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ORGANIC HETEROTROPHIC MEDIUM FOR CHLORELLA VULGARIS: FORMULATION AND VALIDATION

The industrial production of microalgae is a practice under development and has become
very promising, having various applications, such as the food industry, cosmetics, biofuels and
wastewater treatment. Microalgae are preferably photosynthetic organisms. However, there are
some with the capacity of growing using of organic carbon sources, i.e. hetero and mixotrophically.

The most commonly used carbon source is glucose, due to its simplicity and energy potential.

The objective of this thesis was to formulate an heterotrophic medium for Chlorella vulgaris,
suitable for organic certification in accordance with European legislation. In relation to the biomass

produced from this medium, it should meet Allmicroalgae requirements.

Initially, ammonia concentrations in the MNBIO growth medium was optimized. Yeast
extract was also tested, however, cultures achieved growth values below those obtained with
MNBIO medium. As carbon sources, a hydrolyzed sugar with organic certification, together with a
sterilization by filtration or sterilization by autoclavating were tested. The organic sugar sterilized by
filtration was selected once, there were no statistically significant differences between C. wuigaris
growth. Potassium bicarbonate was selected against calcium bicarbonate and sodium bicarbonate
as a buffer to use during fermentation process. With this optimized heterotrophic medium, it was
possible to obtain an organic medium suitable for the C. wuigaris growth, taking into account the

European legislation.

The optimized medium was tested in a 7 L bench-top fermenter, achieving dry weights of
39.2 + 7.3 g L'L. These fermentations had productivities and global growth rate of 15.5 + 1.4 g -
1d1l and 1.68 + 0.23 d!, respectively. In relation to biochemical analysis, the protein and

chlorophyll content obtained were 22.9 + 11.8 % and 9.76 + 1.90 mg glyy, respectively.

Comparing the results obtained with the inorganic production of Allmicroalgae for C. vulgaris, in
terms of productivity and protein content are lower for the organic medium studied, but higher in

the chlorophylls content.

KEYWORDS

Chlorella vulgaris; Heterotrophy; Industrial cultivation; Organic Certification EU



MEIO BIOLOGICO HETEROTROFICO PARA CHLORELLA VULGARIS. FORMULAGAO E VALIDAGAO

A producao industrial de microalgas é uma pratica em desenvolvimento e que se tem
tornado bastante promissora, tendo varias aplicacdes, como a industria alimentar, a cosmética,
0os biocombustiveis e o tratamento de aguas residuais. Microalgas sao organismos
preferencialmente, fotossintéticos. No entanto, existem algumas microalgas com capacidades para
crescerem usando fontes de carbono orgéanicas, isto &, crescimento heterotréfico e mixotréfico. A
fonte de carbono mais utilizada é a glucose, devido a sua simplicidade e ao seu potencial

energgtico.

Esta tese teve como objetivo a formulacdo de um meio heterotréfico para a Chlorella
vulgaris, apto para certificacdo biolégica, de acordo com a legislacdo europeia, devendo a

biomassa produzida com este meio satisfazer as necessidades da Allmicroalgae.

Inicialmente, a concentracao de amonia foi otimizada no meio MNBIO. Foi igualmente
testado extrato de levedura, contudo, as culturas alcancaram valores de crescimento inferiores aos
obtidos no meio MNBIO. Testou-se um acucar biologico hidrolisado como fonte de carbono, em
conjunto com uma esterilizacao (por filtracdao ou na autoclave). O acucar biologico esterilizado por
filtracdo foi o selecionado, ndo havendo, diferencas estatisticamente significativas entre os
crescimentos da C. vulgaris. Selecionou-se bicarbonato de potassio, em detrimento do bicarbonato
de calcio e de sodio, como tampao para usar durante o processo de fermentacdo. Com o meio
biologico otimizado, foi possivel obter um meio bioldgico adequado para o crescimento da C.
vulgaris, tendo em atencao a legislacdo Europeia. O meio otimizado foi testado no fermentador de
bancada de 7L, alcancando pesos secos 39.2 + 7.3 g Ll. Estas fermentacdes tiveram
produtividades e taxas de crescimento global de 155 + 1.4 g L'l dle 1.68 + 0.23 d,
respetivamente. Em relacao a analise bioquimica, o contelido proteico e de clorofilas obtido foi de

229+ 11.8%e 9.76 + 1.90 mg gy, respetivamente. Comparando os resultados obtidos com

0s da producdo inorganica da Allmicroalgae para a C. wuigaris, em termos de produtividades e
conteudo proteico foi inferior para o meio biolégico estudado, mas superior em termos de

clorofilas.
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1. CONTEXTUALIZATION

1.1. SECIL/ALLMICROALGAE

The work of this dissertation was done at Allmicroalgae, located in Pataias, Alcobaca. This
is part of the SECIL group, the largest producer of Portuguese cement with operations in four
continents always with an established sustainability policy that seeks new applications to factory

wastes, including CO, and heat.

SECIL's microalgae project started at laboratory and pilot scale, with the development of
the company’s unique technology. Today, SECIL, through Alimicroalgae, has almost 10 years of
experience in microalgae research, production and application. The company mission is to develop
the various markets that use and intend to use microalgae as a natural source of nutrients and
phytochemicals both nationally and internationally. This business is developed based on the
properties of each microalgae, and its potential in various applications, such as, dietary
supplements, food products for human consumption, feed and cosmetics. However, the initial and

main objective would be to sequester part of the carbon dioxide (CO,) emitted by neighboring
SECIL cementer company, “Fabrica Cibra-Pataias”, since this industry emits a lot of CO, in the

manufacture of cement.

Figure 1 — Aerial view of Allmicroalgae.



The microalgae sold by Allmicroalgae comes from a production facility (Allmicroalgae)
which is certified according to ISO 9001, ISO 22000, I1SO 14001, OSHAS 18001 and Hallal. It is
also noteworthy that Allmicroalgae already has the study and development of the industrial growth
of several species such as Chlorella wulgaris, Nannochloropsis oceanica, Phaeodactyim
tricornutum, Tetraselmis chuiiand Scenesmus sp. The products may be supplied as powder or as
paste. The biomass produced at Allmicroalgae results mainly from closed systems, either in

photobioreactors or in fermenters.

1.2. Research aims

The main goal of this dissertation is the formulation of an heterotrophic organic medium
for the production of Chiorella vuigaris and to verify that the characteristics of the resulting biomass
meets the needs of Allmicroalgae. Thus, it was necessary to study several media to be applied
bearing in mind that it should comply with the rules for organic production in the European Union.
In addition, it was also important to analyze the differences obtained from inorganic (already
existing) to the organic production developed, in terms of biochemical characteristics of the

biomass.

1.3. Thesis outline
The present dissertation is organized in 5 chapters, as follows.

In Chapter 1, a brief description of the history and work developed by Secil/Allmicroalgae

and the main objectives of this thesis are described.

In Chapter 2, a critical review of the literature is presented, addressing the main
characteristics of microalgae and their applications. Information of the Chlorella vulgaris and
microalgae growth technologies is also discussed. In the context of an organic certification

approach, there is also a review of the European legislation on organic production.
In Chapter 3, the methodologies, materials, reagents and equipment are mentioned.

In Chapter 4, the work carried out is qualitatively evaluated, considering the initially

imposed objectives. The results obtained are mentioned, together with a discussion about them.



In chapter 5, the final considerations are made, together with the limitations encountered

during the execution of the experiments and suggestions for future work.



2. INTRODUCTION

2.1. Microalgae

Microalgae are unicellular organisms whose size can range from nanometers to
millimeters, with a simple structure, which makes them organisms with high technological potential
(Mata, T. M., Martins, A. A., Caetano, 2010; Drews- ef a/,, 2013; Jankowska, Sahu and Oleskowicz-
Popiel, 2017). They are typically photosynthetic autotrophic organisms, using light energy and
inorganic nutrients to synthesize components, such as lipids, proteins, carbohydrates, pigments,
among others (Markou and Nerantzis, 2013). Nevertheless, some microalgae species have the
ability to grow with organic carbon source supplementation through heterotrophic and mixotrophic
metabolic pathways (Perez-Garcia et a/., 2011). In addition, they are versatile organisms as they
tolerate a wide range of temperatures, salinities, pH values and light intensities (Khan, Shin and

Kim, 2018).

Microalgae, due to their simple cellular structure and the diverse environment in which

they live, are more efficient in nutrients, water and CO, exchanges than plants, and, consequently,

they reach higher rates of conversion of cellular energy to biomass. It should also be noted that
they are found in the marine environment, fresh water and soil, accounting for at least 60% of

Earth's primary production (Benedetti ef a/., 2018).

Due to microalgae’s great adaptability to different physico-chemical conditions, they have
developed a defense strategy producing new secondary metabolites, i.e. natural bio-products,
including polysaccharides, proteins, amino acids (for example, glutamine and asparagine), fatty
acids (such as linoleic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)),
pigments (such as {3 - carotene, astaxanthin), vitamins and antioxidants, as shown in Figure 2
(Khan, Shin and Kim, 2018; Mobin, Chowdhury and Alam, 2019). Due to this high metabolic
production, microalgae are presented as new model organisms for a wide range of biotechnological
applications, such as biodiesel, health supplements, pharmaceuticals, and cosmetics (Demirbas
and Fatih Demirbas, 2011; Enzing et a/, 2014; Jha et al., 2017; Joshi, Kumari and Upasani,
2018). From an environmental point of view, some species have shown potential in wastewater
treatment, with the removal of organic matter and assimilation of nutrients from effluents, and in

atmospheric CO, mitigation (Benemann, 1997; Queiroz et al, 2007; Pires et al, 2012).

Microalgae are microorganisms that represent a renewable and sustainable raw material, and



therefore, a new focus has been given to the biorefinery concept as being of potential interest

(Khan, Shin and Kim, 2018).

Light Stress conditions
\ . [ ammeeend Human food
) % Direct use
Microalgae culture Animals fodder
/ e ] Food supplements
CO2
Biofuels Bio products
Poly unsaturated fatty
acid
Antioxid
l l s Coloring Agents
Solid Liquid Gaseous —Vitamins
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vegetable oil)
Antimicrobial drugs

Figure 2— Possible compounds resulting from microalgae biomass production under stress conditions, following the biorefinery
concept. Adapted from Khan et al., 2018.

2.2. Technologies for microalgae cultivation

Microalgae growth characteristics are significantly dependent on the cultivation conditions
applied. Metabolically, it is possible to use the photosynthetic route in photobioreactors or the
respiratory route in heterotrophic bioreactors. In addition, these mechanisms can be combined in

mixotrophy (Ahmad ef a/., 2011; Amaro, Guedes and Malcata, 2011).

The cultivation of microalgae by a photoautotrophic mechanism can mitigate CO,
emissions from human activities. It is estimated that 100 tons of microalgae biomass production
result in around 183 tons of CO, fixation (Rodolfi ef al, 2009; Kumar ef al., 2010). On the other
hand, heterotrophic cultivation also has a high potential for mitigating environmental impacts.

These impacts are caused by effluent emissions from industrial processes and effluents can

represent good nutrient medium for the microalgae growth (Khademi et a/., 2014).



2.2.1. Autotrophic Cultivation

In photosynthetic systems, biomass production is accomplished through the conversion of
carbon dioxide, light energy and inorganic nutrients to oxygen and biomass (Davis, Aden and
Pienkos, 2011). In terms of configuration, photosynthetic cultivation allows the use of open and
closed systems. For microalgae growth there is a variety of open and closed reactor systems, where
the main objective is the continuous maintenance of the microalgae conditions taking into

consideration optimum conditions of productivity (Richmond, 2000).

In open systems, microalgae productions are directly exposed to the atmosphere. These
are the cheapest option for large-scale biomass production since they have low cost of construction,
installation, maintenance and are easy to operate (Jankowska, Sahu and Oleskowicz-Popiel, 2017).
The most commonly seen open reactors are rectangular and circular tanks and raceway types

(Figure 3).

Figure 3— Open systems for microalgae production. A: Circular pond located at the An-Nan campus, National Cheng Kung
University, Taiwan (Chang et al., 2018); B: Raceways located in Qualitas farm, New Mexico (Nordrum, 2018); C: Raceway pilot
scale installed in Allmicroalgae, Pataias, Portugal.



Unlike the open systems, closed photobioreactors aim at the maintenance of an axenic
culture of microalgae. This system, where contact with the atmosphere is significantly reduced or
non-existent, is characterized by the regulation and control of most biotic and abiotic parameters

(Suali and Sarbatly, 2012). Water, necessary nutrients and CO, are provided in a controlled way,

while oxygen has to be removed (Barad, 2007). Closed photobioreactor design configurations
include horizontal or tubular, bubble column, air-lift, flat panel and stirred tank, as can be seen in
Figure 4 (Pereira, C.M.P.; Hobuss, C.B.; Maciel, J.V.; Ferreira, L.R.; Pin, 2012). Tubular
photobioreactors are one of the most suitable types for outdoor production (Molina ef a/,, 2001).
The design of PBRs for photoautotrophic cultivation maximizes the exposure to light irradiation to
provide microalgae cells in order to ensure the optimum photosynthetic conditions. (Rodolfi ef af.,
2009). However, this strategy has difficulties to achieve high biomass densities since light
penetration is inversely proportional to cell concentration (Borowitzka, 1999; Grima, Acie and

Chisti, 1999).

il

Figure 4— Different closed system production of the microalgae biomass, A: Inaustrial Tubular Photobioreactor; B: Bubble
Column Reactors in laboratory scale,; C: Flat Panel Photobioreactor; D: Tubular Photobioreactor in pilot scale. Pictures were kindly
provided by Allmicroalgae, Pataias, Portugal.



2.2.2. Heterotrophic Cultivation

While most algae grow photo-autotrophically, some have the ability to grow
heterotrophically using organic substrates as a source of energy and carbon (Singh and Dhar,
2011). This type of metabolism mostly happens in the dark and so it is expected that the necessary
carbon sources used to grow microalgae, substrate or intermediate energy metabolism pathways,
might substitute for the carbohydrates produced during photosynthesis (Chen and Chen, 2006).
Heterotrophic microalgae are grown in stirred tank bioreactors, commonly known as fermenters,

and they provide a high degree of growth control in a sterile environment (Figure 5).

Figure 5— Fermenters with a working volume of: (A): 7L, (B): 200L, (C): 5000L. Pictures were kindly provided by Allmicroalgae,
Pataias, Portugal.

Thus, the ability to grow heterotrophically is present in several microalgae genes and is
mainly related to the following characteristics (Wen and Chen, 2001; Chen and Chen, 2006;
Morales-Sanchez ef al,, 2013):

e Ability to divide quickly in sterilized medium;
e (Cellular permeability to organic carbon source;
e Active transport of organic carbon source:

e Resistance to induced hydrodynamic stresses in fermenters.

Heterotrophic systems operate in the absence of light, and for this reason, conventional

industrial materials can be used in the construction of bioreactors, allowing for a simpler scale-up

8



as smaller surface/volume ratios can be used (Brennan and Owende, 2010). In addition,
heterotrophic systems offer the possibility of greatly increase cell density and productivity
(Riesenberg and Guthke, 1999; Miao and Wu, 2006; Shen et al., 2010; Xiong et a/., 2010). Optimal
growth and production can be easily maintained and axenic culture, through sterilization of the

medium and reactor (Chen F, 1996).

A crucial factor for this type of cultivation is the oxygen supply because oxygen limitation
lowers the growth rate and yields of microalgae. All heterotrophic microalgae are aerobic and the
denser the culture, the greater the oxygen demand (Chojnacka, K.; Marquez-Rocha, 2004). In

aerobic fermentation processes, volumetric oxygen transfer coefficient, 4,4, is an important

parameter, which is related to the agitation speed, aeration rate, geometrical characteristics the

vessel, medium composition and the microalgae morphology. For example, 4;a can be improved

by increasing agitation and aeration, since microalgae are, traditionally, resistant due to their cell

wall (Tobajas and Garcia-Calvo, 2000; Zhou et a/., 2018).

Another crucial parameter is the pH of the culture medium, as it tends to decrease mainly
in the exponential phase of growth. This happens due to heterotrophic growth using respiration

route. Respiratory activity produces CO, which causes decreases in the pH medium (Yono, Budi;

Syaichurro, Igbal; Sumardiono, Siswo; Sasongko, 2014). Growth rate, nutrient uptake and
biochemistry of the cells are strongly affected by pH and an optimum pH range needs to be
established (G ef a/, 2018). A way to control pH in order not to limit the growth is with the
application of buffers, according to the desired pH range. However, buffers can affect biological
systems, specifically, cell growth, enzyme activity and form radical species (Nagira et a/., 1995;
Grady, 1998). Traditional buffers such as phosphate, citrate, borate and succinate have some
disadvantages when used in biological cultivations, for example, inhibition in enzymatic level and
in biochemical reactions. Subsequently, many pH buffers were proposed to replace the traditional
ones (Good, N.; Izawa, 1972; Ferguson, Wilfred; Braunschweiger, 1980). These buffers, such as,
ADA, HEPES, MES, MOPS, PIPES, TES, Tris, etc, should cover pH between 6 and 8, have a
maximum solubility, minimal interference with temperature, ionic strength and concentration and

be stable, in order to not metabolized or act as inhibitory of enzymes (Ferreira ef af., 2015).

However, heterotrophic cultures also have drawbacks: only a small group of microalgae
species can grow heterotrophically in conventional bioreactors; potential contamination by bacteria;
higher energy and medium expenses; growth can be inhibited by high and/or low substrate

9



concentrations and some metabolites cannot be produced or are produced in very small amounts
(Chen F, 1996; Chojnacka, K.; Marquez-rocha, 2004; Perez-Garcia et al., 2011; Khan, Shin and
Kim, 2018).

2.2.3. Mixotrophic Cultivation

Mixotrophic microorganisms can simultaneously perform photosynthesis and consume
organic carbon (Wang, Yang and Wang, 2014). Although not as exploited in terms of microalgae
production, when compared to autotrophy, this form of metabolism can result in competitive
advantages and has been observed in the most varied environments, from oligotrophic to eutrophic.
For example, mixotrophic growth can reduce problems related to light limitations resulting in better
growth rates (Bohutskyi efa/., 2014). For a species to be able to grow under mixotrophic conditions,
enzymes of the heterotrophic pathway cannot be inhibited by the presence of light (CHOJNACKA,
K.; MARQUEZ-ROCHA, 2004).

2.3. Chiorella vulgaris

Chiorella vulgaris (" Chloros": green; “ella”: diminutive) is an eukaryotic, unicellular, green
microalgae with a fast growth rate when compared to related microalgae. It was discovered in 1890
by a German researcher as the first microalgae with a well-defined nucleus (Zeitum and Wortiriann,
no date). The taxonomic position of Chlorella is depicted in Table 1. This microalgae grows both in
fresh and marine environments, and due to this versatility, it is one of the most commercialized in

the world (Coelho et a/., 2019).

Table 1— Taxonomic Classification of Chlorella vulgaris

Phylum Chlrophyta
Class Trebouxiophyceae
Order Chlorellales
Family Chlorellaceae
Genus Chliorella
Species Chlorella vulgaris

10



Figure 6 — Microscopic (Zeiss axio scope al) view of Chlorella vulgaris grown in Allmicroalgae R&D Department. A: Magnification
40x (Phase-contrast); B: Magnification 63X (Bright field); C: Magnification 40x (Bright field), D: Magnification 63x (DIC).

C. vulgaris, one of the most studied species of the Chlorella gender, is sold as a “natural
all-in-one supplement” in market due to its content in pigments, protein, amino acids, unsaturated
fatty acids, vitamins, etc (Safafar et al., 2016). C. vulgaris has no mobility and a single chloroplast,
where it accumulates pigments such as chlorophyll a and b, B-carotene and xanthophyll. As there
is a predominance of chlorophylls in relation to carotenoids, the cell presents a green color (Safafar
et al., 2016; Velichkova and Sirakov, 2018). The amino acid profile of C. wujgaris is complete
concerning human nutrition due this microalgae contain all of the essential amino acids (humans
are not able to synthesize) (Mason, 2001; Becker, 2007; Barkia, Saari and Manning, 2019). In
addition, the amino acids profile of C. vuigaris is similar, in terms of quality, to that found in soy
and egg white (Williams and Laurens, 2010). In relation to fatty acid profile, according to the
conditions imposed by the growth, different profiles can be obtained, which are suitable for different
applications. For example, for biodiesel production, saturated fatty acids, palmitic acid (C16:0),
stearic acid (C18:0) and monounsaturated, palmitoleic acid (C16:1) and oleic acid (C18:1) are
valorized (Mallick et a/, 2012; Yeh and Chang, 2012; Rushan ef a/., 2019). However, under
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favorable growth conditions FAME profile is more concentrated in polyunsaturated fatty acids,
linoleic acid (18:2), linolenic acid (C18:3) and eicosapentaenoic acid (C20:5), which is more
favorable for nutritional application (Freitas, 2017). Furthermore, this specie has a vitamin profile,

constituted by vitamin A, By, By, B3, C and E. Additionally, it is rich in essential elements for human

nutrition, such as, potassium, magnesium and zinc (Tokusoglu and Unal, 2003; Panahi et a/,

2012; Yeh and Chang, 2012).

From a global perspective, C. wuigaris can be used in biofuels production, in human
nutrition, as food supplement or additive, in animal feed, especially, in aquaculture, wastewater
treatment, as it is capable of fixing large percentages of carbon dioxide and absorbing large
quantities of nitrogen and phosphorus and, finally, in agrochemical applications (biofertilization
using algae extract) (Benemann, 1997; Becker, 2007; Liang, Sarkany and Cui, 2009a; Fradique
et al., 2010; Singh and Dhar, 2011; Zheng et al., 2012).

2.4, Nutritional requirements

Specific nutritional requirements of microorganisms used in industrial fermentation
processes are complex. Not only it varies from microorganism to microorganism, but also within
species and strains (Todaro, Celeste; Vogel, 2014). However, for any microalgae, some nutritional
factors are of great importance for their development. Thus, essential macronutrients,
micronutrients and vitamins, in lower concentrations, are needed. According to (Bruland, Donat
and Hutchins, 1991; Markou and Nerantzis, 2013; Markou, Vandamme and Muylaert, 2014), the
medium needs to contain C, N, P, K, Ca, Mg, Na, Cl (macronutrients) and Fe, Mn, Zn, Cu, B, Mo,
Si, Se, V, Co, Ni (micronutrients), in small quantities (Bruland, Donat and Hutchins, 1991;
Merchant ef a/., 2006; Markou, Vandamme and Muylaert, 2014). Vitamins are organic compounds
and function as coenzymes in the metabolism. Most frequently, thiamin and biotin, are the most

used vitamins (Todaro, Celeste; Vogel, 2014).

The medium composition is obtained using compounds in its pure form and defined
according to the yields of growth. However, in industrial fermentations, with the aim of reducing
costs, completely unknown and complex medium, such as, molasses, steep liquor, meat extracts

can be preferred (Leesing and Kookkhunthod, 2011; El-Sheekh et a/,, 2014; Shakibaie, 2018).
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According to the needs of microalgae, supplementation with other inorganic nutrients is necessary

(Todaro, Celeste; Vogel, 2014).

An indication of carbon source importance is its percentage in cell dry weight:
approximately 50% (w/w) (Markou, Vandamme and Muylaert, 2014). Respiration aims at
producing energy and is linked to cell growth and division. In addition, this metabolism is related
to the oxidation of organic substrates supplied to microalgae (Sun ef a/., 2018). Thus, the main
carbon and energy sources for microalgae heterotrophic growth are carbohydrates and organic
acids, especially glucose, sucrose, acetic acid and glycerol (Liang, Sarkany and Cui, 2009b;
Heredia-Arroyo, Wei and Hu, 2010; Kim ef a/,, 2013; Morales-Sanchez et a/, 2013; Shakibaie,
2018). The availability of the carbohydrate to the microorganism normally depends upon the

complexity of the molecule.

Glucose is usually obtained from corn starch through hydrolysis and sucrose from sugar
cane or sugar beets. Sucrose is most often purchased in the form of molasses (El-Sheekh ef a/.,
2014). Glucose is the most commonly used carbon source for heterotrophic growth (Perez-Garcia
et al., 2011). Therefore, respiration and growth rates tend to be better with glucose than with any
other carbon source and this is because glucose has higher potential energy per mol than any

other source (Boyle and Morgan, 2009).

Nitrogen is the second major nutrient and it accounts for 1 to 10% of the microalgae dry
weight (major components in amino acids and nucleic acids). Microalgae can assimilate different
nitrogen sources, from simple and complex sources. Simple nitrogen sources are ammonia (NH,*),
nitrate (NO5) and urea (Chen et al,, 2010; Wang and Lan, 2011). Ammonia is the preferred source
of nitrogen for algae as it is the most energy-efficient, once less energy is required for its absorption
(Wang and Lan, 2011). Nitrate is also an important nitrogen source and has a strong impact on
microalgae metabolism and growth in general. In the case of ammonia consumption, there is a
decrease in the pH due to the release of H™ during assimilation. In the case of nitrate consumption
leads to an increase in pH due to the release of OH- during assimilation (Perez-Garcia et a/,, 2011).
There are also two more common sources, urea and complex nitrogen. On heterotrophy, normally,

the order of preference for nitrogen source is:

Ammonia > nitrate > nitrite > urea (Perez-Garcia et al., 2011)
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Complex nitrogen sources include corn steep liquor, peptone, yeast extract and tryptone
(Chen etal, 2010). Yeast extract and tryptone are commonly used in microalgae growth to produce
omega-3 polyunsaturated fatty acids (Wen and Chen, 2001). Besides nitrogen, these sources may

serve as supplementation of amino acids, vitamins, carbon and trace nutrients.

Another important element is phosphorus (P). Phosphorus is element that influences cell
development and the metabolism of microalgae. It is one of the basic components of RNA, DNA
and ATP (Fan et al., 2014). Supply of P also influences the biomass. In addition, when cultures
have low amounts of P, they have a tendency to decrease protein and chlorophyll content (Wang

et al., 2008; Dean et al., 2010).

Microalgae also need trace metals in smaller quantities: Cu, Se, Ni, Bo, Br, Zn, Mo, etc.
However, supplementation with these elements depends on the microalgae being cultured and the
composition of the medium. For example, if the nitrogen source was urea, an addition of Ni will be
necessary once Ni is required for the functioning of the urease enzyme (Dupont, Barbeau and

Palenik, 2008).

Microalgae adjust their nutrient uptake according to the availability of nutrients in the
medium. These microorganisms are very versatile as they can grow under excess or limited
nutrients (Lemesle and Mailleret, 2008). Thus, cultivation using nutrients limitation is often a
strategy product valorization (Dragone et a/, 2011). This strategy leads to accumulate target
molecules. For example, according to (Dragone et a/, 2011), nitrogen limitation leads to increase
of carbohydrates content in C. wulgaris, according to (Panis and Carreon, 2016), nutrient
deprivation induced an astaxanthin accumulation in Haematococcus pluvialis and according to
(Forjan et al, 2007), phosphate limitation could be applied to accumulation of carotenoids,

specially the xanthophyll, violaxanthin and zeaxanthin, in Nannochloropsis gaditana.

2.5. Organic Production

Nowadays, consumers are often looking for organically certified food, mainly, due to its
better quality, in terms of taste, concern for the environment and animal welfare, and the fact that
this it is the only production method that do not allow genetically modified organisms (GMO).
Organic production obliges the respect for the principles, rules, and requirements of organic

farming (Aims of organic farming, 2019).
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The organic European market is the second in the world, in terms of turnover, after the
organic North American market. Currently, there is an enormous development trend in the “organic
world”, since there are already 181 countries with organic activities and a market with,
approximately, 90 billion euros (FIBL; IFOAM, 2018). However, as certified producers increase, it

also increases the risk of non-compliance with the rules and loss of consumer confidence.

The European Union (EU) regulations on organic production have been created in order to
ensure that all the rules are complied with. These regulations provide a clear, controlled and
supervised idea of how to produce, transport and store organically (A4ims of organic farming, 2019).
In 1991, the European Community published the first Regulation laying down the rules governing
the organic production of plant products (EC No 2092/91) and animal products (Reg. No
1804/99). These regulations were repealed by Council Regulation (EC) Regulation No. 834/2007
of 28 June (CEE, 2007). Reg. (EC) No 889/2008 complemented the previous laying down detailed
rules for the implementation of previous regulation, concerning biological production, labelling and
control (SATIVA, 2019).

The organic logo, seen in Figure 7, may only be used on products certified as organic by
an authorized agency or inspection body and makes it easier for the consumer to identify that the

product is certified.

'.‘,‘,k]OO‘Vo B -
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Figure 7 - A: EU organic logo; B: Example of a product with organic certification.
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According to the EU organic regulation, an organic identification mark must contain (Duteil,

2016):

e Name and signature or the producing/ manufacturing/ trading company

e |dentification of the product/raw material

e Product-related organic reference (for example: “Organic Powder”)

e Code number of the control body (for example: PT — BIO — 03 where "PT" is the ISO code
for the country, "BIO" is a term link with the organic production and "03" (SATIVA, Lda) is

the reference number of the control authorities composed in 1 to 3 digits)

European legislation on the production of microalgae and algae is not yet fully developed.
According to the legislation, there should be a restriction on nutritional inputs to the production
system and a control of harvesting methods to assure long-term system productivity (Lembo and
Menre, 2019). The content of the EU Organic Regulation comprises a general system for food
production, including micro and macroalgae in the same lot, i.e. microalgae production must

comply with the rules applicable to the production of any plant or seaweed. (Verzijden, 2016)

Reliable production of microalgae depends on the use of inorganic nutrients, nitrates,
phosphates, silicates, etc. For the different algae species, these nutrients can be dosed at precisely
the optimum for growth. In addition, synthetic ingredients are not allowed, except additives, such
as vitamins and mineral supplements. However, they need to be really essential for microalgae

growth and of natural origin (Lembo and Menre, 2019).
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3. MATERIAL AND METHODS

Growth experiments were performed at Allmicroalgae within the period of February 11t
and August 23t 2019. Biochemical analyses on the biomass produced at Allmicroalgae and were
done at the University of Algarve, in cooperation with MarBiotech Group of the Centre of Marine

Sciences, during the period of July 23t and August 9t of the same year.

3.1. Microalgae Strain and Medium culture

The freshwater microalgae Chlorella vuigaris used in all experiments was AGF002, the
production strain used at Allmicroalgae. The seed inoculum used was obtained from a
cryopreserved vial of the Allmicroalgae Working Cell Banks in standard heterotrophic medium

(AGF_HM).

The culture medium used in Allmicroalgae for autotrophic organic production of C. vulgaris,
MNBIO, composed by dilution of MNBBIO and MNMBIO, was tested. The composition of MNBIO

is described in Table 2.

Table 2 — Elemental composition of MNBIO, the organic medium used by Allmicroalgae for the autotrophic cultivation of Chlorella
vulgaris

Element Concentration Jug g
N (NH4* form) 2.88 x 10*
MNBBIO P 8.74 x 103
K 3.32 x 10*
Fe 2.02 x 10%
Mg 1.06 x 10*
MINBIO Zn 1.01 x 10*
MNMBIO Mn 1.01 x 10*
Mo 1.63 x 10?2
B 1.95 x 103
Cu 9.76 x 102

pH variations in the medium during cultivation were controlled using PIPES (Sigma-Aldrich,
Portugal) as a buffer. 300 g L1 potassium bicarbonate (Proenol, VN Gaia, Portugal) and 70 g L

sodium bicarbonate (Maison-ecolo, Dardilly, France) were also tested for pH control tests.
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Different ratios of MNBBIO were tested adjusting the ammonia concentration (N source)
to 99, 83, 62 and 28 mmol L. Yeast extract (Lallemand, Montreal, Canada) was also tested as a

nitrogen source, at 20 g L'! and 10 g L1

Glucose 50% (w/w) (AGFERM_GLU) and organic sugar (Bio-Invertzuckersirup 73 %,
Spezialzucker Raffinerie, Lage, Germany) were tested as carbon sources. Batched glucose
concentration was set to 20 g L1 based on the Allmicroalgae standard method of cultivation. Two
sterilization procedures were tested for organic sugar, filtration (0.2um, VWR, Lisboa, Portugal)

and autoclaving at 121 °C for 40 min (Uniclave 88, Lisboa, Portugal).

A vitamin solution (AGFERM_VIT) composted of Thiamine-HCI (Sigma-Aldrich, Portugal), d-
biotin (Sigma-Aldrich, Portugal), cyanocobalamin (Sigma-Aldrich, Portugal), calcium pantothenate
(Sigma-Aldrich, Portugal) and p-aminobenzoic acid (Sigma-Aldrich, Portugal) was supplemented to

the medium also based on the Allmicroalgae standard method of cultivation.

3.2. Setup of the experiments

3.2.1. Medium optimization

The assays were performed in 250 mL Erlenmeyer flask with 50 mL of culture in an orbital

shaker incubator at 200 rpm and 30 °C.

Figure 8 — Equipment used in the implementation of optimization. A: 250 mL Erlenmeyer flask, B: Erlenmeyer with 50 mL
of culture; C: Shaker Incubator SKI-4.
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For all assays, the seed inoculum was grown in standard inorganic in-house culture

medium and used to start trials at 0.4 % (v/v) of inoculum.

3.2.2. Fed-Batch cultivation using the optimized organic medium (Fermenter)

A 7 L bench-top fermenter (New Brunswick BioFlo®/CelliGen®115; Eppendorf AG,
Hamburg, Germany) was inoculated with the optimized organic medium, MNBIOqimizeq- The
fermenter and the accessory flasks (with solutions of sugar, antifoam and base) were sterilized in

autoclave for 45 min at 121 °C with 2.3 L of MNBIOmi,eq @nd equipped with different sensors

(dissolved oxygen, pH and foam level), temperature control, stirring rotor, baffles. Peristaltic pumps
were used for the addition of base for pH control, of carbon source and antifoam. The speed of
agitation and the aeration rate were adjusted automatically in order to maintain 40% of dissolved

oxygen. pH was maintained between 6 and 6.5.

The fermenter was operated in fed-batch mode, the solution of sugar was fed to the culture

whenever the sugar was depleted in the medium. The MNBIOimizeq CONtaining 62 mM NH,4*,

organic sugar sterilized by filtration and 300 g L-! Potassium Bicarbonate was used for pH control.
Three fermenters were prepared, where 3 different reagents were tested to control the foam
formed: organic extra virgin olive oil (Continente, Lisboa, Portugal), organic sunflower oil (Bratdl,

Moers, Germany) and inorganic antifoam Foam Doctor (F112).

Figure 9 — 7 L bench-top fermenter (New Brunswick BioFlo®/CelliGen®115; Eppendorf AG, Hamburg, Germany) with
organic medium.
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3.2.3. Autotrophic growth assay

Biomass of heterotrophic Chlorella vuigaris culture produced in 7L bench-top fermenter to
inoculate 70 L Flat Panel Photobioreactor, in triplicate. The airift system was cleaned and
remained in the disinfection tanks with sodium hypochlorite. The compressed air introduced in the
airlift system was filtered at 0.2 um (VWR, Lisboa, Portugal). The water used in the process was
disinfected with 100 ppm sodium hypochlorite and later neutralized. Organic medium was added
every day up to a concentration of 2 mM of ammonia. The pH of the culture was controlled with

the injection of CO, and the temperature was controlled with a sprinkler-like irrigation systems.

3.3. Growth Assessment

The growth of microalgae cultures was followed by optical density at 600 nm (OD) and
used for dry weight estimation (DW) according to a calibration curve. Calibration curve for the

heterotrophic Chiorella vulgaris given by Equation 1 and is represented in Appendix A

DW = 0.5285 X ODgoonm (N =171 R2=0.945) (1)

Calibration curve for autotrophic Chlorella vuigaris is given by Equation 2 and is

represented in Appendix B:

ODgoonm = 2.2803 X DW —0.0929 (=640  R?=0.9372) (2)

3.4. Ammonia concentration measurement

To determine ammonia concentration in the culture medium, Ammonia-Ammonia Sera
Test (Sera, Heinsberg, Germany) was used. Briefly, samples were centrifuged to obtain the
supernatant. Sera Test was added. After 5 minutes, absorbance was read in the Genesys 10S UV-

Vis spectrophotometer (Thermo Scientific, Massachusetts, USA) at ODgg7,y,. Ammonia

concentration was calculated according to the Allmicroalgae calibration curve.
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3.5. Glucose/Sucrose concentration measurement

The sugars concentration was accessed by YSI 2950D Biochemestry Analyser (YSI
Inc./Xylem Inc, Ohio, USA). Before analysis, samples were centrifuged (VWR MicroStar 12,
Pennsylvania, USA) and 0.2 um (VWR, Pennsylvania, USA) filtered.

3.6. Growth rate and biomass productivity

The specific growth rate (d-1) was calculated based on Equation 3, the ratio between the
difference of the final (£,) and initial (#,) biomass concentration, X,e X;.

X2
_ (%2 ) (3)

tr—ty

The productivity, P (g L1 d'1), can be expressed in overall productivity (initial and end point
of the assay) and in maximum productivity (the highest productivity calculated based on two

consecutive time points). It was calculated based on Equation 4, where Xcrepresents the biomass

concentration at the final time, # and X, the initial biomass concentration, at #,

p=2% (4)
tr—to

3.7. Analytical Determinations

3.7.1. Pigments quantification

To determine the microalgae pigment content, a colorimetric method was applied.
Biomass was placed in the Vortex for 15 min in tubes containing zirconia beads and 6 mL of
acetone, in order to break the cell wall and extract the pigments. The procedure was repeated until
complete loss of the pellet color. A scanning spectrum (between 380 and 700 nm) was obtained
using a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific, Massachusetts, USA) and the

values were calculated according to the Allmicroalgae calibration curve.
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3.7.2. Protein quantification

Protein content was determined by the Lowry method (Lowry, Randall and Lewis, 1951).
1 g L1 fresh biomass was washed with distilled water. Biomass digestion was performed using 2
mol L1 NaOH in 99 °C water bath for 10 min, so that all proteins are solubilized in the liquid
phase. The residues were discarded by a new centrifugation (HERMLE Labortechnik GmbH,
Wehingen, Germany) at 2547 g for 10 min. 1 mL of supernatant was removed to a new tube and
5 mL of reagent 1 (for 50 mL, a mixture of 48 mL sodium carbonate solution (5% w/v), 1 mL
sodium-potassium tartrate solution (2% w/v) and 1 mL copper sulfate solution (1% w/v)) was
added. Samples were kept for 10 min in the dark, and 1 mL of reagent 2 (1:2 dilution of Folin-
Ciocalteau reagent with distilled water) was further added. Samples were kept in the dark for 30
more minutes. Absorbance was read at 750 nm on the Genesys 10S UV-Vis spectrophotometer
(Thermo Scientific, Massachusetts, USA) and the results were calculated according to the

Allmicroalgae calibration curve.

3.7.3. Ash Contents

Total ash was determined by the weight difference before and after the combustion of the
biomass. In brief, biomass was weighed and placed in small ceramic cups and heated for 5 h at

550 °C using a furnace (J. P. Selecta, Sel horn R9-L). The resultant was weighed again.

Figure 10— A: Moment before combustion of the biomass, B: moment after combustion of the biomass.

3.7.4. Lipids quantification

Total lipid content was determined following the procedure described by (Bligh, E.G. and
Dyer, 1959) with modifications described by (Pereira et a/, 2012). Lyophilized biomass was

22



weighed in glass tubes (W2, Where, 1 mL, 2 mL and 0.8 mL of chloroform, methanol and

distilled water, respectively, were added. Sample were homogenized resorting to an IKA Ultra-
Turrax disperser (IKA-Werke GmbH, Staufen, Germany) on ice for 60 s.

Further 1 mL chloroform was added, and the mixture was again homogenized for 30 s (on
ice). Finally, 1 mL of distilled water was added, and a final homogenization performed for 30
seconds. The samples were centrifuged (Heraeus™ Multifufe™ X3, USA) at 2000 g for 10 min to
allow phase separation. The organic phase (lower layer) was transferred into a clean tube using a
Pasteur pipette. Then, a known volume of the organic phase was pipetted to a pre-weighed tube

(w) and dried at 60 °C (Grant Instruments, England).

Figure 11 — Lipids Analyses Procedure A: Separation of lipids; B: Dry Bath at 60 .9C.

The final weight () of the tube was measured and the lipids percentage was calculated

according to Equation 5:

(Wf—Wi)XVO lumechioroform total

L. Volumecp; ted
% Total Llpld — ::vroform evaporate (5)
biomass
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3.7.5. Determination of FAME

Lipids and free fatty acids were converted to the corresponding FAME, according to
adapted protocol of (Lepage and Roy, 1984). 5 to 10 mg of lyophilized biomass was homogenized
by the Ultra Turrax (IKA T-25 ULTRA-TURRAX, Cole- Parmer, USA) with 1.5 mL of a methanol/acetyl
chloride solution (20:1, v/v), for two cycles (60 and 30 s). 1 mL hexane was added to the samples
and heated at 70 °C for 60 min. After cooling on ice, samples content was transferred to glass
tubes and 1 mL of distilled water and 4 mL of hexane were added. Samples were vortexed (VV3,
VWR, Portugal) at maximum speed in two cycles of 30 s and centrifuged for 5 min at 2000 g
(Heraeus Multifuge X3, USA). The supernatant was then transferred to new tubes, extraction
repeated twice, and supernatants combined. Anhydrous sodium sulfate was added, and the
solution was filtered in 0.22 um filters (EMD Millipore SLLGC13NL IC Spectra Syringe Filter, USA).
A nitrogen gas flow was applied to evaporate the hexane and the dried fraction was immediately
resuspended in 0.5 mL gas chromatography-grade hexane and transferred to vials for gas
chromatography-mass spectrometry analysis (GC-MS) (SCION 456-GC, Bruker, USA).

A standard solution containing a mixture of 37 different FAMEs (Supelco® 37 Component

FAME Mix, Sigma-Aldrich, Portugal) was used to establish calibration curves.

Figure 12— Different steps on FAME determination. A: Derivation vessels before homogenization with Ultra Turrax (lyophilized
biomass + 1.5mL methanol/acetyl chloride); B: Biomass homogenization with Ultra Turrax; C: Hexane evaporation under
nitrogen gas, D: Gas chromatography-mass spectrometry equipment with autosampler

24



3.7.6. Determination of major and minor elements (MP-AES)

Quantitative analysis of major, minor, and some trace elements was performed in Agilent
Technologies 4200 microwave plasma-atomic emission spectroscopy (MP-AES), shown in the
Figure 13. A diluted solution of the target element (50 ppb) near the inferior limit of detection by

MP-AES analysis was used as prepared in four groups as following:

(1) Ca, Fe, K, Mg and Na (0-50 ppm);

(2) Se, Sr, Zn, Cd, Sr, Ba, Cu, Ni, As, Co, Pb, Mo, Mn, Cr and Al (0-10 ppm);
(3) V, Ag, Be, Th and Tl (0-10 ppm);

(4) P (0-50 ppm)

Figure 13 - Agilent Technologies 4200 MP-AES.

Each element was detected with a wavelength previously selected according to the
manufacture’s procedure. The instrumental Limit of Detection (LOD) and Limit of Quantitation
(LOQ) were determined based on sample replicates measurement. LOD and LOQ values were
determined using the formulas below:

LOD =3 XS (6)

LOQ =10xS (7)

where s is the standard deviation of the replicates.
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3.7.7. Statistical Analyses

Data are presented as mean values + standard deviations (SD). The mean values were
subjected to one-way ANOVA, followed by Tukey-Kramer multiple comparison method; p values <
0.05 were considered statistically significant. All statistical analyses and graphs were performed
using R software (version 3.6.1), through the RStudio IDE (version 1.2.5001). These statistical

analyses were only applied to conditions with three biological replicates
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4. RESULTS AND DISCUSSION

The results are divided into five main sections, on which all details for all experiments are
listed and discussed. Each condition was evaluated in terms of growth to choose the best condition
to apply in the 7 L fermenter. Three fermenters were assessed in terms of growth and biochemical

composition of biomass.

4.1. N concentration optimization

Heterotrophic growth requires a base medium for the microalgae to grow, along with a
carbon source, a nitrogen source and a base to pH control. The medium available at Allmicroalgae
for organic production of C. vuigaris, MNBBIO, is a medium with nitrogen in its constitution. In this

sense, the concentration of this element was first optimized.

Nitrogen and phosphorus are macronutrients with a strong influence on microalgae growth.
In MNB BIO, these two elements are present at approximate N:P ratio of 17.7:1, which is similar
to the Redfield ratio 16:1 reported by previous studies (Leonardos and Geider, 2004; Chiu et a/,
2015; Moheimani ef a/,, 2015). However, this ratio is more suitable for marine phytoplankton and
in the case of freshwater microalgae, according studies reported by (F. P. Healey, 1980; Hillebrand
and Sommer, 1999) , the molar ratio N:P < 13 represented N limitation and N:P > 22 represented
severe P limitation. Accordingly, a study elaborated by (Choi and Lee, 2015b), for C. wuigaris
reported ratio N:P between 11:1 to 19:1 was the range with the highest productivity. Facing an
organic production scenario, finding/formulating a growth medium needs to consider the
correspondent European guidelines and certification. Allmicroalgae is already certified for organic
production in the autotrophic cultivation of C. vuigaris. The medium used in autotrophy, consisting
of a mixture of MNBBIO and MNMBIO, was also tested in heterotrophy. These two mediums are a
complex fertilizer where the MNBBIO is composed of nitrogen (N), phosphorus (P), potassium (K)
and organic matter, and MNMBIO has mostly iron (Fe), magnesium (Mg), zinc (Zn), manganese

(Mn), molybdenum (Mo), boron (B), and copper (Cu) in its constitution.

The optimized elemental concentrations used for heterotrophic inorganic production were
considered when formulating MNBIO from the aforementioned fertilizers. This medium has an acid

pH, approximately 4.5, shown in Figure 14.
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Figure 14 — Chlorella vulgaris growth at 62 mmol L ammonia without addition of buffer. Dry wejght of culture (m) and pH
variation ().

By the analysis of Figure 14, it was found that the pH has an inhibitory effect on C. vuigaris
growth, i.e. with a too low pH in the medium, the microalgae does not have the capacity to grow.
In relation to high pH values, study reported by (Shi, Jiang and Chen, 2002), showed that they
have inhibitory effects on growth. Thus, the optimum pH for C. vuigaris growth is between pH 6 to
7 (Lustigman, Lee and Khalil, 1995; Sakarika and Kornaros, 2016).

Therefore, it was necessary to use a buffer, PIPES pH 7, to minimize pH interference. This
was tested at 50 and 100 mmol L!, in parallel with the nitrogen concentration. Different

concentrations of ammonia were tested:

1) 99 and 62 mmol L1, using 50 mmol L1 PIPES (A99P50 and A62P50);
2) 83,62 and 28 mmol L, using 100 mmol L1 PIPES (A83P100, A62P100 and A28P100).

The growth curves obtained are shown in Figure 15. The assays were compared with the
standard C. wuigaris growth in the inorganic production medium (IP) and monitored until the

beginning of the stationary phase, after depletion of the carbon and nitrogen source.
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Figure 15— Screening of Chlorella vulgaris growth at different N concentration, in 250 mL Erlenmeyer flask. Dry wejght of IP
(control) m),; of A99P50 (0); of A62P50 (A ), of A62P100 (A),; of AB3P100 (@) and of AZ8P100 (o). All values refer to the
average of data from three independent biological replicates, except in A83P100 which only value represent average from two
biological replicates.

The analysis of Figure 15 shows that a higher ammonia concentration results in low and
slow growth. A83P100 resulted in the lowest dry weight at 8.90 g L'l (min:8.67; max:9.14)
indicating, possibly, an inhibitory effect. This can be explained based on ammonia toxicity, which
affects microalgae growth, having an inhibitory effect at higher concentrations (Park et a/,, 2010).
The condition that resulted in a highest dry weigh was the adjustment to 62 mmol L'} ammonia
(100 mmol L1 PIPES), 18.95 + 0.56 g L-L. The physico-chemical parameters, pH, Glucose in the

medium and NH,* consumption, controlled during the assay are shown in the Figures 16, 17 and

18, respectively.

)

Figure 16 — pH variations of IP (control) m), of A99P50 (), of A62P50 (A ); of A62P100 (4), of A83P100 (e) and of A2Z8P100
(o). All values refer to the average of data from three independent biological replicates, except in AS3P100 which only value
represent average from two biological replicates.
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The analysis of Figure 16 shows the differences in C. wujgaris growth when the pH was
controlled with the two buffer concentrations. When cultures were controlled with the 100 mmol L-
1 PIPES, A62P100, A83P100 and A28P100, pH shows less variation and is maintained within the
most suitable pH range. Therefore, in culture under these conditions, final dry weight was higher.
In order to obtain greater consistency in the comparison with the other studies, 100 mmol L

PIPES was used as pH control for the remaining tests.
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Glucose
in the medium,; 4,

Figure 17 -— Glucose concentration in the medium of IP (control) @m); of A99P50 (o), of A62P50 (A ); of A62P100 (A),; of
A83P100 (e) and of AZ8P100 (o). All values refer to the average of data from three independent biological replicates, except in
A83P100 which only value represent average from two biological replicates.
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Figure 18 - NH 4+ concentration in the medium of IP (control) m); of AS9P50 (0), of A62P50 (A ), of A62P100 (A),; of A83P100

(®) and of AZ8P100 (o). All values refer to the average of data from three independent biological replicates, except in AS83P100
which only value represent average from two biological replicates.
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In relation to Figures 17 and 18, glucose and NH,* in the medium, show that higher

ammonia concentrations have a slower ammonia and glucose in the medium, A99P50 and

A83P100. Consequently, as previously mentioned, slower growth.

The productivity and growth rate calculated are shown in Table 3. Accordingly, the
biomass productivity was higher when using A62P100, 9.03 + 0.42 g L-ld", and lower using
A99P50, 1.63 + 0.26 g L-1d"l. There was no statistically significant difference between A99P50
and A62P50, while the other conditions demonstrated significant differences between them (p <
0.05). In relation to the condition A83P100, ANOVA statistical analysis was not performed due to

the fact that it had only two biological replicates.

The growth rate was also higher when cultures were grown in A62P100, 2.88 + 0.12 d'!
and lower in A99P50, 0.61 + 0.01 d-l. There were no significant differences between IP and
A62P50 (p > 0.05). The other conditions demonstrated significant differences between them (p <
0.05).

Table 3 - Biomass productivities and specific growth rates obtained in the different conditions. Different letters within each
parameter indicate significant differences between values on the same column (p < 0.05). The numeric values represent the mean
and standard deviation obtained from three replicates, except in A83P100, which the numeric represent average and (minimum
value; maximum value), (min:; max:), due to only two replicates were performed

Poverall /g 1) K@)

IP 414+0.314 1.27 +0.02 @
A99P50 1.63+0.26 b 0.61+0.01P
A62P50 286+0.31¢ 1.32+0.04 2
A62P100 9.03+0.424d 2.88+0.12¢
A83P100 2.82 (min:2.75; max:2.90) 1.59 (min:1.58; max:1.60)
A28P100 6.08 +0.02 € 2.19+0.094d

Study reported by (Kim ef al, 2013), showed that Chlorella sorokiniana when
supplemented with ammonia as a nitrogen source in 1000 mL Erlenmeyer (25 °C and shaking
speed of 140rpm), had a growth rate of 0.53 d-l. Under the conditions studied, 62 mmol L1

ammonia was the one with the best growth rate, 2.88 + 0.12 d-!.
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As an alternative, another nitrogen source was considered. Organic Yeast Extract (YE) is
often mentioned in the literature to grow Chilorella protfothecoides, Thraustochytrid,
Aurantiochytrium sp. and Nitzschia laevis (Wen and Chen, 2001; Chen et a/, 2010; Heredia-
Arroyo, Wei and Hu, 2010; Anwar et al, 2018). Different concentrations of YE were tested,
considering as control the best result obtained in the medium MNBIO optimization. Thus, 20 g L!
of YE (YE20), 20 g L' of YE supplemented with the same concentration used in MNBIO, 0.14 %
MNMBIO (YE20+MNM), 10 g L of YE without vitamins (YE10) and 10 g L'! of YE with vitamins
(YE10+Vit) were tested for the cultivation of Chlorella vuigaris. Growth curves are shown in Figure
19. The cultivation parameters are shown in Annex B. All microalgae need micronutrients to grow.
The yeast extract is a nitrogen source and in order to optimize this source, it was supplemented
with the micronutrient medium, MNMBIO (YE20+MNM). Micronutrients are also important because

there are present in the elemental composition of the biomass, and thus need to be supplied.

25

DW)g 1)

t
/(d)
Figure 19 - Dry weight of control, with best condition of MINBIO optimization (m), dry weight of YE20 (o) of YEIO (A ), of
YE10+Vit (A) and of YE20+MNM (e ). Values represent averages of data from two biological replicates, except control, which value
represent average from three independent biological replicates, and it is standard deviation.

The highest cellular concentration was obtained in the control (18.95 + 0.56 g L1),
followed by condition YE10+Vit, 15.31 (min:14.85; max:15.78) g L-L. The remaining conditions,
YE20, YE10 and YE20+MNM, dry weight did not show differences taking into account of the
variance range. Besides few studies published optimizing heterotrophic medium of C. vuigaris with

yeast extract, a study using Chiorella protothecoides and Aurantiochytrium sp. reports that YE is a
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good complement to the medium, allowing to obtain a dry weight of 19.81 g L1 with a concentration
of 10 g L'! yeast extract, and of approximately 30 g L'} with a concentration of 20 g L1 yeast extract.

(Heredia-Arroyo, Wei and Hu, 2010; Gao ef a/,, 2013).

Growth parameters are presented in Table 4. All conditions showed lower productivity and
growth rates when compared to the control, leading to the conclusion that C. vuigaris grows better
in MNBIO. Nevertheless, within this N-source, the condition that, demonstrated higher productivity
and growth rate was YE20+MNM, 4.28 (min:4.04; max:4.72) g L'ld! and 1.91 (min:1.84;
max:1.97) d-1, respectively. The remaining concentrations, with productivities of 1.96 (min:1.85;
max:2.08) g L'1d! to YE20, 2.09 (min:2.01; max:2.16) g L'1d! to YE10 and 2.39 (min:2.31;
max:2.49) g L-1d"! to YE10+Vit had no differences between them, taking into account the variance

range. The results are in accordance with the obtained for the specific growth rate.

Table 4 - Biomass productivities and specific growth rates obtained in the yeast extract study. In control, the numeric value represent
the mean and standard deviation obtained from three replicates. In YE20, YE10, YE10+Vit and YE20+MNM, the numeric values
represent the mean and (minimal value, maximum value)

Poverall /g ") H g
Control 9.03+0.42 2.88+0.12
YE20 1.96 (min:1.85; max:2.08) 0.88 (min:0.87; max:0.90)
YE10 2.09 (min:2.01; max:2.16) 0.87 (min:0.85; max:0.88)
YE10+Vit 2.39 (min:2.31; max:2.49) 0.88 (min:0.88; max:0.89)
YE20+MNM 4.38 (min:4.04; max:4.72) 1.91 (min:1.84; max:1.97)

62 mmol L'} ammonia in MNBIO was the condition that resulted in the higher C. vujgaris

growth productivity and growth rate. Thus, it is applied hereafter.

4.2. Carbon Source Optimization

The carbon source is one of the constituents of the medium that most affects growth and
the biochemical composition of the microalgae (Prathima Devi, Venkata Subhash and Venkata
Mohan, 2012; Lin and Wu, 2015). Facing organic production, it was necessary to test medium

components approved for organic production by the European certification. Therefore, Bio-
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Invertzuckersirup 73 % was tested. In experiments with this organic sugar, 20 g L1 glucose has

been taken into account.

In order to verify the influence of this product on growth, two sterilization procedures were
tested: filtration (SF+V) and autoclavation (SA+V), as represented in Figure 20. In this assay, these
two sterilization procedures were evaluated since after autoclavation, the solution turned into a
yellow-brown color, due to Maillard reaction. In this reaction, reducing sugars react with amino
acids present in the medium leading to a series of different toxic compounds to microalgae, such

as 5 - hydroxymethylfurfural (HMF) (Jandlova and Kucerova, 2016).
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Figure 20 — Heterotrophic growth of Chlorella vulgaris in 250mlL Erlenmeyer fiask using two procedures to sterilize organic sugar.
Dry weight of control, growth with glucose @m); dry wejght of SF+V () and SA+V (A ). All values represent averages of data from
three independent biological replicates.

Comparing the two sterilization procedures, C. wigaris growth was higher in SA, 13.94 +
0.76 g L'1, however, this one presented a longer lag phase. This happened due to the presence of
compounds formed in the Maillard reaction, HMF. HMF up to 1.13 g L-! was reported to cause
strong inhibition of Spirulina maxima growth (Yu et a/, 1990). This product is an organic certified
sugar and it is 73 % hydrolyzed, which is an advantage because microalgae preferably consume
simple molecules, monosaccharides (in this case, glucose and fructose), rather than more complex

molecules, disaccharide (sucrose).
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In an industrial fermentation and taking into account environmental sustainability, raw
materials and waste (among others) must be minimized, maximizing yield and productivity. As the
medium is composed by complex compounds, MNBBIO, MNMBIO and Bio-Invertzuckersirup 73
%, there may be components that equalize the effect of vitamins. In this sense, an evaluation was
made for the influence of vitamins on C. wujgaris growth when organic carbon was used (Figure
21) to evaluate its need. Thus, C. wulgaris growth, where the carbon source was glucose, was
studied with (Glu+Vit) and without (Glu) vitamins. The same method was applied for both
sterilization procedures, by filtration with (SF+Vit) and without (SF) vitamins and by autoclavation

with (SA+Vit) and without (SA) vitamins. The cultivation parameters are shown in Annex C.
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Figure 21 — Heterotrophic growth of Chlorella vulgaris in 250mlL Erlenmeyer flask verifying the vitamins effect. Dry wejght of
Glu+Vit m), of Glu (@), of SF+Vit (A ); of SF (A); of SA+Vit (@) and of SA (o). Values represent averages of data from three
independent biological replicates.

The highest cellular concentration was in Glu+Vit, 19.40 + 0.56 g L-! and the lowest cellular
concentration was in SF+Vit, 10.23 + 0.84 g L1 (p < 0.05). In relation to organic sugar and its
sterilization procedures, statistically there are no significant differences between with and without
vitamins conditions (p> 0.05). However, between the conditions with different sterilizations showed
significant differences between them (p < 0.05), with higher cell concentration in SA+Vit, 13.94 +

0.76 g L1,

The growth parameters about all conditions studied regarding the carbon source are

presented in Table 5. In vitamin conditions, SA+Vit showed higher productivity, 4.98 + 0.14 g L'1d-
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1 compared to SF+Vit, 3.97 + 0.09 g L'ld! (p < 0.05). However, the same not happened with
growth rate, with no significant differences between these two conditions (o > 0.05). When no
vitamins were added to the medium, there were no statistically significant differences in productivity
between the sterilization procedures, 4.27 + 0.34 g L'1d"! and 4.79 + 0.24 g L-1d"! to SF and to
SA, respectively (p> 0.05).

Table 5 — Biomass productivities and specific growth rates obtained in the yeast extract study. Different letters within each parameter
Indicate significant differences between values on the same column (p < 0.05). The numeric values represent the mean and
standard deviation obtained from three replicates

Poverall /g 11a7) H g
Glu + Vit 9.25+ 0.26 2 2.94 +0.082
With Vitamins | SF + Vit 3.97+0.09b 1.90+0.01 be
SA + Vit 498 +0.14 ¢ 2.18+0.01D
Glu 4.94 +0.01 bc 1.95+0.07 bec
Without
vitnou SF 4.27 +0.34 be 2.07 + 0.02 b
Vitamins
SA 4.79 + 0.24 bc 1.76 +0.21¢

In this investigation, the growth parameters, dry weight, productivity, and growth rate, there
were no significant differences between the conditions testing with and without vitamins. These
results are not in accordance with (S. . Desouky, 2011; S. A. Desouky, 2011), who works with
Scenedesmus obliquus and C. vulgaristhat reported that growth, pigment and protein content were
increased significatively under the presence of vitamins. This was, possibly, due to the medium
being of inorganic origin. After the analysis of the carbon source study, it was found that the growth
with and without vitamins did not have significant influence. Thus, in conditions without vitamins,
the two sterilization procedures did not present significant differences between them and due to

the formation of HMF, a possible inhibitory factor, it was chosen to use sugar sterilized by filtration.

4.3. pH control

The pH of the algal culture media plays a very important role in regulating the uptake of
essential nutrients and microalgae (Zhang, Wang and Hong, 2014). Thus, heterotrophic reactions

are run with pH control through addition on-demand of acid or alkaline solutions. According to
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European legislation, three certified solutions were found: (1) calcium carbonate (CB), (2)
potassium bicarbonate (PB) and (3) sodium bicarbonate (SB).

Calcium carbonate was tested but experiments were discontinued due to its poor solubility.
As this reagent was poorly soluble in water, it did not dissolve. Therefore, it has not contradicted
the acidity of the medium pH, not functioning as a pH controller. The other solutions were added
at the initial moment in order to correct the pH of the medium (from, approximately, 4.5 to 6.5)
and during the exponential phase, on which there is a tendency to rapidly decrease the pH. Pointing
out that growth has only been controlled with these products, without the addition of PIPES (Figure
22 and 23). The cultivation parameters are shown in Annex D. C. vuigaris growing in a medium on
which pH was controlled by sodium bicarbonate, had lower final DW, 8.72 (min:8.43; max:9.01)
g L'!, compared to 14.82 (min:14.18; max:15.46) g L! of potassium bicarbonate, taking into

account the variance range.
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Figure 22 - Heterotrophic growth of Chlorella vulgaris in 250mlL Erlenmeyer flask with different solutions to pH control. Dry
welght to culture with PB m) and with SB (0). The symbol | represents the time of the addition of solutions. First | corresponds
to both condiitions. Values represent averages of data from two independent biological replicates.

Biomass productivities and growth rates were obtained in both conditions and are resumed
in Table 6. C. vuigaris growing in a medium on which pH is controlled by potassium bicarbonate
showed, higher productivity and a higher growth rate, 5.00 (min:4.79; max:5.22) g L'1d! and 1.79
(min:1.80; max:1.78) d-L.

The results obtained given that, in principle, the lower productivity and growth rate being

obtained were in the condition where the pH of the medium is corrected with sodium bicarbonate.
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In addition, the biomass produced is for human consumption. If the biomass contains sodium, this
element is associated with problems of hypertension, cardiovascular disease, kidney malfunction
and early aging. For these reasons, people are not very interested in food with a lot of sodium.

Thus, the chosen base for controlling the pH in 7 L bench-top fermenter was the potassium

solution.
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Figure 23 — pH variation to culture with PE (m) and with SB (0). The symbol | represents the time of the addition of solutions.
First | corresponds to both conditions. Values represent averages of data from two independent biological replicates.

Table 6 — Biomass productivities and specific growth rates obtained in the choice of the best compound fo pH control

Poverai JelldY) K

Growth with PB as pH controller | 5.00 (min:4.79; max:5.22) 1.79 (min:1.80; max:1.78)

Growth with SB as pH controller | 2.19 (min:2.12; max:2.28) 1.26 (min:1.24; max:1.28)

4.4, Fed-Batch Growth in 7 L bench-top fermenter

A scale-up process was performed from a 250 mL Erlenmeyer flask to a 1000 mL
Erlenmeyer flask and from there to the 7 L bench-top fermenter. To assess the viability of the

organic medium optimized, MNBIO,imieq in fed-batch mode, three assays were performed. The

conditions implemented in each test are mentioned in Table 7. These were based on the results

obtained in the previous tests. Basically, the requisites that change from fermenter to fermenter
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were the carbon source, since the first was Glu and the rest with SF. In relation to antifoam, three
different products were tested in order to verify their effectiveness and viability: (1) Organic extra
virgin olive oil, (2) Organic sunflower oil and (3) inorganic antifoam Foam doctor. The latter antifoam
was used to check the C. vujgaris growth potential in this medium, since it is used in the inorganic
growth of the production department. These assays are shown in Figure 24, 25, 26, 27 and 28,
being the Figure 25 to 28 referring to the cultivation.

Table 7 — Condlitions implemented in three 7L bench-top Fermenter on the cultivation of organic Chlorella vulgaris

Fermenter 1 Fermenter 2 Fermenter 3
C Source Glucose Organic Sugar Organic Sugar
Organic extra virgin olive
Antifoam Organic Sunflower QOil Foam Doctor
oil
50
40
30
DWW
20
10
0
0 1 2 3 4
ta)

Figure 24 — Heterotrophic growth of Chlorella vulgaris in 7L Bench Top fermenter. Dry weight of growth for fermenter 1 (m), for
fermenter 2 (o) and for fermenter 3 (A ).

Fermenter 1 reached a maximum concentration of 46.6 g L-l. However, this biomass
concentration may not be the real maximum. After two days of inoculation, the culture started to
form foam and the anti-foam used, organic virgin olive oil, was not effective in a way that too much
quantity was fed and the foam was not controlled. Due to this occurrence, the excessive amount

of olive oil may have inhibited its growth. In relation to fermenter 2, the maximum dry weight was
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39.0 g L'L. Here, the growth may also have been inhibited by the previous reason. The antifoam
used, organic sunflower oil, was also not effective in defoaming the culture. The fermenter 3
reached a maximum dry weight of 32.1 g L'1. However, this fermenter was forced to finish during
growth due to contamination. In addition, this had a higher lag phase, possibly due to the initial
ammonia concentration batch being higher than expected (94 mmol L'} ammonia), which could

have been due to evaporation, as the fermenter had to be sterilized twice in this particular case.
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Figure 25 - NH 4+ consumption of C. vulgaris growth for fermenter 1 m), for fermenter 2 (o) and for fermenter 3 (A ). The symbol
| represents the time of the addition of ammonia through MNBBIO.
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Figure 24 ~ Cultivation parameters of C. vulgaris growth for fermenter 1, stirring speed (black line), DO, (grey line), pH (purple
line) and airflow (red line).
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Figure 26 - Cultivation parameters of C. vulgaris growth for fermenter 2, stirring speed (black line), DO, (grey line), pH (purple
line) and air flow (red line).
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Figure 25 - Cultivation parameters of C. vulgaris growth for fermenter 3, stirring speed (black line), DO, (grey line), pH (purple
line) and airflow (red line).

Observing Figure 27, it was noted that the cultivation parameters in fermenter 2 oscillated
and were not stable compared to the other fermenters. This was due to the fact that in this
fermenter was supplemented with ammonia several times, through MNBBIO. After each addition,
the parameters were attempted to adjust (by automation) to that impact.

The values obtained for productivity and specific growth for fermenter 1, 2 and 3, are

shown in Table 8.
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Table 8 — Biomass productivities and specific growth rates obtained for the fermenter 1, 2 and 3. The numeric values represent
the result obtained for a single test in each condiition

Poveral Jelidl) Mg
Fermlenter 15.5 5]
Ferm2enter 14.2 L5
Ferm3enter 16.9 193

According to the values obtained, it is believed that the full potential of the medium was
not obtained. In relation to a study reported by (Barros et a/., 2019), it showed that the cultivation
of C. wulgaris in the 7 L fermenter, using inorganic medium, achieved a biomass productivity of
27.3 + 6.8 g L'1d"}, a higher value than that obtained in this thesis. This previous study practically
works as a control since the same strain and conditions are studied, except the medium and carbon
source. Besides few studies using organic certified medium of C. wulgaris, a study using C.
profothecoides and inorganic medium, in 3.7 L fed-batch fermenter, reported biomass
productivities of 4.8 g L-1d"! and growth rate of 1.06 d'! (Shi, Jiang and Chen, 2002). These values

were lower than those obtained by the MNBIO,timizeq-

4.5, Biochemical composition of biomass

One of the aims of this work was to understand if the growth of C. wuigaris using
MNBIO,ptimizeq Satisfied the requirements for a food product. Thus, by comparison of the biomass
composition obtained in the first two fermentations, fermenter 1 and fermenter 2, (with organic
virgin extra olive oil and organic sunflower oil as antifoam, respectively) with the standard
composition of inorganic C. vuigaris heterotrophic biomass are mentioned in the Table 9 and a
statistical analysis was made of the two fermenters tested. The biochemical analysis was only
performed for two fermenters, since the third fermenter was only executed after the date of the

biochemical analysis.

42



Table 9 — Elemental composition of biomass in inorganic and organic production with MN BIO developed for Chlorella vulgaris. 7he
numeric value represented were obtained for a single test in each condition

Flement Allmicroalgae Inorganic Organic Production Organic Production
Production /(mg kg') Fermenter 1 /(mg kg’) Fermenter 2 /(mg kg’!)

Ag 0.05 <LOD <LOD
Al 0.9 5.0 10.0
As <LOD <LOD <LOD
Ba 1.2 <LOD <LOD
Be < LOD <LOQ <L0Q
Ca 3480.8 456.8 316.2
Cu 2.9 11.4 13.9
Fe 60.3 410.0 635.0
K 7325.0 18650.9 17728.8
Mg 701.7 841.0 1016.7
Mn 71.6 134.5 1458
Mo 1.6 <LOD <LOD
Na 2447.0 2316.0 1603.1
Ni 1.1 0.5 <LOD
P 480.7 941.3 929.0
Sb 3.6 <LOD <LOD
Si 21.4
Sn 1.6 <LOD <LOD
Sr 125.7 1.2 0.4
Vv 3.4 <LOD <LOD
Zn 208.8 132.3 120.9

With the use of conventional fertilizers, an overall optimization of the elements is practically
impossible since the concentrations are fixed. Thus, in an optimization with fertilizers based on a
single but important element (in this case, nitrogen), the remaining elements, whether macro or
micronutrients, may be in excessive or small quantities. When comparing inorganic with organic

production on the cultivation of C. vuigaris, the differences obtained in elemental concentrations
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are due to the initial balance made to the optimized elemental concentrations used in heterotrophic
inorganic production. For this reason, it is necessary to pay attention to mass balances, as these
differences may be limiting growth. Having made a mass balance, it was noted that the phosphorus
was given in excess because the microalgae did not assimilate it large amount (approximately 28
% of the provided in the two fermenters). Some elements had lower concentrations (stand out,
calcium, strontium and zinc) and others had higher concentrations (stand out, aluminum, copper,
iron and phosphorus) in relation to the inorganic medium used in production department. However,
of these elements mentioned above, for example, calcium, their percentage in the elementary

description of the MNBIO is not quantified.

Regarding lipids, fatty acids and ashes, these were measured in the two tested fermenters

(with olive oil and sunflower oil as antifoam). These values are listed in Table 10 and 11.

Lipid content in both fermenters was lower than the values reported by (Morowvat and
Ghasemi, 2018), which, in 5 L fermenter with inorganic medium, obtained for concentrations of 3,
7 and 10 g L1 glucose, 26, 39 and 44%, respectively. On the other hand, the value reported by
(Liang, Sarkany and Cui, 2009b) (23.00 + 2.00 %) was similar to the results obtained in fermenter
2. Fermenter 1 had a much lower lipid concentration than reported in the literature. In relation to
carbohydrates content, the abrupt difference obtained between fermenter 1 and 2 was due to the
biomass produced in fermenter 1 having little lipid content and protein content. Study reported by
(lliman, Scragg and Shales, 2000), the maximum carbohydrate content obtained was 55.0 + 3.2
%, while another reported by (Chia, Lombardi and Melao, 2013) was similar to that obtained in
fermenter 2. Ash content is one of the critical parameters that determines the quality of algae
biomass for various applications. The results obtained in this thesis were similar to the results
obtained by (Roostaei ef a/.,, 2018), of 9.1 + 0.5 % ash content. Compared to Allmicroalgae’s
inorganic production, average value of 5.3 % (min:4.6 %; max:6.0 %), the content in organic

cultivation was higher in both fermenters.

The FAME profile of biologically produced Chlorella vuigaris was mainly composed of
polyunsaturated fatty acids (PUFAs) by, basically, linoleic acid with a maximum produced
percentage value of 68.19 %. The quality of biomass produced by C. wuigaris is justified by the
amount of PUFAs present in its constitution, since they are well know for their beneficial effects on
human health and the nutritional value of microalgae (Guihéneuf and Stengel, 2013). The main

fatty acids detected in the organic C. wuigaris here produced, arranged in descending order, were
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linoleic (C18:2), oleic (C18:1), palmitic (C16:0), palmitoleic acid (C16:1). Other fatty acids were
also contained in trace amounts. Results reported by (Lam and Lee, 2012; Choi and Lee, 2015a;
Process et al,, 2015; Rohit and Venkata Mohan, 2018; Rushan et a/., 2019) lead to the conclusion
that the FAME profile is a characteristic fingerprint for a specific microalgae. The percentages of
majority FAME compound were the C18:1, 34.54 + 2.06 %, following by C16:0, 15.54 + 0.67 %
and C18:2, 9.42 + 1.31 %, to study elaborated by (Choi and Lee, 2015a). Results reported by
(Rohit and Venkata Mohan, 2018), the majority compounds were the C16:0, 37.1 %, followed by
C18:2, 20 %.

Table 10 — Biomass proximal composition. Values are presented in a dry weight basis. The numeric values were obtained for a
single test in each condition

Fermenter 1 Fermenter 2
Lipids (%) 6.13 17.75
Carbohydrates (%) 68.71 38.83
Ashes (%) 7.22 7.02

Table 11 - Fatty acid profile of the biomass produced. The numeric values were obtained for a single test in each condition

Fermenter 1 (%)  Fermenter 2 (%)

Cl6:1 3.52
C16:0 18.87 12.30
C17:0 0.30 0.39
C18:2 49.83 68.19
C18:1 27.32 18.29
C18:0 0.16 0.83
TOTAL SFA 19.33 13.52
TOTAL MFA 30.84 18.29
TOTAL PUFA 49.83 68.19
w-6 49.83 68.19
PUFA/SFA 2.58 5.04
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Protein and pigments were measured in the three fermenters. These values are listed in
Table 12 to comparison with inorganic comparation. The biomass produced in fermenter 2 has
more protein content than the inorganic production. However, the same does not happen in others,
having less content. Protein content in fermenter 2, 36.41%, indicated an amount similar to that
reported by (Liang, Sarkany and Cui, 2009b) (32 %), by (Xie et a/, 2017) (38.6 %) and by (El-
Sheekh and Fathy, 2009) (36.5%), but superior to the other fermenter 1 and 3, 17.94 % and 14.36
%, respectively. In terms of pigments, the values obtained indicated that the maximum chlorophylls
amount produced was 11.73 mg g1 DW, higher than inorganic production, 6.58 + 2.73 mg g DW.
This value was lower than that reported by (Doucha and Livansky, 2012), where it obtained for C.
vulgaris in 5 L fermenter, approximately, 1.6 % of total chlorophyll, i.e. 16 mg g} DW. However,
study elaborated by (EI-Sheekh and Fathy, 2009), the chlorophyll content of C. wigaris biomass
grown under heterotrophic conditions (250 mL Erlenmeyer flask, inorganic medium and 10 g L!

glucose) was 0.37 %, i.e. 3.7 mg g1 DW. This value was lower than obtained in this thesis.

Table 12 — Comparison of biochemicals parameters on cultivation of C. vulgaris using inorganic (standard) and optimized organic,
in 7 L bench-top fermenter. The numeric value represented were obtained for a single test in each condition

Inorganic Organic Production
‘ Production Fermenter 1  Fermenter 2  Fermenter 3
. 2452 +7.15
Prote/ns/w ‘ (n=71) 17.94 36.41 14.36
Total ChIorophyll . ¢.1) ‘ 6'(‘?:922')73 9.59 11.73 7.95

Pointing out that, when cells grow under heterotrophic conditions using carbon sources in
organic form, their photosynthetic system does not need to function and because of this,
metabolites synthesis can be inhibited. This is probably why the chlorophyll and proteins content

are lower in this growth regime (Taylor, 2014).
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4.6. Hetero- to autotrophic sequential cultivation

The main objective of this assay was to verify the induced impact on biomass by the change
from hetero- to autotrophic system. The growth of the culture was monitored for 6 days and the
results are shown in Figure 29 and Table 13. The conditions implemented in this growth were
similar to the current autotrophic conditions of large-scale production in the Allmicroalgae

production department.
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Figure 27 - Growth curves of C. vulgaris grown in flat panel photobioreactors using organic heterotrophic inoculum. Values
represent averages of data from three biological replicates.
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Figure 28 — Two stage cultivation. A: Organic Heterotrophic Inoculum. B: Three flat panels with same condlitions after inoculation.
C: Flat panels after 4 days of inoculation.
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By the analysis of Figure 29, it was observed that with an organic heterotrophic inoculum,
C. vulgaris grew and tripled its dry weight after six days, 0.80 + 0.05 to 2.76 + 0.18 g L'1. Some
microalgae present dualtrophic characteristics, i.e., they have the capacity to grow in
photoautotrophic and heterotrophic conditions (Zheng et al,, 2012). For example, C. vuigaris, C.
sorokiana, Scenedesmus obliquus and Micractinium sp. are microalgae with these characteristics
(Paranjape, Leite and Hallenbeck, 2016; Santana et al., 2017; Abomohra et al., 2018). Their
metabolism combines heterotrophic and photoautotrophic mechanisms, being able to switch
between each other. In Allmicroalgae, the production of biologically certified C. vuigarisis achieved
in two stages. The first is in heterotrophy starting in 7 L fermenter and is scaled-up to the 5000 L
industrial fermenter. Subsequently, the biomass produced in the 5000 L fermenter is be used to
inoculate the autotrophic industrial PBRs, on which cultures grow under autotrophic conditions.
This dual procedure saves time and area required for the production of the inoculum (Barros et
al, 2019). Allmicroalgae’s organic production system is optimized and applied for autotrophy.
However, it starts from an heterotrophic inoculum produced under inorganic conditions. Only after
inoculation of PBRs and after a few generations, does the cultivation of C. wuigaris complies with
the requirements of European legislation for organic production. However, during this procedure,
if the heterotrophic inoculum was already organically produced, it would save more time and there
was the potential to create a new organic product. To simulate this process on a small scale, the
biomass produced in fermenter was used to inoculate three flat panel photobioreactors with a

volumetric capacity of 67 L (Figure 22).

One way to evaluate the impact was trough biochemical analysis of biomass in terms of
proteins and pigments, which are presented in Table 13. The protein content of the inoculum
obtained from heterotrophic growth was 17.9 %. Moving to photoautotrophic conditions, there was
an increase in the amount of protein to 48.4 + 5.5 % after six days. According to (Bertoldi, Sant’Anna
and Oliveira, 2008), C. wuigaris cultivated in Bold Basal Medium (BBM) had a protein content of,
approximately, 52.4%. Studies reported by (Yusof ef a/, 2011) had a protein content of 42.55 +
0.18 % with culture condition 12:12h photoperiod. The protein value obtained in this test is within
the values found in the literature. Regarding the pigments, after 6 days of autotrophic growth there

was an increase in the amount, of 9.59 to 23.32 + 0.39 Mg 1oia chiorophyil &1 DW. These results

are similar to those obtained in the study reported by (Barros ef a/, 2019), where the biomass

produced in C. wvuigaris originated from heterotrophy showed similar values of total chlorophyll.
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Point out that the chlorophyll and proteins content is affected by the limitation of macronutrients

(for example, N and P depletion) and light availability (Hu, 2004).

Table 13 - Comparison of biomass quality before and after the impact of the change in energy and carbon source. Evaluation in
terms of proteins and pigments, more specifically, total chlorophyll. The numeric value in heterotrophic inoculum represented were
oblained for a single test in each condition and in autotrophic growth, the numeric value represent average and standard deviation
of three biological replicates

Proteins (%) Pigments (mg g-1 DW)
Heterotrophic inoculum ‘ 17.94 9.59
Autotrophic growth ‘ 48.44 + 5.52 23.32+0.39
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5. CONCLUSIONS AND RECOMMENDATIONS

Interest in microalgae biomass has been increasing in the global market due to their high
nutritional value and the variety of technological applications. Therefore, many systems have been
developed aiming to optimize biomass yields and added-value compounds production. In this
context, new low-cost medium, different initial concentrations of microalgae and different processes

in cultivation types have been studied.

Based on the results obtained in the optimization of the nitrogen source, it was concluded
that the ammonia concentration has effects on cell growth, with concentrations higher than 62
mmol L-1 ammonia concentration induce a growth inhibition. pH value’s outside the optimal range,
between pH of 6 and 7, had also a significant effect on growth of C. vuigaris. Regarding the carbon
source certified as organic it proved to be adequate for production, although with lower yields than
those obtained with glucose. Thus, sterilize this sugar by filtration was the most suitable and most
favorable method for this microalgae growth. Finally, potassium bicarbonate, the base selected to
control pH, it was possible to maintain the pH within the range without causing stress in the C.

vulgaris growth. With the optimized medium, MNBIO ymieq, @Pplied for C. wujgaris growth proved

to be very promising due it is a complex medium made up of the elements necessary for growth.
However, the organically certified products used to control the foam were not effective, once they
did not prevent the formation of foam. Simulating a sequential hetero to- autotrophic system in
small scale, the organic heterotrophic inoculum has strong potential to switch to autotrophic
conditions, since it had a much higher productivity. This cultivation strategy is promising to provide
a more efficient way of microalgae biomass production due to increase in protein and chlorophyll

content.

In relation to the biochemical analysis of biomass, in terms of fatty acid profile, the biomass
produced was mainly composed by PUFAs, an important factor for the biomass quality. The
chlorophyll and ashes content were higher in organic cultivation when compared to biomass of
inorganic production. However, the protein content was lower in two fermenters performed faced

with inorganic cultivation.

From a general perspective, a product with organic certification is an asset due it
guarantees health benefits, taking into account the environment and food safety. Thus, MNBIO has

become very interesting as a heterotrophic medium with organic certification. In addition, a carbon
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source and a product to pH control found were certified for organic production and worked to make
it possible to grow organic heterotrophic biomass according to guidelines of European legislation.
Thus, in further approaches, the effect of temperature on sterilization of the carbon source, in this
case, organic sugar, should be studied trying to understand the influence on the appearance of
HMF. In addition to this, it would be interesting to use other antifoams with the approval of
European legislation, such as certified silicone oil. It would also be very interesting to do a scale-
up for the 200 L fermenter, checking the viability of this medium in this type of fermenter. In
addition, as the medium used was a fertilizer mixture, filtering the medium before adding it to the

fermenter could be a good approach to test.
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ANNEX A — CALIBRATION CURVES

The growth of C. wuigaris was monitored by measuring the optical density of cultures on a
UV/Vis spectrophotometer at 600 nm. The growth was made heterotrophic and autotrophic

pathways, where the respective calibration curves are shown in Figure Al and A2.
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Figure A 2 — Absorbance of C. vulgaris measured at wavelength of 600 nm vs dry weigh for heterotrophic mode.
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Figure A 1 — Absorbance of C. vulgaris measured at wavelength of 600 nm vs dry weigh for autotrophic mode.
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ANNEX B — CULTIVATION PARAMETERS OF C. VULGARIS GROWTH WITH YEAST EXTRACT IN N

OPTIMIZATION

C. vulgaris growth was monitored by analyzing the pH variation, glucose in the medium

and ammonia in the medium over time.
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Figure B 1 - pH variation of control, with best condition of MNBIO optimization (m); pH variation of YE20 (0),; of YEIO (A ), of
YE10+Vit (A) and of YE20+MNM (e ). Values represent averages of data from two biological replicates, except control, which
value represent average from three independent biological replicates, and it is standard deviation.
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Figure B 2 - Glucose in the medium of control, with best condition of MNBIO optimization (m), Glucose in the medium of YE20
@) of YEIO (A ); of YE10+Vit (A) and of YE20+MNM (e ). Values represent averages of data from two biological replicates,
except control, which value represent average from three independent biological replicates, and it is standard deviation.
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Figure B 3 - NH, [ in the medium of control, with best condition of MINBIO optimization (m); NH, 4+ in the medium of YE20 (a); of

YELIO (A ); of YEIO+Vit (A) and of YE20+MNM (e ). Values represent averages of data from two biological replicates, except
control, which value represent average from three independent biological replicates, and it is standard deviation.

ANNEX C — CULTIVATION PARAMETERS OF C. VULGARIS GROWTH IN C SOURCE OPTIMIZATION

C. vulgaris growth was monitored by analyzing the pH variation, glucose in the medium

and ammonia in the medium over time.
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Figure C 1 - pH variation of Glu+Vit m); of Glu (o), of SF+Vit (A ); of SF (A); of SA+Vit (8 ) and of SA (o). Values represent
averages of data from three independent biological replicates.
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Figure C 2 - Glucose in the medium of Glu+Vit m),; of Glu (0),; of SF+Vit (A ); of SF (A),; of SA+Vit (@) and of SA (o). Values
represent averages of data from three independent biological replicates.
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Figure C 3 - NH, 4+ in the medium of Glu+Vit m), of Glu (@), of SF+Vit (A ); of SF (A); of SA+Vit (@) and of SA (o). Values
represent averages of data from three independent biological replicates.

ANNEX D - CULTIVATION PARAMETERS OF C. VULGARIS GROWTH IN PH CONTROL

C. vulgaris growth was monitored by analyzing the pH variation, glucose in the medium

and ammonia in the medium over time.
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Figure D 1 - Glucose in the medium to culture with PB m) and with SB (o). The symbol | represents the time of the addition of
solutions. First | corresponds to both conditions. Values represent averages of data from two independent biological replicates.

70
60
50

NH,* 40 x

in the medium o1 x

L) 30

)

Figure D 2 — NH 4* in the medium fo culture with PB (m) and with SB (o). The symbol | represents the time of the addition of

solutions. First || corresponds to both conditions. Values represent averages of data from two independent biological replicates.
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