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Abstract

Spirulina platensis, when grown under stress, may alter its metabolic pathways, leading to carbohydrate accumulation. Research
on the combined effects of stress factors such as UV radiation, photoperiod, and light, and the influence of micronutrients (Ca, Fe,
and Mg) on microalgae carbohydrate composition is scarce. The aim of the present study was to evaluate the effects of combined
cell stress factors on the microalgal growth and biochemical composition of S. platensis, to apply the biomass in the context of
biorefineries. Assays were performed at two cultivation stages: in the first stage, Zarrouk medium (50%) was used until the end of
the exponential growth phase (18 days) and, in the second stage, the cells obtained in the first stage were centrifuged and
recultivated in 20% Zarrouk’s medium under physical (UV, photoperiod/light, NaCl) and nutritional stress (limitation of Ca,
Fe, and Mg concentrations in 20% Zarrouk). The highest carbohydrate yields (27.84 mg L' day ') were obtained in the
photoperiod/light intensity-stressed cultures in the medium with nutrient limitation. The study outcomes showed the methods
to increase carbohydrate synthesis in cultures under optimized conditions. Our results showed that nutrient limitation by 20%
Zarrouk combined with higher light intensity (67.5 pmol photons m 2 s ') and photoperiod (18-h/6-h light/dark cycles) is an
efficient strategy to achieve higher intracellular concentrations (59.71%) and carbohydrate yields (55.85 mg L' day ') in a
discontinuous culture method.
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Introduction

Sustainability is a fundamental principle in natural resource
management, environmental impact minimization, and socio-
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economic growth [1]. For this reason, there is a need for inde-
pendence from fossil fuels, given the problems generated by the
increasing global demand for energy coupled with the fact that
there is a worldwide trend of non-utilization of fossil resources
due to their impacts on greenhouse gas emissions [2—5].
Microalgae have been evaluated as an alternative feed-
stock for biofuel production due to their high growth
rates, high CO, fixation abilities, renewability, and low
environmental impact, in addition to their ability to accu-
mulate biocomposites of interest such as carbohydrates,
which can be converted into bioethanol through sacchar-
ification processes [6—8]. As it is one of the most pro-
duced biofuels in countries such as the USA and Brazil,
the production of bioethanol causes competition for land
and food. Therefore, the use of microalgae can assist in
meeting the demand for biofuel production, thereby main-
taining the global demand for biofuels without requiring
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large amounts of land and food resources [9]. Among the
species of microalgae studied, Spirulina platensis has
been highlighted as a potential candidate for bioethanol
production, mainly due to its high growth rate and com-
mercial importance [10-13].

Microalgae cultures for biofuel production require fa-
vorable growth conditions. However, these conditions are
not always compatible with the appropriate conditions for
carbohydrate synthesis for biofuel production, as these
compounds tend to accumulate under conditions of cellu-
lar stress [14] such as nutrient limitations [15, 16], expo-
sure to high salinity concentrations [17], ultraviolet radi-
ation [18, 19], light intensity [20, 21], and photoperiod
variation [22]. While beneficial for carbohydrate produc-
tion, these conditions have the disadvantage of limiting
biomass productivity [23, 24]. In this context, two-stage
cultivation processes can be used to maximize biomass
production under favorable conditions in the first stage
and to obtain maximum carbohydrate yield by applying
stress conditions in the second stage, enabling the produc-
tion of bioethanol [25, 26]. As the use of this technique
can require greater energy usage due to the additional
centrifugation step, it is necessary to carefully evaluate
energy balances and environmental and economic im-
pacts, taking industrial-scale implementation into account
[27]. Thus, choosing suitable reactors in the first and sec-
ond stages can contribute significantly to the reduction of
production costs [28].

Changing the cultivation conditions is a commonly
employed strategy for increasing carbohydrate synthesis
in microalgae. However, responses regarding the use of
micronutrients such as Ca, Fe, and Mg for carbohydrate
stimulation have not been extensively reported [29-34],
nor have those regarding the use of mutagenesis by
radiation UVC, which has a significant advantage over
genetic engineering and can be used to improve strains
without the need for biochemical information [19, 35].
In addition, most studies involving the application of
these stresses have been demonstrated for species such
as Chlorella and Scenedesmus, with a shortage of re-
search related to Spirulina. In this context, the aim of
the present work was to evaluate the effects of com-
bined physical and nutritional stresses on the synthesis
of compounds of interest in Spirulina platensis from
two-stage cultivations.

Materials and Methods
Microorganism and Cultivation Conditions

The microalga Spirulina platensis was used in this
study. The inoculum was kept in a greenhouse, with a
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luminosity of 44.55 pmol photons m 2 s~ ' obtained by

fluorescent lamps, agitation from constant air injection
obtained by diaphragm pumps, a 12-h/12-h photoperiod,
and a temperature of 30 °C [11, 36]. The assays were
performed in Zarrouk’s medium [37] under sterile con-
ditions, with a modified concentration of nutrients (50%
concentrations of all nutrients), with the following com-
ponents: NaHCO3; (8.4 g L Y:; K,HPO, (0.25 g LY,
NaNO; (1.25 g L™"); K»S0,4 (0.5 g L™"); MgS0,4.7H,0
(0.10 g L™"); CaCl, (0.02 g L™"); FeS0,4.7H,0
(0.005 g LY); EDTA (0.04 g LY. Two stages of cul-
tivation were performed:

a) In the first stage, the microalgae were cultivated in 50%
Zarrouk’s medium under the same inoculum maintenance
conditions, with an initial inoculum concentration of
0.20 g L', in 1000-mL Erlenmeyer flasks with useable
volumes of 800 mL;

b) In the second stage, the cells were subjected to centrifu-
gation and inserted into the culture medium again, this
time with the introduction of physical or nutritional stress-
es. Therefore, a volume of 800 mL of medium containing
Spirulina at the beginning of the stationary growth phase
(18 days) was centrifuged at 3500 rpm for 10 min, except
for the condition of stress by ultraviolet radiation, in
which the application of stress occurred before the pro-
cess of cell separation. After centrifugation, the biomass
was reinoculated in 800 mL of 20% Zarrouk’s medium,
which, due to the lower concentration of nutrients, may
induce the intracellular synthesis of carbohydrates [11].

The definitions of the stresses used are listed in
Table 1. Each stress was applied separately, at different
levels or concentrations. Two control tests were per-
formed to verify behavior under normal cultivation con-
ditions. The first stage of both control cultures was per-
formed in 50% Zarrouk’s medium over 18 days.

Table 1  Cellular stresses applied to cultures of the microalgae
S. platensis, in order to increase the levels of intracellular carbohydrates

Stressor Stress levels
1 2 3

NaCl (mM) 200 300 400
Micronutrient limitation (g LY

Ca*? 0.006 0.004 0.002

Fe*? 0.0015 0.001 0.0005

Mg*? 0.03 0.02 0.01
Ultraviolet radiation (min) 2 4 6
Photoperiod (h light/h dark) 6/18 18/6 12/12
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Afterwards, the cells were collected by centrifugation and
reinoculated in a medium containing 50% Zarrouk’s me-
dium (control 1) or 20% Zarrouk’s medium (control 2).

For the stresses involving ultraviolet radiation, the
cells were cultured in 50% Zarrouk’s medium until the
end of the growth phase and subsequently added to
Petri dishes (5 mL in 10-cm diameter plates) and ex-
posed to ultraviolet radiation in a laminar flow chamber
with a 30-W lamp (A =254 nm), at a distance of 53 cm
from the surface, for the time outlined in Table 1. The
medium exposed to UV radiation was kept in dark for
24 h to avoid photoreactivation [18]. Subsequently, the
cells were centrifuged at 3500 rpm and inoculated into a
new culture medium with limited nutrients (20%
Zarrouk’s medium) for 15 days.

Micronutrient stresses (Fe, Mg, and Ca) were intro-
duced by changes in FeSO,47H,0, MgSO,47H,0, and
CaCl, concentrations in the Zarrouk medium. To verify
the influence of photoperiod and light on S. platensis,
three experiments were performed in duplicate.
S. platensis was inoculated in 50% Zarrouk’s medium
until the beginning of the stationary phase of growth at
30 °C, 12-h light/dark photoperiod, luminosity
44.55 pmol photons m > s ' through fluorescent lamps,
agitation by constant air injection, and an initial inocu-
lum concentration of 0.20 g L™'. After 18 days of cul-
ture in 50% Zarrouk’s medium, the cells were collected
by centrifugation at 3500 rpm and reinoculated in 20%
Zarrouk’s medium, with the light/dark period changed to
three different levels (18 h/06 h, 06 h/18 h, and 12 h/
12 h) and the light intensity changed to 67.5 pwmol pho-
tons m > s | provided by LED lamps. The temperature
was maintained at 30 °C.

All tests were performed in duplicate. At the end of the
cultures, the cells were collected by centrifugation at
3500 rpm for 10 min and dried in an oven at a temperature
of 50 °C to determine the carbohydrate and protein contents of
the biomass.

Optimization of Conditions for Accumulation of
Carbohydrates

To optimize the production of carbohydrates, cultures
were performed in the absence of single-stage centrifu-
gation. The cultures were performed in 1000-mL
Erlenmeyer flasks with 800 mL of useable volume in
an incubator provided with LED lamps with an intensity
of 67.5 umol photons m?2s!, temperature of 30 °C,
photoperiod of 18 h/06 h (light/dark), and nutrient lim-
itation (20% Zarrouk’s medium). The assays were per-
formed in duplicate until the stationary growth phase
was identified.

Analytical Determinations

The microalgal biomass concentration was determined
every 48 h by measuring the optical density in a spec-
trophotometer at 670 nm, and the biomass concentra-
tions were calculated using standard biomass curves.
The parameters evaluated included the productivity at
the end of the first and second stages, and the final
productivity, including the two stages (Pginal,
g L' day ') obtained through Eq. (1). The maximum
specific speed of growth (Hpyax, dayfl) (Eq. (2)) and the
generation time (¢,, day) were also calculated (Eq. (3)).

_ _ x—x0
Pﬁnal (gL ! day 1) = —£0 (1)

where X is the biomass concentration (g L ! attime¢ (day)
and X, is the biomass concentration (g L) at time ¢, (day).

X

_ 1
Pmax (day ™) = m LHX—q (2)

where X is the initial biomass concentration (g L), X, is
the biomass concentration at the end of the cultivation, and At
is the time (day).

Ln2
tg (day) = -~ 3)

For the quantification of proteins and carbohydrates,
cell rupture was performed in the autoclave. For this,
5 mg of biomass was added to 10 mL of distilled water
and autoclaved for 20 min at 121 °C. The content of
carbohydrates was determined by the phenol-sulfuric
method [38]. The carbohydrate production levels in the

cultivations (mg L' day ') were obtained through
Eq. (4) [39].

Carbohydrate productivity (mgL™" day ™)

Xf ( mgbiomassLil)'CHO ( lOli;(l;z?nass)

B t (day) @

where X is the final biomass concentration in each culture,
CHO is the carbohydrate concentration in biomass, and ¢ is the
cultivation time.

The protein content was determined as proposed by Lowry
et al. [40]. The levels of carbohydrates and proteins were

expressed on a dry basis. Moisture was determined by the
official methods of AOAC [41].
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Data Analysis

The differences between the means of the cultures were eval-
uated by the analysis of variance at a 95% confidence level,
with subsequent comparison by the Tukey test.

Results and Discussions

Effects of Cultivation Conditions on Growth,
Production, and Composition of Carbohydrates and
Proteins

Figure 1 shows the growth curves of microalgae during the
first and second stages of cultivation, corresponding to tests
with physical and nutritional stresses. The maximum specific
growth rate (fimay), generation time (z,), log phase interval,
and final productivity (Pgpne) of the biomass of each stage
are presented in Table 2.

The mean value of biomass concentration in the first culti-
vation stage, considering all tests, was 1.69+0.19 g L™". The
centrifugation process performed during the transition from the
first to the second stage resulted in a biomass loss of approxi-
mately 0.51+£0.26 g L™". The cultures did not experience ad-
aptation phases at the beginning of the first stage (Fig. 1 since
the microalgae were previously adapted to the 50% Zarrouk’s
medium, which is commonly used in the maintenance of inoc-
ulum. This situation occurs when there are not many differences
between the inoculum and the culture media [42].

The mean time of logarithmic growth of the biomass culti-
vated in the first stage was 14 + 1.28 days (generation time of
5+ 0.4 days). After the centrifugation process and insertion of
the cells into 20% Zarrouk’s medium, the generation times
were longer than those of the first stage (15 £5.5 days).

Three factors may explain the generation time increase in
the transition between stages I and II. The first factor is the
insertion of stress conditions in the second stage. The second
factor is that at the beginning of the second stage, the initial
cell concentrations were higher than those of the first stage,
causing the shading effect, which has already been reported in
the literature to result in specific growth rate reductions. The
phenomenon is known as photo-limitation and occurs due to
the shading of cells inside the medium by the surface cells
[43]. The third factor is the centrifugation process used for cell
harvesting, which consists of the collision, aggregation, and
sedimentation of biomass by a centripetal force, exposing the
cells to high gravitational and shear forces and potentially
damaging their structure [44].

In control test 2 (50% Zarrouk’s medium in the first stage
and 20% Zarrouk’s medium in the second stage, Fig. 1a), it
was verified that the reduction in the concentration of the
culture medium did not reduce the final biomass production
or the kinetic parameters of S. platensis. The i, of control
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culture 1 was 0.038+0.01 day ' with a ty of 19 days, com-
pared with a ia, 0£0.040 £ 0.01 day ' and a t, 0of 18 days in
control 2, in 20% Zarrouk’s medium (p > 0.05).

Assays performed with the addition of NaCl stress in
nutrient-limited media (20% Zarrouk’s medium) (Fig. 1b)
showed the fuma and %, to be statistically equal (p > 0.05) to
those of control assays in the second stage of cultivation.
Salinity stress did not affect biomass yield compared with
controls, indicating that higher NaCl concentrations can be
added to the medium to induce higher stresses in microalgae.
In a similar study, Alvarez-Diaz et al. [31] performed two-
stage mode cultivation, showing a maximum growth of
1.03 g L™ for S. obliquus microalgae in the first stage. The
second stage, in which salinity stress (256 mM) was applied,
did not present microalgal growth.

In the study proposed by Alvarez-Diaz et al. [45], centrifu-
gation processes were not performed, and no loss of biomass
occurred before the addition of stress. However, even if there is
a small reduction in cell productivity due to NaCl stress and
centrifugation, it is shown in the literature that higher carbohy-
drate concentrations result from cell stress, which triggers the
production of reactive oxygen species such as O,, H,O,, O,-,
and OH-. These reactive oxygen molecules are highly toxic and
are responsible for causing damage to proteins, lipids, DNA,
and other macromolecules, and also inhibit cell growth [46] and
trigger carbohydrate and lipid synthesis in microalgae.

For the tests performed with the limitation of calcium as a
stressor (Fig. 1c), the same behavior as in the tests performed
with NaCl and the control was observed during the transition
from stages I to II, but with an increase of biomass at the end of
the process. Ca-limited cultures had significantly higher Pgpq
values (p < 0.05) than those of the control cultures in 50% and
20% Zarrouk’s medium. Studies such as those developed by
Esakkimuthu et al. [47] and Hanifzadeh et al. [34] demonstrated
that optimizing the limitation of micronutrient concentrations,
such as those of Ca and Mg, triggers the synthesis of com-
pounds of interest without harming microalgal cell growth.

Iron is an essential element for the survival of all living or-
ganisms, including photosynthesizing organisms that require iron
as a cofactor in multiple elements of their electron transport sys-
tems. Iron limitations can cause photoautotrophic cells to lose
their photosynthetic capacity, thereby affecting microalgae
growth [21, 48]. In this study, S. platensis cells were not affected
by the limitation of the Fe concentration in Zarrouk’s medium
(Fig. 1d), showing no differences between Py and controls.

Mg (Fig. le), as well as Fe and Ca, when added in low
concentrations, caused an increase in biomass concentration at
the end of culture, resulting in increased biomass yields.
Although magnesium is an essential element for microalgal
biomass production as it participates in vital processes such as
ATP reactions for carbon fixation and is a constituent part of
the chlorophyll photosynthetic and particulate apparatus [49],
its scarcity did not influence S. platensis kinetics negatively.
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Fig. 1 Effects of stress conditions on S. platensis cell growth. Controls
(a); stresses by NaCl (200, 300, and 400 mM) (b); limitation of calcium
(0.006, 0.004, and 0.002 g Lfl) (¢); limitation of iron (0.0015, 0.001, and

0.0005 g L") (d); limitation of magnesium (0.03, 0.02, and 0.01 gL ™)
(e); ultraviolet radiation (2, 4, and 6 min) (f)
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Strategies such as nitrogen and phosphorus limitation in
microalgal cultures are frequently used to stimulate carbohy-
drate and lipid synthesis [16, 50]. However, research on the
limitation of micronutrients such as Ca and Mg is scarce.
Previous studies have addressed the influence of
micronutrients on the lipid composition of biomass for subse-
quent biodiesel production, as in the study proposed by
Gorain et al. (2013), where the effects of calcium, magnesium,
and salinity concentrations on the growth of the microalgae
Chlorella vulgaris and Scenedesmus obliquus were demon-
strated. The highest cellular concentrations occurred for the
highest magnesium concentrations. In both Ca and Mg deple-
tion, microalgal growth was affected.

Cultures exposed to different ultraviolet radiation du-
rations (Fig. 1f) showed growth within 2 min of expo-
sure to UV light, with a g, of 0.033 day71 and a t,
of 21 days. The lack of S. platensis growth due to UV
radiation exposure can be explained by DNA damage,
which impairs microalgal photosynthesis and growth
[51], and also by photoinhibition (inhibition of photo-
system II activity). In this mechanism, the high lumi-
nosity induces the production of reactive oxygen species
that directly inactivate the chemical reaction center PSII,
thereby inhibiting protein synthesis [52] and reducing
photosynthetic activity.

When microalgae are cultivated under stressful conditions,
they react and modify their and metabolic pathways to deal
with the stress conditions. This dynamic change in metabolic
strategy affects the composition of biomass [8].

Carbohydrate and protein quantifications were performed
at the end of the second cultivation stage. The carbohydrate
and protein contents and their respective production levels are
presented in Figs. 2 and 3, respectively.

Control 1 and 2 (Fig. 2a) showed no statistical difference
(p > 0.05) between carbohydrate contents (7.97 +0.39% to
9.93 +0.03%). Although nutrient limitation is widely reported
to promote increased carbohydrate levels in microalgal cells, in
the present study, the light intensity was more efficient at stimu-
lating the growth of microalgae and carbohydrate production.

The highest carbohydrate concentrations for this stage were
observed in the experiments with NaCl stress (Fig. 2b) at
200 mM (20.39+£0.21%), 300 mM (21.62 +0.16%), and
400 mM (23.36 £1.10%). There was no significant difference
(p>0.05) in carbohydrate content among these groups.

The combination of nutrient restriction and salinity, as per-
formed in this study, causes metabolic changes in microalgae,
resulting in the conversion of protein content to energy storage
compounds such as carbohydrates [53]. Using S. platensis
LEB 52, Margarites et al. [39] identified an increase in carbo-
hydrate content using 50% fewer nutrients and 20% more
NaCl (10 mM) in Zarrouk medium. A 400 mM NaCl concen-
tration in the culture medium increased the lipid and carbohy-
drate contents in the microalgae Scenedesmus sp. CCMN

1077, according to Pancha et al. [54], and A. dimorphus accu-
mulated 60% more carbohydrates (53.30+2.76%) than the
control cultivation when 200 mM NaCl was used in the cul-
ture medium [17].

Salinity alters the physiological and biochemical composi-
tions of microalgae and is responsible for increasing lipid and
carbohydrate levels in some species of microalgae [54].
Parallel to this, the limitation of nitrogen sources can also be
responsible for increasing carbohydrate and lipid contents in
S. platensis, as demonstrated by Salla et al. [11].

Among the main metallic nutrients, calcium was chosen for
study, mainly due to its high solubility, low toxicity in high
concentrations, and beneficial effects in many aspects of plant
physiology. Detailed metabolic responses to Ca nutrition and
metallic stress, as well as the direct impact of Ca nutrition and
its toxicity, have not been studied in detail. Studies have indi-
cated the effects of calcium supplementation, proposing that
this element may affect the accumulation of metals and meta-
bolic parameters in algae [55]. Responses regarding its use for
carbohydrate stimulation have not been sufficiently reported,
demonstrating the need for further study of the effects of cal-
cium on microalgal metabolism and biosynthesis. In our
study, Ca micronutrient limitation at the lowest proposed con-
dition (0.002 g L™") was responsible for increasing carbohy-
drate production (8.48+1.72 mg L' day ', Fig. 3c¢).

Following iron limitation, no significant effect was observed
on carbohydrate and protein levels (Fig. 2d), either on the pro-
ductivity (Fig. 3d) or in comparison with the results of the control
experiments. In a similar study developed by Sun et al. [21] that
was performed with different iron concentrations (0.056 g L™"),
there were also no significant differences found in carbohydrate
production between Neochloris oleoabundans HK-129 cultures
with varying Fe** concentrations when cultivated under nitrogen
limiting conditions and in two stages.

The three levels of magnesium limitation proposed in this
study had similar effects on carbohydrate levels and yields.
The carbohydrate yield obtained from the culture condition
with the lowest Mg concentration was one of the highest in
this study (9.75 mg L ™" day "), but it was lower than that from
conditions with NaCl (10.27 mg L™" day ') and UV radiation
for 6 min (9.80 mg L' day ™).

Regarding the other micronutrients used as limiting sources in
this study, Mg has the highest concentration in the Zarrouk me-
dium, followed by Ca and Fe (Mg > Ca > Fe). Therefore, it can
be suggested that nutrients and micronutrients that have higher
concentrations in the culture medium, when limited, result in
more significant stress to the microalgae, as has been observed
in other studies, especially regarding nitrogen and phosphorus.

Most studies involving the use of UV radiation for the
synthesis of compounds of interest have focused on the use
of UVB; however, it is believed that higher light intensities
such as UVC, which was used in this study, yield better results
in microalgae. Thus, mutagenesis via UVC can be combined
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with other stresses, such as the limitation of nutrients, to stim-
ulate the synthesis of biocomposites, as demonstrated by
Sharma et al. [56].

The exposure time to ultraviolet radiation was funda-
mental for carbohydrate accumulation in S. platensis. It
was found that in the longest exposure time (6 min), the
highest carbohydrate contents were obtained (Fig. 2f), at
19.83 £1.18%, as was one of the highest carbohydrate
production levels, at 9.80+0.58 mg L' day ' (Fig. 31).
The severity of cell DNA damage depends on the expo-
sure time to UV rays, while the DNA self-repair mecha-
nism is interrupted when kept in the dark for 24 h [18].

@ Springer

The effects of light and photoperiods are shown in Fig. 4
and Table 3. The highest growth rates were observed in the 18-
h/6-h light/dark photoperiod during the second growth stage.
This is due to higher microalgae photosynthesis activity,
which leads to increased cell growth. The i, of the second
stage was higher than that of the first stage (0.159 +
0.01 day "), and the generation time was 4 days. The produc-
tion level in the second stage was 0.13+0.02 g L™' day .
Thus, increased light photoperiods resulted in faster growth
rates and higher cell densities. The effect of higher light inten-
sity on the biochemical composition of algal photosynthesis is
controlled by processes known as photoadaptation, in which
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dynamic changes in metabolic pathways facilitate increased
cell growth [57].

Light intensity and photoperiod play important roles in the
growth and biochemical composition of microalgae. Under
high light intensities (100 pumol m * s ') and photoperiods
(18-h/6-h light/dark), the cell concentration (6.5 x 107 cells
mL ") and lipid content (31.3%) of Nannochloropsis sp. in-
creased [58]. High light intensities (150 pmol m 2 s~ ') were
also responsible for high growth rates and biomass and carbo-
hydrate yields in Ankistrodesmus falcatus. Due to the
period of exposure to light, it was observed that the
increase in the photoperiod from the 12 h/12 h regimes
resulted in a decrease in the growth rate [59].
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Even in the experiments with the shortest period of light
exposure, 6 h/18 h, a high pi,.x (0.073 £0.003 day_l) was
obtained when compared with the tests performed in the first
experimental phase (imax 0.040 £0.011 day ' for the control
2). This fact evidences the influence of higher light intensity
on the cultivation of S. platensis.

Many studies show the effects of light intensity on the
synthesis of compounds of interest, with mixed results. By
investigating the effects of light intensity (21, 42, and
63 umol photons m > s~ ') and photoperiod (8-h/16-h, 12-h/
12-h, and 16-h/8-h light/dark) on biomass production and the
biochemical composition of the N. calcicola microalgae,
Khajepour et al. [22] found that microalgae prefer low light.
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Fig. 4 Cultivation performed at a luminosity of 67.5 umol photons

m >s ' with photoperiod variation

However, most light intensity and photoperiod levels showed
no significant impact on biomass production in this study. An
increase in light intensity correlated with a reduction in protein
content and an increase in carbohydrate content. The same
was observed when the light duration (photoperiod) increased.

Intracellular carbohydrate and protein concentrations,
as well as the yields of these compounds during culti-
vation, are shown in Fig. 5. Results show higher carbo-
hydrate concentrations (31+0.20%) and carbohydrate
yields (27.84+0.18 mg L™ day ') for the photoperiod
condition with 18-h/6-h light/dark, and this was the
largest change observed of all experiments performed
in this study. These concentrations showed statistical
differences when compared with the cultures subjected
to the other photoperiod variations.

Regarding other studies using S. platensis, high carbohy-
drate yields were found using organic sources in the culture
medium, as in the study proposed by Salla et al. [11], who
reported a carbohydrate production level of 60 mg L™ day ™
using whey ultrafiltration and nanofiltration residues. High
yields were also found with the use of nitrogen source limita-
tion (8.4 g NaHCO3;) or 0.3 vvm CO, (5 min) in the study

proposed by Braga et al. [60], which resulted in carbohydrate
concentrations of 59.1% p p ' and 49.3% p p ', respectively.

Increasing the production of carbohydrates at higher light
intensities may be a method by which S. platensis controls
carbon pools and energy storage to adjust its growth under
varying environmental conditions, such as the nutrient limita-
tion used in the second stage of cultivation. Markou et al. [16]
studied light intensity (24, 42, and 60 pE m > s ') and dem-
onstrated no effect on S. platensis carbohydrate content, ex-
cept when other stressors were applied in combination, such
as phosphorus limitation. These results may indicate that com-
bined stressors must be utilized to accumulate higher carbo-
hydrate levels in cells.

In contrast to the conditions that facilitated carbohydrate
accumulation, the highest protein concentration was obtained
with 6-h/18-h light/dark conditions. However, the highest
yields were obtained in experiments with longer periods of
light exposure (18 h/6 h and 12 h/12 h), due to the effect of
light exposure on cell concentration. In general, protein con-
tent decreases, whereas intracellular carbohydrate concentra-
tions increase in response to an increase in light intensity.

Optimization of Cultivation Parameters

In the application phase of cell stress, biomass losses were
verified during the transition from the first to the second stage
of cultivation. In relation to this, multi-stage cultivation can
consume more energy compared with single-stage systems,
especially when harvesting is essential to perform the subse-
quent stage(s) [61]. Considering that the energy consumption
of the centrifugation process significantly impacts the total
production costs and that this process may also cause a decline
in cellular and carbohydrate production levels, the following
tests were performed in one stage only.

It was also verified by control assays in 50% and 20%
diluted Zarrouk medium that nutrient limitation at 20% did
not affect cell productivity; this restriction can be introduced
during the first stage of cultivation. Microalgae such as
S. platensis can adjust their nutrient absorption according to

Table 3 ALog range, maximum

specific velocity (tmax)s Experiment Stage ALog Pmax (day ™) t, (day) Productivity (g L™ day™)
generation time (Z,), and
productivity 06/18 h I stage 0-13 0.141+0.002* 5+0.07* 0.07 £ 0.011°

18 h/06 h 0-13 0.138 +0.000? 5 +0.00" 0.07 £ 0.002*

12h/12 h 0-14 0.133+0.017* 5+ 0.66" 0.07 + 0.001*

06/18 h 11 stage 0-10 0.073 +£0.003° 9 +0.44° 0.07 + 0.002°

18 h/06 h 0-6 0.159+0.006* 4+0.16* 0.13 £0.021*

12h/12 h 0-14 0.072£0.009° 10 + 1.29° 0.12 £ 0.009*

Mean values =+ standard deviation. Equal letters on the same line indicate statistical equality at a 95% confidence

level (p > 0.05)
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Fig. 5 Intracellular carbohydrate (a)
and protein concentrations (%
m/m) in Spirulina platensis
biomass at the end of the second
stage, and respective
carbohydrate and protein yields
(mg L™" day™") of cultures
subjected to higher light
intensities and photoperiod
intervals. Carbohydrate
production level (black square);
protein production level (grey
square)

Carbohydrate and Protein (%)

18h/6h
(light/dark) (light/dark) (light/dark)

availability. Therefore, they can store large amounts of a nu-
trient and grow under limiting conditions [49].

Regarding carbohydrate concentrations, the use of higher
light intensities and longer periods of light exposure positively
influenced the kinetic parameters and carbohydrate yields.
Cultures subjected to the longest period of light exposure
(photoperiod 18-h/6-h light/dark) exhibited the maximum cell
growth, due to more time available to microalgae for photo-
synthesis, which also led to the highest concentrations (31%)
and carbohydrate yields (27.84 mg L™ day ).

With the evaluated parameters taken into consideration,
subsequent assays were performed in Zarrouk 20% medium
with a light intensity of 67.5 pumol m * s ' and a photoperiod
of 18-h/6-h light/dark in a BOD incubator.

S. platensis obtained a high growth rate, approximately
2 g L', with a final yield of 0.079+0.002 g L™ day ', a
fimax OF 0.114+0.009 day ', and a generation time of 6.10
+0.50 day after 24 days of cultivation (Fig. 6). Compared with
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Fig. 6 Effect of combined stresses on S. platensis cell growth
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the results of the control trials of the first stage of this study,
productivity increased by approximately 0.030 g L™ day ',
which was accompanied by reductions in generation time and
cultivation time. The carbohydrate and protein determinations
were made after 18 days (end of the log phase, Fig. 7) and
24 days (end of stationary phase) of culture.

The highest carbohydrate concentrations were obtained at
the beginning of the stationary growth phase, reaching ~ 60%.
The carbohydrate content decreased throughout this growth
phase, as did the carbohydrate yields. A study developed by
Magro et al. [10] showed higher carbohydrate concentrations
in the declining phase of S. platensis (72%).

The carbohydrate yield obtained in the optimized cultiva-
tion was 55.85 mg L™ day '. Regarding the stress selection
step, an approximately 6-fold increase in carbohydrate levels
was observed in relation to the control cultivation in modified
20% Zarrouk, and a 10.4-fold increase was observed in car-
bohydrate yields for this same culture.

Protein concentrations remained the same throughout the
stationary phase of cultivation. Regarding the first stage of this
study, there was a reduction in protein content. Other studies
have demonstrated the effects of increased light intensity, which
gives rise to an increase in carbohydrate concentration and a
reduction in protein content, as described by Markou et al. [62].

The application of multiple stressors has been described in the
literature. Chentir et al. [63] studied an isolated strain of
S. platensis, demonstrating the metabolic flexibility of microalgae
when exposed to different light intensity ranges, NaCl levels, and
nitrogen and phosphorus concentrations. The combined culture
conditions significantly modified the composition of S. platensis.
Under high light intensity (120 pmol photons m > s ') and high
concentrations of NaCl (40 g L"), NaNO; (0.5 g L"), and
K,HPO, (0.5 g L"), the carbohydrate content was maximized
to 31.62%. The study has shown that the use of multiple stressors
can be a promising strategy for producing enriched biomass from
various compounds with high added values.

The reduction of production costs is still a parameter that
remains to be achieved in microalgal cultures, along with im-
provements in productivity. As the Zarrouk medium is one of
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Fig. 7 Intracellular carbohydrate and protein concentrations (% m/m) in
Spirulina platensis biomass during the stationary phase of growth and
their carbohydrate and protein yields (mg L™ day '). Carbohydrates
(black square), proteins (gray square); carbohydrate and protein
concentrations (a); carbohydrate and protein production levels (b).

the most widely accepted and traditionally used methods for
cultivating Spirulina [13], cost reduction can be achieved
through a combination of limited nutrients and greater light
intensities and photoperiods. Cultivating microalgae under
stress-optimized conditions can reduce the cost of cultivation
and maximize the accumulation of biocompounds of interest,
thus offering a sustainable strategy to improve biofuel produc-
tion [14]. In addition, another strategy to be considered in
future research is the use of wastewater, which, aside from
being used for the accumulation of biocomposites such as
carbohydrates, lipids, and pigments, can perform treatment
of effluents rich in organic compounds and nutrients [64—67].

Conclusions

Nutrient limitation from 50 to 20% of Zarrouk’s medium
did not affect cell growth and could be used as a tool to
stimulate carbohydrate accumulation pathways. NaCl
stress and exposure to UV radiation under nutrient-
limited conditions improved carbohydrate yields in
S. platensis, but nutrient limitation (Zarrouk 20%) com-
bined with higher light intensity (67.5 umol m 2 s~ ') and
photoperiod (18-h/6-h light/dark cycle) was a more effec-
tive strategy for this purpose. The combination of these
stresses resulted in a 6-fold increase in carbohydrate con-
tent and a 10.4-fold increase in carbohydrate yields when
compared with the 20% Zarrouk control cultivation in the
first stage of the study. From the combination of stresses,
higher carbohydrate yields were verified at the end time
of the first stage (~60% of carbohydrates in the biomass
with a production level of 55 mg L™ day "), and it was
not necessary to prolong the cultivation until the end of
the stationary phase of growth.
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