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Abstract: Changes in nutritional and lighting conditions to obtain compounds of interest and biomass
via microalgal cultures are among the main foci of studies in algal biotechnology. Growth medium
supplementation using organic compounds, such as glycerol, is a promising approach for increasing
biomass productivity and the viability of microalgal cultivation and adding value to byproducts
of the biodiesel industry. In this study, the influence of crude glycerol on Spirulina sp. LEB 18 was
investigated via culturing using different photoperiods, and its effect on biomass composition and
cell growth was evaluated. The microalgae were subjected to three photoperiods (continuous light,
24:0; 12 h light and 12 h dark, 12:12; and no illumination, 0:24) and crude glycerol supplementation
25¢g L~1); better productivity and biomass concentrations were obtained in cultures with a 12:12
photoperiod (28.36 mg L1hland1.24 g Lt respectively). Under this condition, the highest
protein yield was achieved (647.3 mg L~1,52.2% w w~1), and the obtained biomass showed favorable

characteristics for applications in animal feed enrichment.
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1. Introduction

Microalgae are photosynthetic microorganisms capable of producing compounds such
as proteins, carbohydrates, lipids, fatty acids, biopeptides, and pigments that can be used
to develop foods, drugs, cosmetics, biofuels, and animal feed [1]. The cellular growth of
microalgae varies according to a combination of parameters, such as nutrient composition,
temperature, and light [2].

Luminosity is one of the most important factors that, in addition to modifying the
composition of the biomass, influence the economic efficiency of the process. This factor
can vary in intensity and frequency of microorganisms” exposure. Several studies have
demonstrated the interference of photoperiod alterations on the content of proteins, carbo-
hydrates, and fatty acids in microalgal cultures [3,4]. In addition, changes in light intensity
and photoperiod are the main factors that determine the growth rate of microalgae cultures,
as they mainly interfere with the mechanism of obtaining energy from cells [5].

Alterations to photoperiods can have significant effects, especially when combined
with other factors that influence cell growth and photosynthesis, such as the use of or-
ganic compounds such as glycerol to supplement the culture medium [3,6]. Glycerol is a
byproduct of the transesterification reaction of oils during biodiesel production. Purified
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glycerol has several applications; however, in its raw form, its commercial value is much
lower [7]. In addition to the high cost of the purification process, especially for small
industries, the market demand for this product is lower than the amount generated by the
biodiesel industry [8].

Glycerol has positively influenced the cell growth of microalgal cultures [9-11] and
biomass productivity. For the profitability of high-value add products through microalgae,
it is essential to obtain a balance between the compounds of interest and biomass produc-
tivity, as some applied conditions can reduce its yield. Spirulina cultured in glycerol has
already shown remarkable growth and protein production, reaching 384.15 mg L~! in only
36 h of culture [9]. However, results regarding the association of glycerol with Spirulina
cultures with different photoperiods have not yet been reported.

Spirulina strain is an important commercial microalga certified with GRAS (generally
recognized as safe by the Food and Drug Administration, USA) since 2002 and is on the
European Novel Food list (EU, 2017/2470). The produced biomass can be applied to
proteins and unsaturated fatty acids [9-11]. These compounds can be used to improve the
nutritional and functional value of foods [12], as a supplement [13], as animal feed [14],
and as biofuel [15-17]. In this context, this study aimed to evaluate the influence of organic
carbon source addition in the form of glycerol on a Spirulina sp. LEB 18 culture subjected to
different photoperiods and its effect on biomass composition and cell growth.

2. Materials and Methods
2.1. Culture Conditions

A Spirulina sp. LEB 18 strain from the collection of the Biochemical Engineering
Laboratory of the Federal University of Rio Grande (FURG, Brazil) [18] was cultivated in
a Zarrouk medium supplemented with 2.5 g L~! glycerol [9] obtained from the transes-
terification of castor oil for biodiesel production [19]. Different photoperiods were used:
continuous light (24:0), 12 h light and 12 h dark (12:12), and no light (0:24). Control cultures
that did not have glycerol added were studied for photoperiods. The light for the cultures
was provided by LED lamps (High Flux LED Bulb HO OSRAM, Miinchen, Germany—40 W,
radiation spectrum 400-700 nm) with white light at 60 pmol¢gons.m 2 s~1; the luminosity
was monitored using a digital radiometer (WALZ ULM-500, Effeltrich, Germany) at 30 °C.
The cultures were performed in triplicate in Erlenmeyer flasks (800 mL working volume),
with an initial concentration of 0.2 ¢ L1, and aeration was provided by pneumatic pumps
(airflow 0.5 L min~!). The experiments were carried out for 36 h, as this period was previ-
ously reported to be the period of maximum cell growth for Spirulina sp LEB 18 cultures
with 2.5 g L~ glycerol [9].

2.2. Evaluation of Growth Parameters

Samples were collected every 4 h and evaluated for biomass concentration using

a standard curve that related dry weight and optical density at 670 nm [20]. From the

concentration data, the maximum productivity was calculated (Pmax) with Equation (1),

where X (g L™!) is the concentration at time t (h), and Xq (g L™!) is the initial concentration
at time t; (h).

Prmax = (X — Xo)/(t — to) @

The maximum specific growth rate (umax, h™') was calculated using exponential
regression applied to the logarithmic phase of growth from Equation (2):

Umax = 1/X. dX/dt 2)
The generation time (tg, h) was calculated using Equation (3):

tg =In2/ Hmax (3)
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2.3. Biomass Harvest

The biomass was harvested via centrifugation at 15,000x g for 10 min. Next, it was
washed using distilled water and centrifuged again under the same conditions to improve
salt removal from the Zarrouk medium. Finally, it was frozen at —80 °C, lyophilized (LAB-
CONCO, Kansas City, MO, USA), and refrigerated at —4 °C until analyses were performed.

2.4. Biomass Composition

For protein and carbohydrate determination, 5 mg of lyophilized biomass was added
to 10 mL distilled water and subjected to ultrasonic treatment (Cole Parmer, CPX 130,
Merrillville, IN, USA) for 10 min in 59 s cycles. From this extract, proteins were determined
using a standard curve for bovine serum albumin based on Lowry et al. [21], and carbohy-
drates were determined using a glucose standard curve based on Dubois et al. [22]. Lipid
analysis was performed directly on the biomass using a method proposed by Marsh and
Weinstein [23], in which lipids were quantified via comparison with a tripalmitin standard
curve. To determine fatty acids, lipids were extracted using a method from Folch et al. [24]
based on the extraction of polar and nonpolar lipids through a mixture of organic solvents.
The lipids were subjected to esterification to transform the fatty acids into their corre-
sponding methyl esters. For this, saponification was carried out using NaOH in methanol,
followed by methylation using a BF3 catalyst (12% in methanol). The separation of fatty
acid methyl esters was performed via gas chromatography using a Shimadzu 2010 Plus
instrument equipped with an ionizing flame detector (FID) and a Zebron ZB-FAME col-
umn (20 m x 0.18 mm x 0.15 pm). Helium was used as the carrier gas at a flow rate of
1 mL min~!. The identification of fatty acids was performed by comparing the retention
times of FAME peaks with a standard of 37 fatty acids (Supelco 37 Component FAME Mix).
The fatty acid content was expressed in milligrams per gram of lipids, and the analysis was
performed using an internal standard with a known concentration (C23:0 Sigma-Aldrich,
St. Louis, MO, USA). Moisture content was determined via thermogravimetric analysis
(Shimadzu DTG-60, Kyoto, Japan).

2.5. Glycerol Consumption

The evaluation of glycerol consumption by the microalgae was carried out in the
culture supernatant using a method proposed by Bondioli e Bella [25], in which glycerol
oxidation occurs followed by the formation of formaldehyde via the Hantzsch reaction.
This process generates color in the medium, which was detected by a spectrophotometer
at 410 nm (QUIMIS Q998U, Candiota, Brazil). The results were compared with a previ-
ously plotted calibration curve for purified glycerol (Merck, Rahway, NJ, USA—88%) as
the standard.

2.6. Determination of Chlorophylls

Chlorophyll was extracted and quantified using a method proposed by Lichten-
haler [26]. Every 12 h, a 1-mL sample was centrifuged at 2000x g for 5 min, and the
formed pellet was added to 1 mL 99.8% methanol (v v~!) and incubated at 4 °C for 24 h in
the dark. The pigment concentration (C,,;,) was calculated using Equation (4) by reading
the optical density at the wavelengths of 652.4 and 665.2 nm.

Coip = 1.44 A665.2 + 29.93 A652.4 (4)

2.7. Statistical Analysis

The cell growth and biomass composition results were evaluated via analysis of
variance (ANOVA) and Tukey’s test (95% confidence).

3. Results and Discussion

In the different photoperiods studied, Spirulina sp. LEB 18 cultures that grew in a
medium supplemented with glycerol attained higher biomass concentrations than cultures
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that did not contain this source of organic carbon; the glycerol-added cultures showed
2.3, 3.9, and 4.6 times higher concentrations than the control cultures (24:0, 12:12, and
0:24, respectively). In all assays supplemented with glycerol, from 0 to 24 h, a lag phase
occurred, where there was an adaptation of the cells to the culture medium. After 24 h, an
exponential growth phase was observed. The control experiments did not show exponential
growth phases (Figure 1a). According to Mitra et al. [27], high cell densities can be obtained
during cultivation using combinations of organic and inorganic carbon sources due to
the availability of large quantities of energy, which promotes a combination of aerobic
respiration and catabolism of the glycerol present in the medium during photosynthesis.
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Figure 1. Growth curves for (a) cell productivity, (b) glycerol consumption, and (c) Spirulina sp.
LEB 18 cultured using glycerol supplementation (G) and control (C) under different photoperiods:
continuous light (24:0), 12 h light/12 h dark (12:12), and no light (0:24).

Among the experiments supplemented with glycerol, the one with the 12:12 pho-
toperiod showed the highest biomass concentration (1.24 g L~1, p > 0.05) and maximum
productivity (28.36 mg L~1 h~1, p >0.05), with a generation time of 7 h (Table 1). The specific
growth rate under this condition was 0.10 h™!, with no significant differences from the
other photoperiods using glycerol supplementation studied. This condition also resulted
in 100% glycerol consumption at 36 h. The other photoperiods resulted in consumption
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levels of 50.2% and 54.5% (24:0 and 0:24, respectively, Figure 1c). Experiments 24:0 and
0:24 did not show significant differences (p > 0.05) in biomass concentration (0.91 g L1
and 1.01 g L1, respectively) or productivity (20.16 mg L' h~! and 22.02 mg L' h~!,
respectively). For all cultures grown using the organic carbon source, the acceleration in
productivity coincided with the beginning of the exponential phase of cell growth at 24 h
(Figure 1b).

Table 1. Maximum biomass concentration (Xmax), maximum productivity (Pmax), maximum specific
growth rate (max), generation time (tg), protein, carbohydrate, and lipid contents for Spirulina sp.
LEB 18 cultured using glycerol supplementation under different photoperiods: continuous light
(24:0), 12 h light/12 h dark (12:12), and no light (0:24). Average + standard deviation. The same
superscript in the same column indicates that the averages do not differ significantly at the 95%
confidence level (p > 0.05).

Xmax Pmax Mmax tg Proteins Carbohydrates  Lipids

gL (mgL-1h1) (h-1) (h) (% ww™1) (% ww1) (% ww1)
24:0

Glycerol 0912 +005 201624291 0082+0.01 8882+045 453> +273 2383+117 7.32+054

Control 039¢+0.01 476+ 0.42 - - 476 +036 145P+286 842 +0.58
12:12

Glycerol 12424+ 0.01 283624138 0.102+001 701°+044 522b+392 159b+035 8.02+094

Control 03294 +0.02 3.019+047 - - 5050 +£213 147P+047 892+048
0:24

Glycerol 1.01P +£0.01 22.02°+160 0102+£001 710°+035 5812+1.69 114°+369 7324098

Control 022¢+0.01 1.35¢+0.89 - - 431°+176 114°+100 892 +054

Heterotrophic growth and photosynthesis can occur simultaneously and indepen-
dently in mixotrophic cultures, and the presence of an organic carbon source alters both
photosynthetic and heterotrophic metabolism, enhancing cell growth and biomass pro-
ductivity. This behavior was reported by Chojnacka and Noworyta for the microalgae
Spirulina sp. grown in a medium supplemented with glucose in a mixotrophic culture [28].
This may explain the higher biomass concentration and productivity of Spirulina sp LEB
18 cultures grown in the 12:12 photoperiod in a medium supplemented with glycerol com-
pared with the other investigated photoperiods (Table 1). Morais et al. [9] cultured Spirulina
sp. LEB 18 using media supplemented with glycerol (2.5 g L) and reported a similar
maximum cell concentration of 1.08 g L~! at 36 h for a culture grown in a photoperiod
of 12:12.

According to Li et al. [29], the presence of organic carbon can reduce the production of
proteins involved in photosystem II, and ribulose-1,5-bisphosphate carboxylase/oxygenase
in the Calvin cycle can repress photoautotrophic growth in algae. A synergistic effect be-
tween light and organic substrates on microalgal growth was previously reported by Cheir-
silp et al. [30]. The authors found that under continuous illumination (24:0) in a medium
supplemented with glucose, Nanochloropis gagitana reached the stationary phase earlier
with lower productivity (29 mg L~! day~!) than mixotrophic cultures. Holdman et al. [31]
evaluated the growth of Chlorella sorokiniana under different light intervals and showed
that the presence of dark stages results in better productivity compared with continuous
lighting. According to Matos et al. [3], the absence of light is necessary during the synthesis
of essential metabolic molecules for microalgal growth from ATP and NADPH.

In the 0:24 culture, only the organic carbon source was used, as the inorganic source
could not be metabolized during the dark stage. This was confirmed by the fact that the
dark control showed no change in biomass concentration and was probably maintained
by the energy produced before the start of cultivation. According to Li et al. [32], dur-
ing mixotrophic growth, organic carbon is used to produce biomass and energy via a



Appl. Sci. 2022,12,12329 60f8

heterotrophic metabolism, which generates CO; that can be assimilated during the light-
driven photoautotrophic stage; this does not occur during cultivation in the absence of
light and results in lower productivity.

According to Wahidin et al. [4], photoperiod modification causes changes in chemical
composition, photosynthetic activity, and pigment concentration in microalgal cultures.
In the present study, proteins were the predominant macromolecules in Spirulina biomass
grown under different photoperiods with and without glycerol supplementation, followed
by carbohydrates and lipids, respectively.

With respect to the influence of photoperiods on biomass composition, the 24:0 culture
showed an increase in the concentration of carbohydrates (23.8% w w~1). On the other hand,
the 0:24 culture showed positive influences on the concentration of proteins (58.1% w w1,
p > 0.05). According to Holdmann et al. [31], under constant lighting, an increase in
productivity and biomass production may occur during cultivation with organic carbon due
to CO; conversion into carbohydrates upon consumption of the substrate. The 12:12 culture
showed no variation in biomass composition compared with its control; however, due to
high biomass productivity, the lipid and protein yields (99.45 mg L~! and 647.28 mg L.},
respectively) were higher for this photoperiod relative to the others. For the concentration
of carbohydrates, the 24:0 culture showed the highest yield (216.19 mg L~1).

For chlorophylls evaluated over the cultivation time, all cultures supplemented with
glycerol showed a reduction in pigment concentration after 8 h of cultivation (Figure 2).
Despite the different light supply times, the pigments were influenced by the presence of
glycerol in the medium. According to Morais et al. [10], the use of an organic carbon source
in cultures results in a reduction in pigments in the biomass due to the preference of algae
to consume the organic carbon source, as it is easier for cells to obtain energy in this way
than through the process of photosynthesis.
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Figure 2. Variation in chlorophyll content over time for cultivation of Spirulina sp. LEB 18 with
different photoperiods in (a) cultures supplemented with glycerol and (b) controls.

The addition of glycerol to the culture medium modified the fatty acid composition of
the Spirulina sp. LEB 18 biomass by increasing the unsaturated acid content in all studied
photoperiods. In the dark, neither the control nor the culture with the organic carbon
source showed higher proportions of unsaturated fatty acids. Palmitic acid (16:0) and oleic
(C18:1w9c) were predominant in the Spirulina sp. LEB 18 biomass during the different
photoperiods with glycerol supplementation. These results were in accordance with those
of Morais et al. [10] and Narayan et al. [33], who cultured Spirulina species microalgae in
medium supplemented with glycerol and observed an increase in unsaturated fatty acids
with a predominance of C16:0 and C18:1w9c (Table 2).
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Table 2. Fatty acid profile (AG, mg g~ 1) for Spirulina sp. LEB 18 cultured in medium supplemented
with glycerol and the control under different photoperiods: continuous light (24:0), 12 h light and

12 h dark (12:12), and dark (0:24).

Control Glycerol
Fatty Acid
24:0 12:12 0:24 24:0 12:12 0:24
C11:0 15.98° + 258 20.482 +1.15 6.67 € +2.54 n.d. 341°+0.82 4.88° +1.57
C16:0 185.39 @ 4+ 7.58 175.26 @ 4 36.51 111.48° +13.54 84.07P +12.34 95.11P + 18.89 9229 +471
Cl6:1w7 8.01P +5.33 11.80P +2.25 44592 +10.03 30.002 +2.37 37.722 +7.87 32292 +£12.21
C18:1w9c 448° +0.28 433% +0.86 347.63 @ + 45.87 250.34 2 + 50.45 300.53 2 + 54.94 268.19 2 + 46.51
C18:2wéc 60.14 2 + 5.56 54312 £9.77 21.43° 4454 16.42° +1.45 17.53° +4.38 16.14° +3.71
C18:3w6 87.942 +4.25 76.852 4 8.00 31.30° 4+ 12.32 2497° 4 854 27.32° 4 4.69 31.56° 4 12.47
C20:1w9 nd. 15.83° +13.54 32,572 +9.62 n.d. 0.66 © + 0.66 12.03b +3.65
Outros * 22,552 4 0.07 19.452 4-4.92 7455 +234 7.79% +£1.23 6.63° +0.99 10.96 > +0.76
Total 384.50® +14.99 378.31° + 77.01 603.122 & 89.45 413.60° +£45.76  488.912P +£9451  468.332P +86.5
Saturated 220.312 + 6.62 213.93 2 4+ 43.00 125.61° + 23.45 87.22° 4+ 12.87 105.15° + 23.29 106.58° +7.07
Unsaturated 163.43° + 7.61 164.38 © + 34.00 477512 +12.34 326370 +£21.12 383.77 3P + 71.22 361.76 @0 + 932
* Fatty acids with concentrations under 5 mg gfl (13:0, 14:0, 14:1, 15:0, 15:1, 17:0, 17:1w5, 18:0, 20:2w6 and 21:0).
Average + standard deviation. The same superscript letter in the same line indicates that the averages have no
significant difference at a 95% confidence level (p > 0.05).
4. Conclusions
The culture with crude glycerol supplementation and a 12:12 photoperiod showed
the highest cell concentration (1.24 g L~!), biomass productivity (28.36 g L~! h~!), and
protein yield (647.3 mg L~1,52.2% w w™1). Continuous light (24:0) positively influenced
carbohydrate production (216.19 mg L1, 23.8% w w!) in cultures supplemented with the
organic source. The application of crude glycerol to microalgal cultures can add value to
biodiesel industry byproducts by generating biomass rich in compounds that are applicable
to biofuel and animal feed production.
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