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Abstract

Despite the great potential for the industrial application of microalgae, production costs
are still too high to make them a competitive raw material for commodities. Therefore,
studying more efficient cultivation strategies in biomass production and economic viability
is necessary. In this sense, this work aimed to reduce the production costs of biomass and
biomolecules using phytohormone indole-3-acetic acid in different phases of Spirulina sp.
LEB 18 cultivation. The experiments were conducted on bench scale indoor for 30 days. In
each couple of experiments, the phytohormone was added on different days. The supple-
mentation of indole-3-acetic acid on half of the growth deceleration phase of the microalga
showed a cost reduction of 27%, 34%, and 75% for biomass, proteins, and carbohydrates,
respectively. In addition, the strategy increased the final biomass concentration and carbo-
hydrate content at 31.2 and 33.8%, respectively, compared to the condition without phyto-
hormone. This study is the starting point for implementing phytohormone supplementation
in industrial microalgal cultures.

Keywords Carbohydrate - Fed-batch cultivation - Indoor culture - Microalga -
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Introduction

Interest in microalgae has increased mainly due to its potential for applications in different
economic sectors, such as human food [1], animal feed [2], cosmetics, pharmaceuticals
[3], building materials [4, 5], and biofuels [6]. In addition, these microorganisms can be
a source of high value-added compounds, such as carotenoids [7], biopolymers [8], sul-
fated polysaccharides [9], and polyunsaturated fatty acids [10]. Spirulina is a microalgae
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genus that stands out in commercial cultivation and is the most studied prokaryotic micro-
algae globally [11]. This species can be successfully grown in open ponds since it has the
ability to grow in highly selective environments, for example, at high pH and temperature
[12]. Market opportunities for microalgae applications focus on high value-added products,
as production costs are too expensive to make microalgae a competitive raw material for
commodities [13]. As a result, it has been studied as an alternative to reduce the cultiva-
tion medium price [14, 15] or to improve biomass production systems, like supplement-
ing microalgal cultures with phytohormones [16-22]. Phytohormones play control roles
in plants, algae, and microalgae [23]. Studies also have shown that using these substances
in microalgal cultivation can modify metabolic pathways, favoring the synthesis of com-
pounds of interest, such as carbohydrates, proteins, and lipids [21, 22, 24].

The use of phytohormones in microalgal cultivation is related to increased produc-
tion costs since it is an expensive input, despite being used in small quantities. Because
of this, some studies have focused on evaluating the economic feasibility of this strategy.
Park et al. [17] analyzed the economic viability of growing Chlamydomonas reinhardtii
supplemented with phytohormones compared to a synthetic control medium. This study
showed that the cost of biomass production using indole-3-acetic acid (IAA) was lower
(approximately US$ 0.15 per gram) than without phytohormones. Salama et al. [19] also
showed that the cost of biomass production of the microalga Scenedesmus obliquus supple-
mented with TAA (US$0.39 per gram) was lower than that of the standard culture medium
(US$0.78 per gram). Silveira et al. [22] have added 0.1 mg L™ IAA in the Spirulina sp.
LEB 18 cultivations. In these conditions, the authors reported cost reductions of 41, 47, 55,
and 19% in biomass, protein, carbohydrate, and lipid production, respectively.

Research on microalgae supplementation is based on cultivations conducted in batch
mode, in which phytohormones are added to the culture medium at the beginning of the
process [16, 21, 22]. However, it is known that the production of phytohormones by differ-
ent microalgae occurs at various stages of microalgal growth [25] and that microalgae only
produce phytohormones when needed for their growth. Otherwise, they are conjugated to
other substances or degraded [26]. Thus, cultivation in fed-batch form can allow phytohor-
mones to be supplemented just when they are needed.

As the growth phase of microalgae in which there is a greater need for phytohormones
is not always the initial stage, by supplementing the substances in different cultivation
periods, the microalgae can obtain a more significant benefit in the final concentration
of biomass since supplemented IAA at the correct stages of cultivation prevents the phy-
tohormone from being converted into other substances or degraded [27]. Furthermore,
phytohormones in the proper microalgal growth phase can make the supplementation of
microalgal cultivation an economically viable strategy. In this sense, this work aimed to
define the growth phase of the microalga Spirulina sp. LEB 18 by adding the phytohor-
mone indole-3-acetic acid (IAA), which stimulates an increase in biomass concentration
and reduces the production costs of biomass and biomolecules.

Materials and Methods
Microalga and Phytohormone

The experiments were carried out using the microalga Spirulina sp. LEB 18. It was
obtained from the strain bank of the Biochemical Engineering Laboratory (LEB) of the
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Federal University of Rio Grande (FURG). This strain was originally isolated from Man-
gueira Lagoon (latitude 33°31'08" S and longitude 53°22'05” W) [28] and cultivated in
Zarrouk medium [29]. The commercial phytohormone IAA (Sigma-Aldrich, Brazil, 98%)
was added to the experiments from 0.1 mg mL~' stock solution with 0.1% (v v™') sodium
hydroxide (NaOH).

Cultivation Conditions

To evaluate which growth phase of the microalga is most suitable for adding the phytohor-
mone, six experiments were carried out with 0.1 mg L™! TAA [23] on different days. The
experiments were called DO, D5, D10, D15, D20, and D25, which refer to the days when
the phytohormone was added to each one: days 0, 5, 10, 15, 20, and 25, respectively. A
control experiment (C) was also carried out in which phytohormones were not added.

The experiments were carried out for 30 days in duplicate in batch (C and D0) and fed-
batch (D5, D10, D15, D20, and D25) forms in 0.5-L Erlenmeyer-type bioreactors, with
a useful volume of 0.4 L, initial biomass concentration of 0.2 g L', and replacement of
evaporation with sterile distilled water over time. The cultures were carried out in a cul-
ture chamber maintained at 30 °C with a photoperiod of 12 h light/dark [30], a luminous
intensity of approximately 60 pmol m~2 s~! provided by fluorescent lamps, and agitation
by injecting sterile compressed air. At the end of the experiments, the biomass was centri-
fuged (Hitachi, Himac CR-GIII, Japan) at 2000 X g for 20 min, washed to remove the salts,
frozen at —80 °C, lyophilized for 48 h, and stored at —20 °C until characterization.

Cultivation Monitoring

The biomass concentration was determined at the beginning and end of the cultivations by
reading the optical density at 670 nm in a spectrophotometer (Shimadzu UV/VIS UVmin-
1240 spectrophotometer, Japan), with a calibration curve that relates optical density to dry
biomass mass [28, 31]. In addition, at time zero and the end of 30 days, the cell morphol-
ogy was evaluated under an optical microscope (AxioCan ERc 5 s Microscope camera,
Zeiss, Germany), and the pH of the cultures was determined using a digital pH meter (Met-
tler Toledo FiveGo, Switzerland).

Biomolecule Quantification

Lipids were extracted from the lyophilized biomass by the organic solvents chloroform and
methanol (chloroform-to-methanol ratio, 1:2). Lipid quantification was performed colori-
metrically using a tripalmitin standard curve [32].

Before analyzing carbohydrates and proteins, the lyophilized biomasses were treated to
break the cell wall and release the intracellular material with the aid of an ultrasonic probe
(Cole Parmer, CPX 130, USA). Extracts were prepared by adding 5 mg of lyophilized bio-
mass in 10 mL of distilled water and sonicating with 10 operating cycles (59 s on/off).

The total carbohydrate content was determined using the phenol-sulfuric method
[33] with a standard glucose curve. Protein content was quantified using the colorimetric
method described by Lowry et al. [34] using bovine serum albumin as a standard and with
a previous step of protein solubilization with sodium hydroxide (NaOH). Biomass moisture
was determined using the official AOAC methodology [35].
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Analysis of Biomass and Biomolecule Production Costs

Although there are many factors (energy, harvest, labor, among others) contributing to
the cost of producing biomass and biomolecules, in this study, except for the addition
of phytohormone, no other cultivation modification was performed. Therefore, only the
costs of the culture medium with and without phytohormone were considered since all
other factors were equal.

The prices of the IAA phytohormone (98%) and of all other reagents (ACS-grade
reagents) that made up the culture medium used in this study (Table S1) were obtained
from the Sigma-Aldrich website on December 23, 2021. The cost for producing the
microalgal biomass, as well as for the biomolecules, was calculated using the equation
described by Park et al. [17]: Cost (US$/g)=((AB)+ C)/D, where A is the amount of
IAA added per liter of culture medium (mg L™"), B is the IAA price (US$ mg™"), C is
the price of the culture medium (US$ LY, and D is the final concentration of biomass
or biomolecules produced at the end of the cultivation (g L™!).

Statistical Analysis

The results were analyzed in triplicate by analysis of variance (ANOVA) and Tukey’s
test for comparison of means, with a confidence interval of 95% (p <0.05).

Results and Discussion

Effect of IAA Supplementation in Different Phases of Spirulina Growth on the Final
Biomass Concentration

The microalga cultivation phase in which IAA was supplemented affected the final bio-
mass concentration (Fig. 1). Phytohormone supplementation on days 5 and 15 of culti-
vation generated higher biomass concentrations than the other conditions. These results
showed an increase of 30.4 and 31.2%, respectively, compared to the experiment with-
out the addition of phytohormone. In addition, these conditions were also superior to
the state with IAA supplementation on day 0 (D5 at 7.8% and D15 at 8.5%), the condi-
tion most commonly used for microalgal cultivation with phytohormone supplementa-
tion [16, 21, 22].

It can be reasonably assumed that the fifth day of cultivation corresponded to the
exponential growth phase of the microalga and the 15th day to half of the growth decel-
eration phase (Fig. 2). Thus, it can be suggested that the addition of IAA in these growth
phases of the microalga Spirulina sp. LEB 18 provided higher final biomass concen-
trations than phytohormone supplementation in the other 30-day cultivation periods of
this microalga. If IAA is supplemented in cultivation phases where it is not needed for
microalga growth, the phytohormone is converted into other substances or degraded.
According to Sztein et al. [27], excess IAA is converted into storage conjugates, includ-
ing indole-3-butyric acid, sugar-linked IAA esters, and amino acid— and peptide-linked
amides of TAA. On the other hand, degradation can occur through two pathways: a
decarboxylative pathway to indole-3-carboxylic acid or a nondecarboxylative pathway
involving the oxidation of the indolic ring.
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Fig. 1 Final biomass concentration in experiments supplemented with IAA at different growth stages of
Spirulina sp. LEB 18. *Different letters on columns represent a significant difference (p <0.05) between
conditions. **Results are presented as the mean + standard deviation (n=6)
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Similarly, Renuka et al. [18] obtained different maximum biomass productivity
when phytohormones were supplemented in different phases of microalgal growth. The
authors cultivated Acutodesmus obliquus in BG 11 medium for 14 days, with nitrogen
limitation and the addition of cytokinin-type phytohormones (1 mg L~! kinetin and
0.1 mg L~! zeatin) in the lag growth phases (day 0), initial log (day 3), and intermedi-
ate log (day 7). The experiments with kinetin had higher biomass productivity when
supplemented in the intermediate log phase (165 mg L~! day™'). In comparison, the
cultures with zeatin showed maximum productivity with the addition of the phytohor-
mone in the initial log phase (176.79 mg L™ day™"). This increase in productivity can
be explained by phytohormones stimulating photosynthetic activity. When kinetin was
added to the cultivation in the intermediate log phase and zeatin in the initial log phase,
the cultures showed a higher relative electron transport rate (rETR), 52.4 and 63.1,
respectively, compared to experiments with supplementation of phytohormones in other
stages of growth.

In addition, Park et al. [17] found different maximum cell concentrations according to
the microalga growth phase in which phytohormones were supplemented. The research-
ers cultivated Chlamydomonas reinhardtii CC124 in TAP medium supplemented with the
phytohormones IAA (3 mg L"), gibberellic acid (1 mg L"), kinetin (5 mg L"), 1-triaco-
ntanol (10 mg L"), and abscisic acid (10 mg L™!). When abscisic acid was added to the
culture in the lag phase, the maximum cell concentration was reduced (approximately 0.7 g
L") compared to the culture without the addition of phytohormones (approximately 1.0 g
L~!). The supplementation of other substances in this same phase had no significant effect.
On the other hand, the authors observed a significantly increased maximum cell concentra-
tion (approximately 1.2 g L™') when gibberellic acid and kinetin were added to the experi-
ments at the beginning of the stationary phase.

The performance of phytohormones, depending on the microalgal strain and supplemen-
tation concentration, is consistent. The results presented in the studies mentioned above
for Acutodesmus obliquus [18] and Chlamydomonas reinhardtii CC124 [17], in addition
to the evidence in this study for Spirulina sp. LEB 18, demonstrate the importance of sup-
plementing phytohormones in an adequate growth phase of microalga to increase the final
biomass concentration.

Effect of IAA Supplementation in Different Phases of Spirulina Growth
on the Biomolecule Content

The protein portion of the biomass of Spirulina sp. LEB 18 showed no significant differ-
ence among most conditions tested (Table 1). Carbohydrates were the biomolecules that
had the most significant change in content (Table 1). When comparing the control culture
with the results of the experiments in which TAA was added on half of the growth decel-
eration phase (D15) and stationary phase (D25), an increase of 33.6 and 33.8% in carbo-
hydrate content was obtained, respectively. Furthermore, when comparing these results to
the experiment in which the phytohormone was added at the beginning of the cultivation
(DO0), as supplementation is usually carried out, an increase of 66.2% in the content of this
biomolecule was observed (D25). Carbohydrate production was stimulated when IAA was
made available to Spirulina sp. LEB 18 in the final phases of its growth.

Lipid production was not stimulated by supplementation with 0.1 mg L™' TAA at differ-
ent growth phases of Spirulina sp. LEB 18. However, the concentration of IAA used in this
study is not adequate to stimulate the production of lipids by this strain. Silveira et al. [22]
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Table 1 Protein, lipid,

Sample Protein Carbohydrates Lipids

and carbohydrate contents (% wiw DW) (% wiw DW) (% wiw DW)

determined in Spirulina sp.

;‘i‘; lifnzﬁgtvlifd with TAA Control  67.81°°+3.46 15.48"¢ 0,47 13.834+0.93

‘ DO 73.58*+1.56 12.75°+1.00 10.28*+1.49
D5 71.87*°+£2.06 14.03°+0.74 1275+ 1.41
D10 69.40°+0.62 16.41°¢+0.40 13.68*+0.56
D15 69.50*°+2.59 19.14**+0.21 11.07*+1.90
D20 72.98*+4.05 16.02°¢+1.16 10.70* £0.67
D25 64.67°+0.44 21.19*+2.37 12.07* +1.68

Different letters superscripted in the same column represent a signifi-
cant difference (p <0.05) for each response. The results are presented
as the mean =+ standard deviation (n=12)

DW dry weight

reported that adding 0.01 mg L™' IAA to Spirulina sp. LEB 18 resulted in positive effects
on lipid production (24%). The higher concentrations of IAA used in that study (0.1, 1, and
10 mg L") resulted in approximately 13% higher lipid content. Thus, it is believed that if
IAA were used at a concentration of 0.01 mg L™! in the current study, supplementation at
different growth phases of Spirulina sp. LEB 18 could help define the form of IAA supple-
mentation with better results for lipid production.

When IAA was added to the experiment on half of the growth deceleration phase (D15),
the best composition of the biomass was reached. Under this condition, an increase in car-
bohydrate content was obtained, in addition to a high concentration of biomass (4.0 g L ™),
as described in the previous section. These results, added to those described in the litera-
ture [17, 18, 20, 22], indicate that different supplementation strategies, such as the type of
phytohormone, microalgal growth phase in which the phytohormone is added to the cul-
ture, supplementation concentration, and frequency of sampling from the cultivation, influ-
ence the composition of the microalgal biomass. Therefore, these cultivation conditions
can be manipulated to obtain the microalgal biomass composition of interest. This manipu-
lation possibility is enhanced by phytohormone supplementation, a versatile strategy that
can be implemented in many microalgae-based products.

Analysis of Biomass and Biomolecule Production Costs of Spirulina Supplemented
with IAA

Although TAA supplementation increases the price of a liter of Zarrouk medium by US$
0.004 (from US$ 0.8677 to 0.8681), the production cost of 1 g of Spirulina sp. LEB 18 in
any of the conditions with the addition of 0.1 mg L™ phytohormone was inferior compared
to the cultivation without supplementation since the biomass concentration was increased
in the TAA cultures (Table 2). The biomass production costs with IAA supplementation on
half of the growth deceleration phase (D15) were reduced by 31.5%. These conditions had
a cost reduction of US$ 0.06 per gram of biomass produced when compared to the control
condition. This is because IAA supplementation on days 5, 15, and 25 increased the final
microalgal biomass concentration by approximately 30% compared to cultivation without
supplementation.
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Table 2 Cost of production of biomass and biomolecules in cultivations with and without IAA phytohor-
mone supplementation

C DO D5 D10 D15 D20 D25
Final biomass concentration (g LY 3.06 3.70 3.99 3.61 4.01 3.30 3.88
Protein concentration (g LY 2.24 2.72 2.87 2.55 3.00 2.58 2.51
Carbohydrate concentration (g L™") 0.48 0.47 0.56 0.59 0.85 0.62 0.84
Lipid concentration (g L") 0.44 0.38 0.51 0.55 0.45 0.40 0.47
Biomass cost (US$/g biomass) 0.28 0.23 0.22 0.24 0.22 0.26 0.22
Protein cost (US$/g protein) 0.39 0.32 0.30 0.34 0.29 0.34 0.35
Carbohydrate cost (US$/g carbohydrate) 1.79 1.84 1.55 1.46 1.02 1.40 1.03
Lipid cost (US$/g lipid) 1.96 2.28 1.71 1.57 1.93 2.16 1.85

This cultivation strategy presents significant cost savings industrially since it repre-
sents US$ 60 less in kilograms of produced biomass. For example, for a company pro-
ducing Spirulina biomass for human consumption located in southern Brazil, which pro-
duces approximately 0.4 t of biomass per year [12], the use of phytohormones would save
approximately US$27,000 annually.

It is also important to emphasize that this study used ACS-grade reagents to carry out
the cultivation and cost analysis. Large-scale production uses bulk reagents, which reduces
production costs. In the study by Park et al. [17], the production of 1 g of Chlamydomonas
reinhardtii biomass with TAA supplementation was US$ 0.45 when using ACS-grade rea-
gents. On the other hand, when the microalga was cultivated under the same conditions
using bulk reagents, the production cost was US$ 0.024 per gram of biomass.

In addition to biomass production, biomolecules are also highlighted in the microalgae
industry, as they are potential raw materials for other products. In this study, it was possi-
ble to reduce the production costs of proteins, carbohydrates, and lipids extracted from the
biomass of the microalga Spirulina sp. LEB 18 from cultures supplemented with the JAA
phytohormone (Table 2). Supplementing IAA on half of the growth deceleration phase of
culture (15th day) reduced the cost of protein and carbohydrate production by 34.5% and
75.5%, respectively, compared to the control condition. Since carbohydrates were the bio-
molecules that increased their concentration the most with phytohormone use, they also
showed the most significant reduction in production costs based on the strategy used. How-
ever, the biomolecules with the lowest production cost are proteins, representing the bulk
of the microalgal biomass.

Lipids contained in Spirulina sp. LEB 18, despite representing the lowest content of
microalgal biomass biomolecules and not increasing their concentration due to supple-
mentation, showed significant cost reduction with this strategy due to the increase in bio-
mass production. The experiment with IAA supplementation on the 10th day of cultivation
showed production values 24.8% lower than the control condition. However, two condi-
tions in which phytohormone were used had higher lipid production costs than the control
condition without supplementation: the condition in which IAA was added to the culture in
the beginning (point 0) as microalgal culture is usually carried out with phytohormone sup-
plementation and the condition with supplementation on day 20.

These results show that the use of phytohormone to increase the production of bio-
mass and microalgal biomolecules can be advantageous in production costs, depending on
how the strategy is used. This is an essential finding of this initial study before the use
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of phytohormones for large-scale cultivation since the economic impact of the use of any
new strategy must be considered before its implementation in industrial production. Fur-
thermore, it should be taken into account that the IAA used in this study is of high purity,
which increases the costs of all products of this experiment. However, the large-scale pro-
duction of microalga using bulk reagents and phytohormones must be further investigated.
According to Park et al. [17], the use of phytohormones with different purities does not
have other effects on the production of biomass and microalgae biomolecules. Neverthe-
less, it is an essential factor in cost reduction.

Conclusion

The cultivation of Spirulina sp. LEB 18 with IAA supplementation has been most effective
when the TAA is added to half of the growth deceleration phase of cultivation. Under this
condition, the costs of producing 1 g of biomass, proteins, and carbohydrates were reduced
by 27, 34, and 75%, respectively. IAA supplementation in this phase of microalgal growth
stimulated an increase in biomass and carbohydrates at 31.2 and 33.8%, respectively, com-
pared to control cultivation. This study is the starting point to prove that the supplementa-
tion of phytohormones in microalgal cultures can be a viable strategy to increase produc-
tion efficiency and reduce costs during industry implementation.
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