
to a falcon tube, combined with 3 mL of CHCls/MeOH (2/1) and 0.5 mL of 0.88% KCl,
vortexed and centrifuged at 3154x g, 10 °C for 10 min to obtain three distinct phases. The
calculation of the total lipids was carried out by weight, evaporating 1 mL of the organic
solution under a gentle nitrogen stream.

2.6. Analysis of Protein Fraction
2.6.1. Total Protein

The extraction and analysis of the proteins was performed according to Lowry et al.
[27]. Briefly, 10 mg of lyophilized sample was suspended in 8 mL of deionized H20O and
cold sonicated for 15 min in the presence of glass beads. After adding 8 mL of NaOH (1
N), the solution was warmed in boiling water for 5 min and cooled under tap water for
about 10 min. Total protein analysis was carried out using the Folin—Ciocalteu reagent.
Analytical quantification was carried out using a Cary 50 spectrophotometer at 750 nm
against a control blank, and a 6-point calibration graph using BSA (bovine albumin) from
20 to 400 mg L. Calibration curves were considered acceptable if 12> 0.997.

2.6.2. Phycocyanin and Allophycocyanin

As described by Siegelman and Kycia (1978) [28], 10 mL of solution was collected
from the photobioreactors. Firstly, the gas vacuoles of cyanobacteria were mechanically
broken by vigorously pumping the solution with a plastic syringe. Following this, 5 mL
was centrifuged at 3154x g, 10 °C for 5 min to separate the biomass from the solution. The
supernatant was mixed with 5 mL CaClz (1%, w/v) and subjected to manual stirring for 2
min. Then, the solution was subjected to 3 freezing cycles at =80 °C for 1 h and subsequent
thawing with warm water. The thermal shock and addition of CaClz promoted cell lysis
and allowed the water-soluble cellular components to pass into the solution. Finally, the
tubes were centrifuged at 9000x g for 10 min to precipitate unwanted cellular components.
The supernatant was analyzed in a UV-Vis spectrometer (Cary 50, Agilent, Milan, Italy.)
at 620, 652 and 750 nm.

PC mg L = (((ABS 620-A750) — 0.474 x (ABS 652 — ABS 750))/5.34) x 1000 x (Vol

Solv/Vol Sample))) ©)
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PC% = (PC mg L//DW) x 100 x Dil %)

Apc mg L = ((ABS 652-ABS 750) - 0.208 x (ABS 620 — ABS 750)/5.09) x 1000 x (Vol ®)
Solv/Vol Sample))

Apc% = (Apc mg L-1/DW) x 100 x Dil )

2.7. Total Carbohydrates

The extraction and analysis of carbohydrates were performed with the phenol-
sulfuric acid method, according to Dubois et al. (1956) [29]. Briefly, 2 mg of lyophilized
sample was placed in a 15 mL falcon tube with 8 mL of deionized water and sonicated in
an ice sonicator bath for 15 min. Following this, 1 mL of the water extract was added to 1
mL of phenol at 5% in water (w/v) in a 15 mL falcon tube and vigorously shaken in a vortex
for 3 min. After thorough mixing, 5 mL of H250x (95.5%) was added slowly, with gentle
stirring at room temperature for 10 min. The samples were then cooled in freshwater for
20 min and read at a wavelength of 488 nm against a control blank (H20O, phenol 5% and
H2S04).

The 6-point calibration curve of D-glucose (20-120 mg L-') was considered acceptable
if 12>0.997.

2.8. Statistical Analysis

Analysis of variance (ANOVA) was carried out with the software XLSTAT
(Addinsolf L.T.D., Paris, France, Version 19.4); mean comparisons of the effects of
treatments were calculated using Fisher’s least significant difference test at p < 0.05.

3. Results
3.1. Chemical Physical Analysis

After one week of culture, the average DW (mg L) reached a maximum with white
and orange lights (3919 + 13 and 4444 + 29 mg L-!, mean + RSD% (relative standard
deviation), respectively). In contrast, this result was almost halved (1524 + 20 mg L)
under blue light. A. platensis M2M showed the highest values under orange light (5973.3
mg L), followed by A. maxima (3813.3 mg L) and A. platensis M2 (3546 mg L). A. maxima
growth was split into three steps of approximately three days each, whereas M2 and M2M
showed constant growth (Figure 1).

The growth performance attained under white and orange lights did not differ
significantly. The differences in the growth rates appeared to be mainly strain dependent,
whereas, when blue light was used, only minor differences were detected among the
strains; however, the M2M strain showed a sharp increase after several days under white
light.

Analysis of the average growth rate of the strains under different forms of incident
light revealed higher growth in the first two days in all experiments, decreasing with
different rates on the subsequent days.
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Figure 1. Dry weight (DW) increases after exposing the three selected strains to the irradiation
lamps: white, orange and blue.

3.2. Chlorophyll a and Total Carotenoids

Chl a and total carotenoids exhibited similar behaviors; their levels increased on the
second day and reached their maximum after one week. However, carotenoid levels were
almost five times lower than those of chlorophyll a. A. platensis M2M and A. maxima
showed higher levels of Chl 2 under white and orange lights. Under blue light, the Chl a
concentration was the lowest in all strains (Figure 2). Among the strains, white light was
more effective in M2M, followed by A. maxima and M2. Orange light was most effective
in A. maxima, followed by M2M and M2, whereas blue light was most effective in M2M,
followed by A. maxima and M2 (Figure 2). Carotenoids were found at the highest levels in
M2M, except under orange light, which was more effective in the A. maxima strain (Figure
2). Overall, the carotenoid time course demonstrated an increase in total carotenoid levels
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throughout the whole duration of the experiment, although levels were much lower in
cultures grown under blue light, particularly in strain M2.

A. maxima
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10
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48
g 7
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5 5
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Figure 2. Chlorophyll a (Chl ) and carotenoid amounts in different Arthrospira strains following
exposure to white, orange and blue lights.

3.3. Total Lipids

Within each strain, different lights led to varying amounts of total lipids. A. maxima
was found to contain the highest amount of total lipids under white light (9.36 + 8.25 g 100
g™, mean + RSD%), followed by orange and blue lights (3.38 + 13.37 g 100 g*!, mean *
RSD%). M2M contained a higher amount of total lipids with orange (8.25+10.51 g 100 g7,
mean + RSD%) and blue lights (7.32 +7.17 g 100 g™, mean + RSD%) and lower values with
white light, whereas M2 showed higher values under white light and comparable values
under blue and orange light (Table 1).

Table 1. Average lipid content (g 100 g + RSD DW) after irradiation of the three strains.

Light M2 M2M A. maxima
White 7.07 aa) * 6.11 a(b) 9.36 a(c)
Orange 5.01 b(a) 8.25 b(b) 6.21 b(c)

Blue 5.23 b(a) 7.32 b(b) 3.38 c(c)

* Values in rows (in brackets) followed by different letters differ significantly according to Fisher’s
least significant difference (LSD) procedure, p <0.05. Values in columns (without brackets)



Foods 2022, 11, 399

8 of 14

followed by different letters differ significantly according to Fisher’s least significant difference
(LSD) procedure, p <0.05.

3.4. Analysis of Protein Fraction
3.4.1. Total Protein

All strains showed a lower protein content under orange light, whereas they showed
higher values when grown under blue light [30]. The highest value was observed with
blue light in M2M, whereas M2 and A. maxima showed overlapping values (Table 2).

The amount of protein in the different batches reflected the rate of metabolic activity
in the growing cells (Table 2).

Table 2. Average protein content (g 100 g-' + RSD DW) in the different experimental conditions of
the three strains.

Light M2 M2M A. maxima
White 71.18 a(a) * 63.71 a(b) 72.14 a(a)
Orange 60.81 b(a) 39.09 b(b) 50.63 b(c)

Blue 74.88 a(a) 85.89 c(b) 73.53 a(a)

* Values in rows (in brackets) followed by different letters differ significantly according to Fisher’s
least significant difference (LSD) procedure, p < 0.05. Values in columns (without brackets)
followed by different letters differ significantly according to Fisher’s least significant difference
(LSD) procedure, p <0.05.

3.4.2. Phycocyanin and Allophycocyanin

The phycocyanin content was variable, depending on the light and the strain tested.
Blue light strongly influenced the phycocyanin content in A. maxima, which was much
higher than under white and orange lights. The phycocyanin content in this strain reached
14% of DW under blue light, compared to 9% and 7% under white and orange lights,
respectively (Figure 3). Moreover, the phycocyanin content increased more regularly than
in M2 and M2M. The allophycocyanin content in this strain showed minor differences
between the different light colors tested, ranging between 2.5% and 3% of DW.

In M2, the phycocyanin content ranged from 6% under orange light, up to 10% under
blue light, while under white light, it showed an intermediate value (Figure 3).
Interestingly, this strain produced the most allophycocyanin, reaching 4% of DW under
white light. At the same time, non-significant differences were found between cultures
grown under blue and orange lights (Figure 3). The M2M strain started with a high value
of phycocyanin relative to the other strains and reached 9% of DW at the end of the
experiment under white and blue lights. However, the phycocyanin content was
significantly lower under orange light (p < 0.001). In this strain, the allophycocyanin
content was considerably higher under white light (2% of DW) compared to orange and
blue lights (1% of DW).

It is interesting to note that the maximum phycocyanin content (about 10% of DW)
with blue light was attained on the third day of culture in strains M2 and M2M. After that,
it stabilized to around 9%, while in A. maxima, the phycocyanin content rose steadily until
14% without showing any decline.
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Figure 3. Phycocyanin and allophycocyanin amounts (g 100 g -' + RSD DW) after exposing the three
selected strains to the irradiation lamps: white, orange and blue.

3.5. Total Carbohydrates

The carbohydrate content reached higher levels in A. maxima strains under white
light (42.36 + 3.08 g 100 g, mean + RSD%), that is, four and two times higher than M2 and
M2M, respectively. Under blue light, A. maxima strains also reached higher levels of total
carbohydrates (21.35 = 6.98 g 100 g1, mean + RSD%), that is, about 1.5 higher than in M2
and M2M. In contrast, the M2M strain exhibited the highest total carbohydrate level under
orange light (30.17 + 3.83 g 100 g, mean + RSD%), 1.83 and 1.36 higher than M2 and A.
maxima, respectively (Table 3).

Table 3. Carbohydrate amounts (g 100 g + RSD DW) under the different experimental conditions
of the three strains.

Light M2 M2M A. maxima
White 9.81 a(a)* 17.75 a(b) 42.36 a(c)
Orange 16.41 b(a) 30.17 b(c) 22.18 b(b)

Blue 13.75 c(a) 13.33 c(a) 21.35 b(b)

* Values in rows (in brackets) followed by different letters differ significantly according to Fisher’s
least significant difference (LSD) procedure, p < 0.05. Values in columns (without brackets)
followed by different letters differ significantly according to Fisher’s least significant difference
(LSD) procedure, p < 0.05.
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4. Discussion

Arthospira spp. cultures attained the highest dry weight with white and orange lights,
while blue light was absorbed less efficiently [16,18,31,32]. The biochemical composition
changed during growth, and cultures showed a higher protein content in all strains under
blue light, with a similar ratio of protein/phycocyanin in M2 and M2M (Figures 4 and 5).

In contrast, the ratio of protein/allophycocyanin was lower in A. maxima and M2M.
The mean growth rate of phycocyanin under blue and orange lights was comparable
(0.024 h' blue, 0.026 h™ orange). In contrast, the biomass growth rate strongly diverged
(0.014 h* blue vs. 0.024 h™' orange); according to previous findings, growth was much
more limited under blue light than phycocyanin synthesis [22]. In alighment with data in
the literature, our experiments showed a lipid fraction ranging from 3 to 9% of DW in all
strains. Lipid content is correlated with the temperature, irradiance and availability of
nutrients that affect both the lipid content and the fatty acid profile [33-35]. High
irradiance stimulates an accumulation of triacylglycerols because they may act as energy
and electron sinks during stress conditions [33]. It appears that algal cells synthesize
triglycerides when the energy input, through carbon assimilation, exceeds the immediate
metabolic needs of the cell [36]. In contrast, the presence of a combined nitrogen source
increased the cells’ protein fraction, decreasing the levels of lipids and carbohydrates [37].
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Figure 4. Biochemical composition of the three Arthrospira strains following exposure to white,
orange and blue lights.
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Figure 5. The ratio of protein/phycobilins, and phycobilins/Chl 4, following exposure to white,
orange and blue lights.

The data presented here suggest that strains react differently to light colors. The A.
maxima biomass composition was mainly influenced by white light, whereas that of M2M
was more affected by orange light. In contrast, blue light exhibited a lower influence on
the accumulation of lipids. The data obtained for carbohydrates agree with previous
research findings (15 to 25% DW) [37]. Subjecting A. maxima to white light almost doubled
the carbohydrate values compared to those observed in other strains after seven days.
Most likely, the decrease in nitrogen due to the high dry weight reached by this strain
after seven days exhausted the nitrogen supplied with the medium. This behavior is very
common in Arthrospira, which wusually directs excess reducing power toward
carbohydrate synthesis during conditions of nitrogen limitation or low-temperature stress
[37-39]. The amount of total protein varied between 60 and 85% [40,41], except for M2M
under orange light (39.09%). This strain attained the highest growth, supported mainly by
the synthesis of carbohydrates. The strains exceeding 4000 mg L' in the Zarrouk medium
undergo stress related to nitrogen starvation [42]. Indeed, after irradiation with orange
light, the M2M strain exceeded this limit by a factor of 1.5 (5973.7 mg L vs. 4000 mg L-!
DW), decreasing the protein content and increasing the carbohydrate content (Figure 4).

According to the literature, blue light positively influences phycocyanin production
(Figures 3 and 4) [19,20,43]. In contrast, white light covers a broader range of wavelengths
and does not specifically increase phycocyanin production (Figures 3 and 4). Moreover,
the ratios of phycocyanin/Chl 2 and allophycocyanin/Chl a were higher under blue light
than under orange or white light for all strains, indicating that the phycobilin content
increased relative to Chl 2 when cells were exposed to blue light (Figure 5).

Blue light stimulates spirulina to produce more phycobilins to compensate for the
lack of energy related to the limited range of radiation (400-475 nm), resulting in increased
protein production [16,44,45].

The carotenoid profiles showed an increase in carotenoid levels during the whole
duration of the experiment, as would be expected according to Chini Zitelli et al. [22].

5. Conclusions

Photosynthetic organisms interact with light spectra differently; they have developed
several acclimatization strategies to cope with different light sources. Arthrospira spp.
increase the number of phycobilisomes in limited light conditions, thus significantly
altering the protein content. To summarize, in this study, the biomass DW was higher
under white and orange lights; moreover, a strong positive correlation between the DW
and Chl a4 content was found, ranging from 0.91 to 0.99. The analysis showed that the
growth and biochemical composition of the Arthrospira strains were strain and light
quality dependent. The protein content decreased when the nitrogen source within the
medium was exhausted, and higher carbohydrate contents counterbalanced the lower
protein level.

Phycobilin production among the different strains was highest in Arthospira maxima
under blue light. The blue pigment has a powerful antioxidant and anti-inflammatory
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action and covers an important segment of the health, cosmetic and pharmaceutical
markets. Therefore, combining white or orange lights could be used to produce higher
amounts of biomass, while blue light could increase phycobilin yields. In conclusion, the
exposure of Arthrospira cells to different spectra can modulate growth and enhance the
production of desired biochemical compounds, particularly proteins, carbohydrates and
phycocyanin. The last one seems to be light quality and strain dependent, as in the case of
Arthrospira maxima. Thus, the light source color is an essential factor that should be
considered as a strategic tool when developing new nutraceutical foods.

Author Contributions: Conceptualization, M.M., G.T.; methodology, G.C.Z., B.C.; validation, M.M.,
G.C.Z,; formal analysis, M.M., B.C., F.C.; sample collection, V.A.; writing, M.M.; writing—review
and editing, A.A,, F.C,, G.T. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Acknowledgments: This paper was written with input from researchers from the Italian Society of
Food Chemistry (Itachemfood).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Costa, J.A.C.; Morais, M.G. Microalgae for food production. In Fermentation Process Engineering in the Food Industry; Soccol, C.R.,
Pandey, A., Larroche, C., Eds.; Taylor &Francis: Oxfordshire, UK, 2013; p. 486.

2. Sili, C; Torzillo, G.; Vonshak, A. Arthrospira (Spirulina). In Ecology of Cyanobacteria II: Their Diversity in Space and Time; Whitton,
B.A., Ed.; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012. https://doi.org/10.1007/978-94-007-3855-3_25.

3. de Morais, M.G,; da Silva Vaz, B.; de Morais, E.G.; Costa, J.A.V. Biological effects of Spirulina (Arthrospira) biopolymers and
biomass in the development of nanostructured scaffolds. BioMed Res. Int. 2014, 2014, 762705.

4. Yadav, G.; Sen, R. Microalgal green refinery concept for biosequestration of carbon dioxide vis-a-vis wastewater remediation
and bioenergy production: Recent technological advances in climate research. J. CO: Util. 2017, 17, 188-206.
https://doi.org/10.1016/j.jcou.2016.12.006.

5. Da Rosa, G.M.; Moraes, L.; Cardias, B.B.; Souza, M.D.R.A.Z.D.; Costa, ].A.V. Chemical absorption and CO: biofixation via the
cultivation of Spirulina in semicontinuous mode with nutrient recycle. Bioresour. Technol. 2015, 192, 321-327.

6. Matos, J.; Cardoso, C.L.; Bandarra, N.M.; Afonso, C.M. Microalgae as a healthy ingredient for functional food: A review. Food
Funct. 2017, 8, 2672-2685.

7.  Mata, T.; Martins, A.; Oliveira, O.; Oliveira, S.; Mendes, A.; Caetano, N. Lipid content and productivity of Arthrospira platensis
and Chlorella vulgaris under mixotrophic conditions and salinity stress. Chem. Eng. Trans. 2016, 49, 187-192. 10.3303/CET1649032

8.  Sotiroudis, T.G.; Sotiroudis G.T. Health aspects of Spirulina (Arthrospira) microalga food supplement. J. Serb. Chem. Soc. 2016,
78, 395-405. doi: 10.2298/J5C121020152S5

9.  Muhling, M.; Belay, A.; Whitton, B.A. Variation in fatty acid composition of Arthrospira (Spirulina) strains. J. Appl. Phyc. 2005,
17, 137-146. DOI: 10.1007/s10811-005-7213-9

10. Junga, F.; Kruger-Genge, A.; Waldeckc P.; Kupper, J.H. Spirulina platensis, a super food? |. Cell. Biotech. 2019, 5, 43-54. DOIL
10.3233/JCB-189012

11. Léa Vernes, L.; Philippe Granvillain, P.; Farid Chemat, F.; Maryline Vian, M. Phycocyanin from Arthrospira platensis. Production,
Extraction and Analysis. Curr. Biotech., 2015, 4, 1-11. DOI: 10.2174/2211550104666151006002418.

12. Liu, H.; Blankenship, R.E. On the interface of light-harvesting antenna complexes and reaction centers in oxygenic
photosynthesis. Biochim. Biophys. Acta Bioenerg. 2019, 1860, 148079. https://doi.org/10.1016/j.bbabio.2019.148079.

13. Global Phycobilliuiprotein Market Research Report 2018, Global, China, 2018. Get Market Research, Munich, Germany.
Available online: https://www.getmarketresearch.com/report/639763/global-and-chinese-phycobiliprotein-industry-2018-
market-research-report.

14. Wu, Q.; Liu, L.; Miron, A,; Klimova, B.; Wan, D.; Kuca, K. The antioxidant, immunomodulatory, and anti-inflammatory
activities of Spirulina: an overview. Arch. Toxicol. 2016, 90, 1817-1840. https://doi.org/10.1007/s00204-016-1744-5.

15. Matos, ].; Cardoso, C.L.; Fale, P.; Afonso, C.M.; Bandarra, N.M. Investigation of nutraceutical potential of the microalgae

Chlorella vulgaris and Arthrospira platensis. Int. |. Food Sci.Technol., 2020, 55, 303-312. doi:10.1111/ijfs.14278



Foods 2022, 11, 399 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hsieh-Lo, M.; Castillo, G.; Ochoa-Becerra, M.A.; Mojica, L. Phycocyanin and phycoerythrin: Strategies to improve production
yield and chemical stability. Algal Res., 2019, 42, 101600. https://doi.org/10.1016/j.algal.2019.101600.

Babu, T.S.; Kumar, A.; Varma, AK. Effect of light quality on phycobilisome components of the cyanobacterium Spirulina
platensis. Plant Physiol. 1991, 95, 492-497. https://doi.org/10.1104/pp.95.2.492.

Wang, C.Y.; Fu, C.C; Liu, Y.C. Effects of using light-emitting diodes on the cultivation of Spirulina platensis. Biochem. Eng. .
2007, 37, 21-25. https://doi.org/10.1016/j.bej.2007.03.004.

Lee, S.H.; Lee, J.E.; Kim, Y.; Lee, S.Y. The production of high purity phycocyanin by Spirulina platensis using light-emitting
diodes based two-stage cultivation. Appl. Biochem. Biotechnol. 2016, 178, 382-395. https://doi.org/10.1007/s12010-015-1879-5.
Lima, G.M.; Teixeira, P.C.N.; Teixeira, CM.L.L.; Filécomo, D.; Lage, C.L.S. Influence of spectral light quality on the pigment
concentrations ~and  biomass  productivity = of  Arthrospira  platensis.  Algal ~ Res. 2018, 31, 157-166.
https://doi.org/10.1016/j.algal.2018.02.012.

Zarrouk, C. Contribution a I'etude d’une cyanophycee. Influence de divers facteurs physiques et chimiques sur la croissance et
la photosynthese de Spirulina maxima (Setch. et Gardner) Geitler. Ph.D. thesis, 1966, University of Paris, France.

Chini Zittelli, G.; Mugnai, G.; Milia, M.; Cicchi, B.; Silva Benavides, A.M.; Angioni, A.; Addis, P.; Torzillo, G. Effects of blue,
orange and white lights on growth, chlorophyll fluorescence, and phycocyanin production of Arthrospira platensis cultures. Algal
Res. 2022, 61, 102583.

Singh, M.; Singh, M.P. Chlorophyll content and its relation to productivity of crops and weeds in a tropical agroecosystem at
Gujar Lake Margin, India. Ecoprint 2016, 23: 39-44. 10.3126/eco.v23i0.20650.

Chamizo, S.; Adessi, A.; Torzillo, G.; De Philippis, R. Exopolysaccharide Features Influence Growth Success in Biocrust-forming
Cyanobacteria, Moving from Liquid Culture to Sand Microcosms. Frontiers in Microbiology 2020, 11, 1-16. doi:
10.3389/fmicb.2020.568224.

Lichtenthaler, H.K. Chlorophylls and Carotenoids: Pigments of Photosynthetic Biomembranes, Methods Enzymol., 1987, 148,
350-382. https://doi.org/10.1016/0076-6879(87)48036-1.

Chen, Y.; Vaidyanathan, S. A simple, reproducible and sensitive spectrophotometric method to estimate microalgal lipids. Anal.
Chim. Acta 2012, 724, 67-72. 10.1016/j.aca.2012.02.049.

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265-275.

Siegelman H.W.; Kycia J.H. Biliproteins d’alghe. In: Hellebust J.A.; Craigie ].S. Eds. Manuale di metodi USURY. Cambridge:
Cambridge University Press, 1978, 72 — 78.

Dubois, M.; Gilles, K.A.; Hamilton, ].K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of Sugars and Related
Substances. Anal. Chem., 1956, 28, 350-356.

Figueroa, F.L.; Aguilera, J.; Niell F.X. Red and blue light regulation of growth and photosynthetic metabolism in Porphyra
umbilicalis (Bangiales, Rhodophyta). Eur. J. Phycol., 1995, 30, 11-18, 10.1080/09670269500650761.

Chen, HB.; Wu, J.Y.; Wang, C.F.; Fu, C.C; Shieh, CJ.; Chen, C.I; Wang, C.Y.; Liu, Y.C. Modelling on chlorophyll a and
phycocyanin production by Spirulina platensis under various light-emitting diodes. Biochem. Eng. ]. 2010, 53, 52-56.
https://doi.org/10.1016/j.bej.2010.09.004.

Wicaksono, H.A.; Satyantini, W.H.; Masithah, E.D. The spectrum of light and nutrients required to increase the production of
phycocyanin Spirulina platensis, IOP Conf. Ser. Earth Environ. Sci. 2019, 236. https://doi.org/10.1088/1755-596 1315/236/1/012008.
Roessler, P.G. Environmental control of glycerolipid metabolism in microalgae: Commercial implications and future research
directions. J. Phycol. 1990, 26, 393-399. d0i:10.1111/j.0022- 3646.1990.00393.x.

Kurat, C.F.; Natter, K.; Petschnigg, J.; Wolinski, H.; Scheuringer, K.; Scholz, H.; Zimmermann, R.; Leber, R.; Zechner, R,;
Kohlwein, S.D. Obese yeast: Triglyceride lipolysis is functionally conserved from mammals to yeast. | Biol Chem. 2006, 281, 491—
500. doi: 10.1074/jbc.M508414200. Epub 2005 Nov 2. PMID: 16267052.

Hu, Q.; Sommerfeld, M.; Jarvis, E.; Ghirardi, M.; Posewitz, M.; Seibert, M.; Darzins, A. Microalgal triacylglycerols as feedstocks
for biofuel production: Perspectives and advances. Plant |. 2008, 54, 621-639. doi: 10.1111/j.1365-313X.2008.03492.x. PMID:
18476868.

Singh, N.; Dhar, D. Microalgae as second generation biofuel. A review. Agronomy for Sustainable Development, Springer
Verlag/EDP Sciences/INRA, 2011, 31, 605-629. 10.1007/s13593-011-0018-0.

Zaparoli, M.; Ziemniczak, F.; Mantovani, L.; Costa, J.A.; Colla, L. Cellular Stress Conditions as a Strategy to Increase
Carbohydrate Productivity in Spirulina platensis. BioEnergy Research. 2020, 13. D0i:10.1007/s12155-020-10133-8.

Vieira Salla, A.C.; Margarites, A.C., Seibel, F.I; Holz, L.C.; Barbosa Brido, V.; Bertolin, T.E.; Colla, L.M.; Vieira Costa, J.A.
Increase in the carbohydrate content of the microalgae Spirulina in culture by nutrient starvation and the addition of residues
of whey protein concentrate. Bioresource Technology, 2016, 209, 133-141.

Torzillo, G.; Sacchi, A.; Materassi, R.; Richmond, A. Effect of temperature on yield and night biomass loss in Spirulina platensis
grown outdoors in tubular photobioreactors. ] Appl Phycol 1991, 3, 103-109. https://doi.org/10.1007/BF00003691.

Anvar, A.A; Nowruzi, B. Bioactive properties of spirulina: A review. Microb. Bioactivities 2021, 134-142.
https://doi.org/10.25163/microbbioacts.412117B0719110521.

Saharan, V.; Jood, S. Nutritional composition of Spirulina platensis and its acceptability in food products. Int. ]. Adv. Res. (IJAR)
2017, 5, 2295-2300. http://dx.doi.org/10.21474/IJAR01/4671.



14 of 14

Foods 2022, 11, 399

42.

43.

44.

45.

Vargas, M.A.; Rodriguez, H.; Moreno, J.; Olivares, H.; Del Campo, ]J.A.; Rivas J.; Guerrero, M.G. Biochemical composition and
fatty acid content of filamentous nitrogen-fixing cyanobacteria. J. Phycol. 1998, 34, 812-817.

J. Park, T.B. Dinh Contrasting effects of monochromatic LED lighting on growth, pigments and photosynthesis in the
commercially  important  cyanobacterium  Arthrospira  maxima.  Bioresour.  Technol. 2019, 291, 121846,
10.1016/j.biortech.2019.121846.

Masojidek, J.; Koblizek, M., Torzillo, G. Photosynthesis in microalgae. In Handbook of Microalgal Mass Cultures; Richmond, A.,
Rd.; Blackwell Science: Oxford, UK, 2004; pp 20-39.

de Mooij, T.; Janssen, M.; Cerezo-Chinarro, O.; Mussgnug, J.H.; Kruse, O.; Ballottari, M.; Bassi, R.; Bujaldon, S.; Wollman, F.A.;
Wijffels R.H. Antenna size reduction as a strategy to increase biomass productivity: A great potential not yet realized. . Appl.
Phycol., 2015, 27, 1063-1077. 10.1007/s10811-014-0427-y.



