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Abstract

After the industrial revolution, there was an increase in the release of greenhouse
gases, where CO> represents 68% of gases that cause global warming (Pires et al. 2012;
Bhola et al. 2013; Waters et al. 2016). Almost all of the countries are trying to reduce this
gas emission to approach the past balance of CO2 (Sayre 2010; Robbins 2016). One of
the most promising venues to mitigation of COz is the use of microalgae that are a highly
diverse group of photosynthetic organisms (Pires et al. 2012; Jaubert et al. 2017) and
responsible for more than 40% of the global carbon capture in the natural world (Hannon
et al. 2010). This approach is the option that SECIL has been testing on their facilities
since 2010 (SECIL 2017).

Hiper-COgz-tolerant strains of microalgae are crucial for effective CO2 mitigation
and brackish waters are ideal to find these species (Bhola et al. 2013). Phaeodactylum
tricornutum can grow in brackish water, making it a potential efficient CO2 sequester
(De Martino et al. 2007; Bhola et al. 2013). This microalgae can be found in planktonic
stage with triradiate and fusiform morphologies or in benthonic stage with oval and round
morphologies (De Martino et al. 2011).

This microalga has some interesting metabolites, such as carotenoids,
phytosterols, vitamins and antioxidants that could be used as supplements for human diet
(Gugi et al. 2015). Fucoxanthin is a high-value product that is produced by this microalga
with health benefits (Mikami & Hosokawa 2013; Hualian et al. 2015). Furthermore, this
species has an interesting lipid profile with a great amount of polyunsaturated fatty acids
(PUFA), including the omega 3 fatty acid and omega 6 fatty acid, being EPA the most
produced PUFA (Hamilton et al. 2016).

In 5 L airlift reactors, P. tricornutum grew at the same level in salinity range
between 2.5 and 20 g L. The cultures at salinity of 2.5 g L™t showed less percentage of
lipids than at 20 g L. Although they have similar percentage of EPA, DHA and SDA
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represent a lower percentage PUFA that are increased in cultures grown at salinity of 2.5,
5and 10 g L™

In an industrial microalgae production facility of ALGAFARM - Pataias, the 125 L
green wall panel (GWP) achieved the maximum cell concentration. The photobioreactor
with better volumetric productivity is the 2500 L tubular PBR with 0.235 g L™ day™.
Although the maximum areal productivity was of 45.0 and 48.5 g m day*in 10000 L
and 35000 L PBR, respectively without statically significant differences.

The industrial PBR are the most photosynthetic efficient with 2.08% in a 10000 L
and 2.21% in a 35000 L tubular PBR. A larger volume in the same area increases the
efficiency of the industrial reactors and increasing its height results in a bigger photic
region. The biochemistry of industrial biomass is similar to the biochemistry cultured at
20 g L at lab scale.

Comparing the benthic and planktonic, these two cultures are very different in
terms of biochemical macromolecules. The percentage of protein decreases in benthic
morphology, as do the lipids, with a consequential increase in carbohydrates. The increase
of carbohydrates is the result of extracellular polymeric matrix of benthic culture.

After determination of stoichiometric equation for P. tricornutum growth in 10000
L PBR we can conclude that a fixed value of 2.3 CO2 gram per gram of biomass is formed.
In 210000 L PBR, the CO> sequestration efficiency was 60%. However, in the large PBR
the efficiency decreases to 41%. The mixture of biomass and gas, and consequently the

contact of these two components, is lower in the 35000 L PBR reducing fixing efficiency.

Keywords: Salinity; Microalgae; CO> sequestration; Photobioreactors; Phaeodactylum

tricornutum; Photosynthesis efficiency; Biomass productivity; Industrial production
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Resumo

Ap0s a revolucdo industrial existiu um aumento da libertacdo de gases com efeito
de estufa, de entre os quais 0 CO> representa 68% dos gases que causam 0 aquecimento
global. (Pires et al. 2012; Bhola et al. 2013; Waters et al. 2016). A maioria dos paises
estdo comprometidos em reduzi r a emissdo destes gases para alcancar o balanco natural
do CO. (Sayre 2010; Nations et al. 2016). Uma das resolu¢bes mais promissoras é a
fixacdo com o crescimento de microalgas que sdo dos organismos fotossintéticos com
maior diversidade (Pires et al. 2012; Jaubert et al. 2017), e responsaveis por 40% da
fixacdo global de carbono (Hannon et al. 2010). Esta é solucao que a SECIL esta a testar
nas suas infraestruturas desde 2010 (SECIL 2017).

Espécies hiper tolerantes ao CO. séo cruciais para melhores resultados de fixacéo
e as aguas salobras sdo as ideias para encontrar estas espécies (Bhola et al. 2013).
Phaeodactylum tricornutum pode ser encontrado em &gua salobra, fazendo dele uma
espécie com potencial para sequestrar CO2 (De Martino et al. 2007; Bhola et al. 2013).
Esta microalga pode ser encontrada em fase planctdnica, com os morfologias de triradiate
e fusiforme, e bentdnica, com células ovais e redondas (De Martino et al. 2011).

P. tricornutum tem metabolitos interessantes como carotenoides, fitoesteroides,
vitaminas e antioxidantes que poderdo ser usados como suplementos para alimentagéo
(Gligi et al. 2015). A fucoxantina é um produto de elevado valor acrescentado que é
produzido por esta microalga com efeitos benéficos na satde (Mikami & Hosokawa 2013;
Hualian et al. 2015). Além de que esta espécie tem uma perfil de acidos gordos
interessantes, com uma grande percentagem de &cidos gordos insaturados (PUFA),
incluindo &cidos gordos 6mega 3 e 6, sendo o EPA o mais produzido dos PUFA
(Hamilton et al. 2016).

Neste projeto, foi estudado o crescimento deste microrganismo em reatores de
suspensdo de ar de 5 L crescendo sem diferengas no intervalo de salinidades entre 2.5 e
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20 g LY. A culturade 2.5 g L™ de sal teve um decréscimo da percentagem de lipidos em
relacdo & crescida a 20 g L. Contudo, todos o0s ensaios tiveram uma percentagem de EPA
semelhante, o DHA e SDA foram PUFA em menor percentagem presentes nas
salinidades 2.5,5e 10 g L™

Nas instalacdes de producao de microalgas da ALGAFARM - Pataias, 0s reatores
de parede verde atingiram maiores concentracdes celulares. Os fotobioreaores (PBR) com
melhor produtividade volumétrica foram os de 2500 L com 0.235 g L dia™. Porém, a
produtividade maxima areal foi de 45.0 e 48.5 g m™ dia*em PBR de 10000 L e 35000 L,
respetivamente, sem diferencas significativas.

Os PBR industriais foram os mais eficientes fotossinteticamente com 2.08% no
PBR de 10000 L e 2.21% no de 35000 L. Um volume maior na mesma &rea de terra
ocupada torna reatores industriais mais eficientes.

A bioquimica da biomassa dos reatores industriais foi semelhante a cultivada a
escala laboratorial com 20 g L de sal. Comparando a cultura bentdnica com a
planctonica, estes dois estados sdo muito diferentes a nivel bioquimico, ocorrendo um
aumento de hidratos de carbono (HC) com a reducao percentual das outras biomoléculas.
O aumento dos HC ¢é resultado da producéo de polimeros extracelulares da matriz.

Apds a determinacdo da estequiometria do crescimento de P. tricornutum num
PBR de 10000 L conclui-se que este fixou 2.3 gramas de CO; por grama de biomassa
formada. No PBR de 10000 L, a eficiéncia de sequestracdo de CO; € de 60%, contudo,
no PBR maior a eficiéncia desceu para 41%. A mistura da fase da biomassa com o gas, e
consequentemente o contato destes dois componentes, ¢ foi no PBR de 35000 L,
reduzindo a eficiéncia de sequestragéo.

Palavras chave: Salinidade; Microalgas; Sequestracdo de CO.; Eficiéncia fotossintética;

Fotobioreatores; Phaeodactylum tricornutum; Produtividade em Biomassa; Producéo industrial
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1 Introduction

1.1  Thesis organization

The present work is inserted in the dissertation project to conclude the master’s
degree in Bioengineering. In this project, the growth of Phaeodactylum tricornutum was
studied at an industrial scale and the efficiency of this microalga to sequester CO2 in
industrial photobioreactors at ALGAFARM. This dissertation is organized in four major
chapters.

The present chapter, one, presents the central problem of climatic changes and
ways forward to mitigate this problem. Additionally, this chapter contains a short
literature review about microalgae cultivation methods and on some value-added
compounds they produce, ways to enhance the production of the metabolites of interest,
followed by a presentation of the microalgae under study (P. tricornutum) and the
company where the project was developed.

Chapter two presents the specification of culture conditions, methods used for the
analyses of produced biomass and the statistical analyses of the assays developed.

The third chapter shows the efficiency of growth of this microalga under different
salinities and the changes at biochemical level, besides the growth of this alga on different
culture volumes, including large scale industrial photobioreactor, as well as the
biochemical analyses of the biomass produced and the differences between plaktonic and
benthonic stage. This chapter finishes with a stoichiometric analysis of P. tricornutum
and the efficiency of CO. sequestration.

General conclusions and perspectives for future work are discussed in chapter four.
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1.2 Problem

Our planet is experiencing a serious climatic change, in which Humans have a
significant role. In 2002, the term of “Anthropocene” surges as a recently geological
epoch of Earth (Malm & Hornborg 2014). Primarily, when the human civilizations
expanded over the planet, they started with the natural manipulation of vegetal species on
agriculture, and after by using livestock (Malm & Hornborg 2014; Waters et al. 2016).

The next important step on evolution was the discovery and control of fire, this
was the moment when energy trap in detrital carbon started to be used to the primordial
interest of this species (Malm & Hornborg 2014). In the 18" century humanity the use of
energy on fuel to produce work was already established, which resulted in the beginning
of the industrial revolution (Malm & Hornborg 2014; Waters et al. 2016). In the 20"
century, population growth increased industrialization that resulted in the intensification
of mineral and energy use (Waters et al. 2016).

Further, humans are responsible for an extensive deforestation. This and all
previously mentioned activities are the cause of the increased release of greenhouse gases
(GHG). The most important molecule in this group is carbon dioxide (CO3)
corresponding to a portion of 68% of GHG that cause the global warming (Pires et al.
2012; Bhola et al. 2013; Waters et al. 2016). In the past, this molecule had a soft balance
between the release by biological activities and geological phenomenon versus capture
by photosynthesis or adsorption on soil or ocean (Sayre 2010). However, the
concentration at the atmospheric level rose from 280 ppm in 1750 to 406 ppm, registered
in 2016 (Singh & Ahluwalia 2013; Waters et al. 2016; Isabel & Martins 2017). In 1997,
most countries signed the Kyoto protocol which had the objective of reducing GHG by
5.6% against 1990 emission levels. Nowadays, the majority of countries is trying to

reduce CO, emissions in order to reach zero emissions of GHG’s as agreed with the
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COP21, that has the ambition to take down global temperature 2 °C above that of pre-
industrial era (Nations et al. 2016).

SECIL is a Portuguese cement company responsible for 37% of the national
market, it has activity in a traditional polluting industry, however, the company has the
objective of reducing GHG emissions (SECIL 2017).

A polluting industry could try to reduce CO, emission as an international
obligation, although to reach zero path it would be needed to sequester the CO. over a
very long geological time. An alternative hypothesis is the direct injection on geological
formations or the deposition on ocean as a way to mitigate CO_ (Pires et al. 2012). Another
pathway is to sequester this gas by producing photosynthetic biomass, that allows to
sequester for a long geological time (Sayre 2010; Pires et al. 2012). Marine microalgae
are responsible for more than 40% of the global carbon capture (Hannon et al. 2010), and
are currently considered one of the most promising venues for industrial mitigation of
COo.. This approach is the option that SECIL has been testing on their facilities since 2010

(Pires et al. 2012; SECIL 2015).

1.3  Microalgae
Microalgae are a highly diverse group of photosynthetic organisms and the main

producers of marine biomass (Jaubert et al. 2017). It is predicted that between one and
ten million of algae exist and most of them are microalgae (Mutanda et al. 2011). These
microorganisms display faster growth rates than terrestrial plants, a CO. fixation
efficiency 10 to 50 times better and with an efficient use of solar power 10 times better
(Pires et al. 2012; Bhola et al. 2013). These facts explain why microalgae can produce
more 2-10 biomass per land surface area than the most productive terrestrial plants (Sayre

2010).
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Hiper-COg-tolerant strains of microalgae are crucial for effective CO2 mitigation,
some of these are influenced by environmental factors. Brackish waters are the ideal to
find these strains, where there is an high amount of dissolved salts, CO2 and O (Bhola et
al. 2013). The success for production of any microalga with good productivities is their
adaptation to the local environment (Mutanda et al. 2011).

Microalgae are rich in various minerals, vitamins, oils and fatty acids (FA), as
well as interesting value-added metabolites (Bhola et al. 2013).

The diversity of microalgae is somewhat related to the existence of diverse
environments. Diatoms is the major diverse group of microalgae, about 100000 species
have been reported, leaving the green algae as the second major group with 8000 species
(Mutanda et al. 2011).

Diatoms are among the most productive and flexible group, and have been
reported to be responsible for 20% of CO> global capture and more than 40% of primary
production on the oceans being the major player in carbon cycle (Hildebrand et al. 2012).

CO- sequestering is a consequence of the photosynthetic process, the energy
captured by light is dissipated by photosystem Il, primarily in light-harvesting complex
I1 by thermal dissipation or conduced as the electrons by successive acceptors until CO>
(Hildebrand et al. 2012). Unlike green algae, diatoms have a xanthophyll-based cycle that
increases the efficiency of photosynthesis by reducing the flow of electrons to secondary
process (Hildebrand et al. 2012). Diatoms do not have a a-carotene biosynthesis pathway,
leading to photoprotective and light harvesting pigments from the same precursor
(Hildebrand et al. 2012).

Diatoms, like other groups of microalgae, have the first enzyme of fixation of CO-
in the form 1D RubisCO that is more efficient than the one present in chlorophytes

(Hildebrand et al. 2012; Taucher et al. 2015). This enzyme of photosynthesis is restricted
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on subtract to CO- and has a lower efficiency, although this species of inorganic carbon
has a low concentration on water (Hildebrand et al. 2012; Taucher et al. 2015). So,
photosynthetic cells must concentrate CO; intracellularly to increase the photosynthetic
efficiency. The mechanism of carbon concentrating varies greatly between groups of
microalgae, however, it, most of all, converges in the uptake of CO> or/and HCO3 inside
the cells. Carbonic anhydrase has the function of increasing the velocity of conversion of
other inorganic carbon into CO; to a more extensive reaction of fixation (Taucher et al.
2015). This microalgae has a very regulated uptake system of carbon, that results on no
changes in growth rate under different CO. pressures, within saturated concentrations
(Taucher et al. 2015).

This group of brown microalgae can fix carbon by C3 or C4 metabolism and has
a cycle of urea to regulate internal species of inorganic carbon (Hildebrand et al. 2012).
In contrast with other microalgae, diatoms have Entner-Doudoroff pathway linked to
complete second half of glycolysis in the mitochondrion (Valenzuela et al. 2012).

The main reserve carbohydrate of this algae is chrysolaminarin, a complex
carbohydrate with monomers of glucose linked B(1—3) and B(1—6) in a ratio of 11:1.
This polysaccharide is soluble and is stored in the chrysolaminarin vacuole, that can be
quite large, reaching 50% of cell volume (Hildebrand et al. 2012).

Depending on the conditions of growth or stress they are subjected by the
environmental, they produce some specific pigments and proteins as primary metabolites
whose metabolic response is known. Secondary metabolites were usually unpredictable
although interesting bioactive compounds could be synthetized but had to be discovered

empirically (Prestegard et al. 2015).
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1.4 Phaeodactylum tricornutum

Recently, P. tricornutum was accepted as a model organism for the study of
diatoms (Prestegard et al. 2015). P. tricornutum genome has already been sequenced
(Bowler et al. 2008). This organism can grow in brackish water, making it a potential
efficient COz sequester (De Martino et al. 2007; Bhola et al. 2013).

This diatom can have four morphologies: triradiate, fusiform, oval or round; a
strain isolated in Canada has near 100% of cells in triradiate (De Martino et al. 2007; De
Martino et al. 2011).

The change of morphology is a response to environmental factors like temperature
or salinity, but genetic information of the strain is important to define the condition
necessary to change and the dominant morphology under the environmental conditions in
which the strain was collected (De Martino et al. 2007).

The silicified cell wall was not observed in triradiate and fusiform morphology.
However, in oval form they are usually seen; this structure is similar to these observed in
others diatoms, remains of frustule appear to be observed in fusiform and triradiate (De
Martino et al. 2007). When grown in artificial sea water without silica, no significant
differences of proportion of morphologies on culture were observed, although the
triradiate and oval forms grew significant slower (De Martino et al. 2007). The addition
of silicate acid did not change the proportion of morphologies (De Martino et al. 2007).
Previous reports had reported silica in organic matrix of fusiform and triradiate, however,
it was not proved whether that is a solid siliceous structure or an amorphous form of silica
deposited in the matrix of polysaccharides (Johansen 1991). Before, it was verified by
electron micrograph that fusiform was devoid of solid siliceous wall (Lewin et al. 1958).

Oval form resist better to low radiation or nutrients deficiency, and other

morphologies are dominant in the starting of batch rise the proportion of oval cells in this
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conditions, these tend to aggregated in a cluster with some round cells (De Martino et al.
2007).

P. tricornutum has its normal growth on autotrophic conditions, but to increase
the productivity and come to higher levels of biomass concentration (like increases of
30%), they can be grown in mixotrophic conditions with supplementation of glycerol
(Morais et al. 2009). Some strains of this microalga can transport into the cell glucose,
and grow in the presence of light with different efficiencies (Liu et al. 2009). Reported
heterotrophic growth of this diatom was already reported, by means of genetic
improvement of the species (Ceron Garcia et al. 2006; Hamilton et al. 2016).

As commonly described in other microalgae, under nitrogen and/or phosphate
starvation, P. tricornutum, intensifies the lipid amount per cell, with a partial turnover of
carbohydrates (Valenzuela et al. 2012; Longworth et al. 2016). Under these conditions
the recycling of intracellular nitrogen is increased by the over-expression of glutamate
dehydrogenase and glutamine synthetises (Valenzuela et al. 2012). Thus, it decreases the
expression of light-harvesting complex, thereafter, chlorophyll a and fucoxanthin were
reported lowering expression (Valenzuela et al. 2012; Longworth et al. 2016).

Under starving the expression of tricarboxylic acid (TCA) genes declines, that
results in a minor metabolism velocity. Even though lipids continue to be packed, with
increasing expression of FA biosynthesis, triacylglycerol (TAG) assembly, chain
modifications, and 3-oxidation, these two last groups of enzymes possibly responsible for
recycling of some nitrate and phosphate in FA (Valenzuela et al. 2012).

In normal conditions of nutrients, P. tricornutum intensifies the sequestration of
inorganic carbon by biophysical mechanisms that direct transport of inorganic carbon by

the membranes to chloroplast, another path is to fix inorganic carbon by carboxylase to
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C3, form a C4 that can be transported to target organelle and from there deliver the
inorganic carbon to RubisCO (Valenzuela et al. 2012).

The cells division of this stain is up-regulated by a sensor of radiation on the
photoreceptors (Jaubert et al. 2017). The red light and blue light are perceived by different
photoreceptors, blue light active the mechanism of Aureola and red/far-red light
perceived by phytochrome, this leading to a different metabolic pathway, which
downstream actors are still unknown. In this complex response is involved the circadian
clock to network the photoreceptors and chloroplast-derived signals (Jaubert et al. 2017).
The fact of up regulation of cell division by radiation may be a reason for not achieving
heterotrophic growth.

Previous reports byPérez et al. (2008) provided the Monod model for radiation
factor to P. tricornutum:

 Mpax 1x0.08h71 (1)
=T+ K, 1+ 10.2 yEinsteinm=2 s~1

Where p is the specific growth rate, pumax is the kinetic coefficient of maximum growth
rate, | is the average irradiance inside the culture and K| is half saturation constant of
irradiance. Which indicates that the increase of light intensity have a maximum growth
rate of 0.08 h and the half of maximum growth it’s at 10.2 uEinstein m? s (Pérez et al.
2008).

This microalga has some interesting metabolites, such as carotenoids,
phytosterols, vitamins, and antioxidants that could be used as supplements for human diet
(Gulgi et al. 2015). Carotenoids are constituted by a linear backbone with 40 carbons and
more than 11 conjugated bonds, most of them are colourful and responsible for colour in
some animals like orange colour of salmon meat. Although animals do not produce these
molecules, they accumulate carotenoids upon ingestion (Mikami & Hosokawa 2013).

Faculdade de Engenharia da Universidade do Porto | ALGAFARM
Pedro M. Quelhas, 2017



Photosynthetic efficiency and CO mitigation by Phaeodactylum tricornutum in industrial reactors

P. tricornutum produces fucoxanthin, a high value carotenoid that is interesting
because of its health benefits, such as, antioxidant (that is predictable by the presence of
conjugated system in the molecule and groups electron accepter like carbonyl group —
Figure 1), anti-inflammatory, anti-neoplasic, antidiabetic, antiangiogenic, antimalarial
and anti-obesity activities (Mikami & Hosokawa 2013; Hualian et al. 2015; Raposo et al.

2015).

Figure 1 - Two-dimension representation of molecular structure of fucoxanthin (drawn on Marvin Sketch based on
Mikami & Hosokawa 2013).

The biosynthesis pathway of fucoxanthin is not fully known. Like green algae
they have the pathway to convert -carotene to neoxanthin, although the absence of
specific enzymes to convert neoxanthin to fucoxanthin in the genome of P. tricornutum,
leads to uncertainty as to what would be the intermediary prior to fucoxanthin: neoxanthin
or diadinoxanthin (Mikami & Hosokawa 2013).

Differences on culture medium (nutrients) or radiation imply changes on
fucoxanthin production by cells. The depletion of silica reduces the percentage of
fucoxanthin inside the cell (Zhao et al. 2014), whereas, nitrogen depletion reduces the
productivity of fucoxanthin. Moreover, low temperatures (10°C) and lower levels of light
leads to a greater amount of fucoxanthin than higher temperatures (25°C) or higher levels

of light (15 klux) (Shimura & Fujita 1975). Iron as also a key effect on the fucoxanthin
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concentration, 10 uM of iron intensifies the production of fucoxanthin in contrast to
lowers concentrations (Kosakowska et al. 2004).

Furthermore, P. tricornutum has an interesting lipid profile with great amount of
polyunsaturated FAs (PUFA), including the omega 3 fatty acid and omega 6 FAs
(Hamilton et al. 2016).

The most produced omega 3 is the eicosapentaenoic acid (EPA, C20:5 »-3) and
with lower percentages of octadecatetraenoic (stearidonic acid, SDA, C18:4 ®-3),
octadecatrienoic (a-linolenic acid, ALA, C18:3 w-3), docosahexaenoic (DHA, C22:6 o-
3) and docosapentaenoic (DPA, C22:5 w-3) acids (Zhao et al. 2014; Hamilton et al. 2014;
Hamilton et al. 2016). Regarding omega 6 PUFA, octadecadienoic (linoleic acid, LA,
C18:2 ®»-6), octadecatrienoic (y-linolenic acid, GLA, C18:3 w-6), eicosatetraenoic
(arachidonic acid, ARA, C20:4 »-6) and eicosatrienoic (DGLA, C20:3 »-6) acids are the
most reported (Zhao et al. 2014; Hamilton et al. 2016).

P. tricornutum and others diatoms do not produce the DHA like animals, via the
Sprecher pathway by shortening tetracosahexaenoic acid with the recourse to -oxidation
of this FA (Muhlroth et al. 2013). For their side, they have a simpler process using
elongation and desaturation of FAs to produce DHA (Miihlroth et al. 2013).

The tricarboxylic acid cycle (in mitochondria) are intermediaries and share the
acetil-CoA as primordial precursor of FA synthesis (in chloroplast), the B- oxidation
enzymes (in mitochondria) are also involved in the production of FA (Muhlroth et al.
2013). In the presence of oxygen, the saturated FA are unsaturated by desaturases (Des)
present on smooth endoplasmic reticulum (Muhlroth et al. 2013). Either, tricarboxylic
acid cycle, B-oxidation, FA synthesis, membrane glycerolipid synthesis, PUFA synthesis

and Kennedy pathway are involved on synthesis of EPA and DHA (Muhlroth et al. 2013).
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The biosynthesis of EPA by P. tricornutum are a combined process between both
the omega 3 and omega 6 fatty acid pathway, that could be observed in Figure 2 (Khozin-
goldberg et al. 2011; Muhlroth et al. 2013; Hamilton et al. 2014).

The improvement of enzyme glycerol-3-phosphate acyltransferase improves the
production of PUFA (Niu et al. 2016), and a genetical manipulation of this diatom
inserting genes of A6—desaturase and A5-elongase improves the production of DHA and

DPA (Hamilton et al. 2014; Hamilton et al. 2015).

9-Octadecenoic acid (C18:1)

AV

9,12-octadecadienoic acid (C18:2) A15 Des

9,12,15-octadecatrienoic acid (C18:3)

A9 Des | A6 Des l
6,9,12-octadecatrienoic acid (C18:3) 415 Des 6,9,12,15-octadecatetraenoic acid (C18:4)
a6l | B6Elo |
8,11,14-eicosatrienoic acid (C20:3) 8,11,14,17-eicosatetraenoic acid (C20:4)
A5 Des | 85 Des |

Al17 Des
_

5,8,11,14-eicosateraenoic acid (C20:4) 5,8,11,14,17-eicosapentaenoic acid (C20:5)
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7,10,13,16-docosatetraenoic acid (C22:4) A19 Des 7,10,13,16,19-docosapentaenoic acid (C22:5)

e
Al Des ‘ it} Des¢
4,7,10,13,16-docosapentaenoic acid (C22:5) A19 Des 4,7,10,13,16,19-docosahexaenoic acid (C22:6)

Figure 2- Biosynthesis of EPA and DHA on P. tricornutum based on previous reports. Des is enzyme desaturase and
Elo is enzyme elongase. ( based on: Khozin-goldberg et al. 2011; Mihlroth et al. 2013; Hamilton et al. 2014)

Under sub optimal environmental conditions like low nitrogen concentrations, the
production of EPA and incorporation in triglycerides are improved (Yongmanitchai &
Ward 1991; Mihlroth et al. 2013).

In the presence of glycerol in the culture medium of P. tricornutum an increase in
PUFA is observed (Ceron Garcia et al. 2006; Mihlroth et al. 2013). On the other side, the
use of ammonia as source of nitrogen inhibits the production of EPA and other FA
(Yongmanitchai & Ward 1991; Wen & Chen 2003), although urea is a nitrogen source
that improves the P. tricornutum growth and rises the productivity on EPA

(Yongmanitchai & Ward 1991). The presence of phosphate in the range of 0.1-0.5 g L™
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is important to the yield in omega 3 PUFA (Yongmanitchai & Ward 1991; Wen & Chen
2003).

The percentage of omega 3 PUFA acids decreases with increases of salinity of the
medium (Yongmanitchai & Ward 1991; Wen & Chen 2003). When temperature
decreases from 25°C to 10°C for 12h the result is an increases in the fraction of PUFA,
mainly in the form of EPA (Wen & Chen 2003; Sharma et al. 2012).

ARA, EPA and DHA are synthetized by human but with a lower extension, which
requires an intake of these FAs, even more important in the primordial phase of life to
structural structed of brain membrane phospholipids with ARA and DHA (Mdhlroth et
al. 2013).

In Western countries it is recommended an increase in omega 3 consumption
because the ratio of omega 6 to omega 3 is greater than 15:1, although the recommended
ratio for a balanced diet is 4:1 (Muhlroth et al. 2013). Terrestrial plants and their
derivatives, and terrestrial animals that feed on these have the ratio omega 6 per omega 3
higher than 4:1 however the microalgae and their consumers have a ratio of 2:1 (Mihlroth
etal. 2013).

Omega 6 PUFA have an important role in immunological regulation, with a
proinflammatory effect. On the other side, omega 3 PUFA have anti-inflammatory
properties, reducing the risk of cardiovascular disease, colorectal cancer, breast cancer
and asthma (Swanson et al. 2012; Mihlroth et al. 2013).

Extract of P. tricornutum combined with nanofibers mats has antimicrobial
activity, and also antifungal and antiviral effects of PUFA have been reported (Desbois
et al. 2009; Muhlroth et al. 2013; Kwak et al. 2014).

All the morphologies have been successfully transformed by nanoparticle

bombardment and multi-pulse electroporation, with more difficulties associated with
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triradiate form (De Martino et al. 2007). Recently, biomolecular products with interest in
pharmaceutical applications, such as monoclonal antibodies against hepatitis B, were

produced in this strain (Vanier et al. 2015).

1.5 ALGAFARM
SECIL group produces cements and mortars. The main GHG they release as

secondary product is CO, from calcination of carbonates from raw material (60% of
emissions) and combustion of fuel in the ovens (40% of emissions) (SECIL 2017).

This industry also produces NOx, SOx and some volatile organic compounds, and
in lower levels heavy metals, polychlorinated dibenzodioxins and polychlorinated
dibenzofurans (PCDD/F). With a view to attaining a more sustainable production, SECIL
has used bag filters, low NOx burners, selective non-catalytic reduction, systems of
control of NOxand SOy, this with an injection of lime/calcium hydroxide, and electrostatic
particles precipitations for 20 years (SECIL 2017).

Recently, SECIL has reduced the CO2 emissions by increasing the efficiency of
process and co-processing of alternative fuels. Additionally, they started testing the
sequestering of CO2 emissions with recourse to microalgal growth in the facilities of
ALGAFARM, showed in Figure 3 (SECIL 2017).

ALGAFARM is the biggest industrial unity producing microalgae in Europe,
located in Pataias near Leiria, close to the SECIL cement factory (Fonseca et al. 2016;
Silva et al. 2017). The relation with cement factory derive from the use of gas effluents
to produce microalgae, more specifically the GHG CO2 with the main purpose of having

a sustainable cement industry (Silva et al. 2017).
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Figure 3 — ALGAFARM facilities (fron: Silva et al. 2017).

During 2017, ALGAFARM has demonstrated the possibility of Chlorella vulgaris
growth in dark heterotrophic conditions, without photic shock when changed the
condition of growing to autotrophy in green wall panels (GWP Silva et al. 2017). With
this process it was possible to obtain biomass with premium quality with interesting levels
of total microorganisms (about 102 unities), fungi and yeasts (lower than 10%), still with
biochemistry levels higher than normal C. vulgaris powder (Silva et al. 2017).

This premium C. vulgaris is produced with the aim of selling for human
consumption. Nannochloropsis sp. is also produced in ALGARFM. This strains is rich in
omega 3 fatty acids, and is commonly used in aquaculture and others feed options. Others
strains such as P. tricornutum, Tetraselmis sp. and Haematococcus sp. are also being used
in ALGAFARM, at pilot scale (Fonseca et al. 2016; Silva et al. 2017).

Large scale production in ALGAFARM is mainly composed by tubular
photobioreactor (PBR). These PBR are inoculated with C. vulgaris cultivated
heterotrophically in fermentaters with capacities of 200 and 5000 L. This strategy
significantly reduces the scale-up time, a constringency frequently reported within the
autotrophic cultivation of microalgae (Fonseca et al. 2016; Silva et al. 2017). Several

advantages are reported to PBR i.e. the capacity to obtain high quality biomass with lower
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levels of contamination, the reactor geometry that provides greater productivities versus
open-pound, by allowing the growth of more diversity of algal and easily preventing the
evaporation of culture medium. On the other hand, this system is more expensive to
operate and has a complex process of scale-up (Tredici 2010; Fonseca et al. 2016). The
use of PBRs agree with the objective of the sequestering of CO,, since it is a geometry
that allows greater sequestration efficiencies when compared to open systems (Bhola et
al. 2013). The photic zone of reactors are constructed with a transparent plastic tube that
allow the transference of energy in the form of radiation but prevents mass transfer to the
outside (Fonseca et al. 2016).

In 2013, ALGAFARM started to produce Chlorella sp. combining the autotrophic
with the mixotrophic growth of microalgae. Pre-inoculum was produced in 5 L balloons
and the inoculum in GWP of 1 m® each. In 2016, the fermentation technology was
introduced in ALGAFARM. The next step will be the construction of raceways to
produce biomass with lower costs (Silva et al. 2017).

All the data present in this work was collected in this facility between March 6"

and July 26" 2017 (period of spring-summer).
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2 Materials and Methods

2.1  Microalgae strain and culture medium

All experiments described in the present work were performed at the facilities of
CMP/ALGAFARM (Secil Group, Portugal), between the 15" of February and the 15 of
August 2017 while the biochemical profile of produced biomass was performed at the
MarBiotech group of the Centre of Marine Sciences (University of Algarve) between the
24" and 28" of July 2017. The microalgal strain used in this work, P. tricornutum, was
obtained from ALGAFARM culture collection. Culture medium was based on Guillards
F2 medium adjusted to the local water at pH 8, which was further supplemented with iron

(25 uM) and sodium silicate (2 mM).

2.2  Salinity test

For the salinity test, P. tricornutum was grown in triplicate at 2.5, 5, 10 and 20 ¢
Lt (control) of salt in 5 L air-lift reactors, until the stationary growth phase was reached.
Cultures were maintained with aeration, mixed with filtered air (0.2 um) and the pH was
kept at 7.5-8 by the addition of pulses of CO>. The reactors were operated with continuous
lightning (24h), with an intensity of 6350 Lm, and maintained at 24°C.

Every two days, cultures were monitored by microscopic observations of culture,
salinity analysed by refractometer, measures of the optical density at 540 nm and of the

dry weight (DW) of culture (this is further explained in section 2.5).

2.3 Scale-up of cultures for industrial production

Microalgae cultures were scaled-up from 5 L laboratory air-lift reactors under the
same aforementioned conditions. Two 5 L reactors were used as the pre-inoculum to grow
a 125 L GWP. Figure 4 shows a structural diagram of the 125 L GWP, which was later
used to seed a 250 L GWP. GWP were aerated with filtered air (0.2 pm), the pH was kept
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between 7.5 and 8 by the addition of pulses of CO». The temperature was maintained by

a sparkling water system below 28°C and the air flow of 0.25 v.v.m. (air volumes per

volume of reactor per minute).

Compressed air %

Cooling water

Green Wall

Figure 4 - Pipe and instruments diagram of Green Wall panel. pH is a sensor of pH, TT is a temperature transmitter,
solid line represents pipe, and dashed line means a manual regulation.

Two 250 L GWP were used to inoculate a 2500 L tubular (Figure 5). About 80%
of this PBR was used as an inoculum to start a 10000 L PBR (Figure 6). The 35000 L

PBR started with a culture seed of 80% obtained from the 10000 L PBR.

1

Pilot PBR

Cooling water

* Spray
ﬁ Valve

8 Centrifugal
pump

Figure 5 - Pipe and instruments diagram of pilot scale PBR (2500 L). pH is a sensor of pH, TT is a temperature
transmitter, pHC is the controller that respond to changes of pH, TC is a controller that take temperature to set point of
28°C; solid line represent pipe and dashed line means an electric signal to connect.
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The tubular PBRs were kept below 28°C using a sparkling water system and an
automatism of CO> injection kept the pH below 8, the culture circulates at 1.0; 0,80 and
0.65 m s inside the tubes in 2500 L, 10000 L and 35000 L, respectively. GWP and PBR
were maintained under a summer circadian photoperiod. The monitoring of culture was

done every day, as explained in section 2.5.

@O

Industrial PBR

Compressed air

B
-

8 Centrifugal
pump

Figure 6 - Pipe and instruments diagram of industrial PBR (10000 L or 35000 L). pH is a sensor of pH, TT is a
temperature transmitter, LT is a level transmitter, pHC is the controller that responds to changes of pH, TC is a
controller that takes temperature to set point of 28°C, LA is an alarm that warns when liquid rise or foaming; solid line
represents pipe and dashed line means an electric signal to connect.

24  Photosynthetic efficiency

The photosynthetic efficiency was assessed by growing three air-lift reactors of
125 L at the same time until the stationary phase was reached. Moreover, three
consecutive replicas of 2500 L and 10000 L were grown in the PBR, these reactors were
renewed when culture ended the exponential phase, as two successive batch in 35000 L
PBR grew to the end of exponential phase. These reactors were grown at salinity of 20 g
L. The temperature and pH of culture were controlled as described in section 2.3 and
monitored according to section 2.5. The outside temperature and solar radiation were
measured using a meteorological station (RM Young) and an Apogee Logan UT SP-110
pyranometer.
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25  Growth assessment
The growth of microalgae cultures was evaluated by optical density and DW

(calibration curve of optical density per DW shown in Figure b). Optical density was
measured in Genesys 10s UV-Vis spectrophotometer at 540 nm (Reis et al. 1996). DW
was determined by filtering a defined volume of a given sample on microglass filters (0.7
um, VWR), which was further washed with an equal volume of ammonium formiate (37
g L) and dried on AND MS-70 moisture analyser (Prestegard et al. 2014).

Volumetric biomass productivity (P) was determined by the division of DW
differences in grams per litter (X1 and Xz) and the time interval (t1 time of sample of X
and to time of sample of X»).

Xz — X (2)
t, —t

P (gL 'day™1) =
Areal biomass productivity (Pa) was determined by multiplying the volumetric
biomass productivity by the volume of the PBR in litters (V) and division by the area of

PBR, in square meters (A).

PxV 3)
A

Pa(gm™2day™?!) =

The specific growth rate of culture (1) was estimated by the quotient between the
growth rate (rx) and the concentrations of biomass (X) at that moment. The development
of the integral results in the simplified equation that is the fraction between the Neo-
logarithmic of biomass concentration (Xz) on time later (t2) divided by biomass
concentration (Xt) on time previous (t1) and the time interval (t2 less t1).

ry _ 1dX _ In(Xe/Xy) @

d - =_2 = =
I'l(ay ) X th tZ_tl

The photosynthetic efficiency was determined by the ratio between the increase

of higher heating value (HHV) and the sun irradiation that reached the reactor.
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The HHV was calculated according to a previous correlation (Callejon-Ferre et al.
2011), where C is the percentage of carbon determined on CHN, H the percentage of
hydrogen and N the percentage of nitrogen.

HHV (kj g~1) = —3.393 + 0.507 C — 0.341 H + 0.067 N (5)

2.6  Biochemical composition

The ash content was determined by burning 1 g of biomass in a furnace at 550°C
for 8 hours shown in Figure 7 F (MODEL, BRAND).

Total lipids were determined by previous modified method (Bligh & Dyer 1959)
reported by Pereira et al. (2012). Lipids were extracted from the biomass using a mixture
of chloroform, methanol and water (2:2:1), homogenised with an Ultra Thurrax at 1600
g for 2 minutes. The lipid extracts were later centrifuged and the chloroform phase was
recovered with a Pasteur pipette. A known volume of the chloroform phase was pipetted
to pre-weight tubes and evaporated overnight. The dried residue was compared with dried
mass of culture to obtain the percentage of lipids. Figures 7 A, B, C, D and E show some
steps of the procedure explained.

Total proteins were calculated by multiplying the percentage of nitrogen by 6.25
(Marinho et al. 2017), after CHN determination (Nunez & Quigg 2016) using a Vario el
Il (Vario EL, Elementar Analyser system, GmbH, Hanau, Germany) according to the
procedure provided by the manufacturer. Carbohydrates were determined by the

difference between the other principal macromolecules.
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Figure 7 - Some of the steps of lipid quantification and ash determination. (A) lipids extraction on Ultra Thurrax; (B)
mass measurement of lipid drying vessels; (C) vessels with the samples dried; (D) lipids extracted with phase separation
after centrifugation; (E) removal of chloroform phase with a Pasteur pipette; (F) furnace where the biomass was dried
to find the percentage of ash.

2.7  Fatty acids profile: preparation and determination

FA were converted to the corresponding fatty acid methyl esters (FAME)
according (Lepage & Roy 1984) protocol modified by Pereira et al. (2012).

FA were derivatized by weighing 0.05 g of freeze dried microalga in reaction
vessels. Afterwards, 1.5 mL of a solution containing methanol and acetyl chloride (20:1
v/v) was added and the mixture was homogenised on ice with an Ultra Thurrax (12000
rpm) for 90 seconds. Subsequently, 1 mL of hexane was added and the mixture was heated
for 1 hour at 90°C (Figure 8 C). Then, 1 mL of water was added to the mix and the organic
phase was removed to another vessel, dried with anhydrous sodium sulphate and filtered

before analyses (Figures 8 D and E).
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Figure 8 — Some of the steps of fatty acid samples preparation and the apparatus used. (A) the automatized plate of
chromatograph; (B) the GC-MS chromatograph analyser; (C) samples before heat treatment during one hour; (D)
samples before being treated with anhydrous sodium sulphate; (E) samples ready to be analysed in chromatography.

FAME were analysed in a Bruker GC-MS (Bruker SCION 456/GC, SCION TQ
MS) equipped with a ZB-5MS (30 m with 0.25 mm of internal diameter, and 0.25 pm of
film thickens, Phenomenex) using helium as carrier gas, (Figure 8 A and B). The
temperature program was 60°C (1 min), with an increase of 30°C per min up to 120°C,
5°C min up to 250°C, and 20°C mint up to 300°C. The temperature in the injector was
300°C. For identification and quantification of FAME first was analysed five different
concentration of Supelco® 37 component FAME Mix (Sigma-Aldrich, Sintra, Portugal)
to establish 37 different calibration curves for each of the FAME in the commercial

standard. In case of some other FAME not present in standard and was identify by mass
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spectrum, the response factor of the most similar FAME was used, in terms of structure.

Results are expressed in percentage of total FAME on biomass (Pereira et al. 2016).

2.8  Stoichiometric equation

The essential stoichiometric equation of microalgae in autotrophic condition
(Myint et al. 2013), modified with the addition of extracellular compounds represented
by a sugar as the major dissolved organic carbon (Granum et al. 2002; Thornton 2014) is
present in equation 6:
aCO, + bNO2™ + cH,0 + dH* > fC,,HyN,,0, + g0, + RHCO3 + iH* + jCoHy,0, (6)

Where w, X, y and z represent the stoichiometric ratio of each one of the principal
elements of biomass: w refers to ratio of carbon (C), x to ratio of hydrogen (H), y to ratio
of nitrogen (N), and z to ratio of oxygen (O). The percentage in mass of carbon, nitrogen

and hydrogen was determined by CHN analyses.

0 %N
_ /OC/atomic mass C _ _ o /atomic mass N
w = %C =1 (7) y = %C (9)
/ atomic mass C / atomic mass C

%H/ _ (1—%H—%C—%N)/
x = atomic mass H (8) _ atomic mass O
%C/ _ Z= %C (10)
atomic mass C / atomic mass C

The productivity of extracellular organic carbon (Psix) was determined by the
quotient between the final concentration of organic carbon (TOCs) minus the initial
concentration of organic carbon (TOC;) for the difference between the biomass at initial
(Xi) and final (Xf) measurements.

p. _T0C —TOC, (11)
x T XX,
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Furthermore, a, b, ¢, d, e, f, g, h, i and j are the stoichiometric coefficients of these
molecules that are involved on the photosynthetic process (carbon dioxide, nitrate, water,
proton, biomass, oxygen, hydrogen carbonate, proton and sugar, respectively).

The balance to each one of the elements results in the resolution of the

stoichiometric equation of photosynthesis of P. tricornutum.

( a=wf+h+6j (Carbon balance)
2a+3b+c=zf+2g+3h+6j (Oxygenbalance)
2c+d=xf+h+i+12j (Hydrogen balance)
3 b=yf (Nitrogen balance) (12)
, Biomass molar mass , ,
j=f (PS/XX eX atomic mass C > (Relation biomass — TOC)

\ —2b+d=-h+i (Charge balance)

2.9 Carbon sequestration

The quantification of sequestered CO, was determined considering that the CO>
concentration dissolved in the medium of culture at the beginning and end of the
experiment will be the same if pH and temperature remain the same (Laws et al. 1997).
The amount of CO- added in culture was registered by placing a rotameter in the injection
system and an in-house automatism that collects the data in real time.

The biomass DW was related with the percentage of carbon analysed by CHN and
the carbon content of the supernatant analysed by total organic carbon (TOC). The
amount of CO> sequestered in the biomass was the mass of carbon accumulated by the
microalgae biomass during growth.

To determine the TOC dissolved in the culture medium, the supernatant of
medium was acidified with sulfuric acid to pH 2 and filtered through glass fiber
membrane (1.6 um, VWR) before being injected on TOC-VCSN-Total Organic Carbon
analyser, Shimadzu, with a combustion at 720°C, the methods have a range of measuring

of 0.1 to 4000 mg L (Mata et al. 2012).
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The sequestered CO; is the sum of organic carbon in the form of extracellular

organic compounds and the biomass.

2.10 Statistical analysis
Analyses of linear regression, t student and multivariable statistic tests were done

using SPSS 24.0. When three or more conditions were analysed ANOVA was performed
with the multiple comparison of Turkey-HSD and to compare to groups of independent
results a t-student test was used. A confidence level > 95% was used. For each test,

triplicate mean and standard deviation was determined.
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3 Results and discussion
3.1 Salinity assay

P. tricornutum grew similarly in all salt concentrations understudy, namely 2.5, 5,
10 and 20 g L (Figure 9), without any statistical differences among the treatments
(p=0.05). P. tricornutum has grown exponential for 14 days, at last of 16 days start the
stationary phase, in the beginning there was a lag phase for 2 days. The effect of salt on
the growth of this strain is strain-dependent, as some previous reports showed an optimum
salinity of 20 g L™ (Santos et al. 2002; Liang et al. 2014), as well as 5 g L? in others

(Yongmanitchai & Ward 1991).
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Figure 9 — Batch growth of P. tricornutum in 5 L reactors under four different salinities. Dry weight of culture at 20 g
L(e);at10gL?t(o);at5gLY(V¥)andat2.5gL?(A).

P. tricornutum strains have already been isolated from low salinity waters (De

Martino et al. 2007). At low salinity, this diatom changes its morphology mainly to oval
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form, a stress morphology with accumulation of lipids. At normal seawater salinities the
fusiform and the triradiate cells are predominant (De Martino et al. 2011).

Microscopic observations revealed that more than 99% of the cells exist in
fusiform morphology, although in the culture grown at low salinities the cells seem to
have less pigmentation. While at 20 g L™ it is possible to see the cell with a brownish
green lozenge. Under 2.5 and 5 g L the culture has spheres of pigmentation distributed
throughout the cell.

This spectrum of growth of this diatom is an advantage to control possible
contamination on industrial scale. Furthermore, the growth at low salinity medium is
important for industrial prevention of wear and tear of growth and biomass collection
equipment’s which is more exhausting at higher salinity.

After the study of growth, the growth rates for each one of the salinities and the

biomass productivities were calculated, and the final values are shown in Table 1.

Table 1 - Volumetric productivity on biomass during whole test and the maximum in a short interval, and the growth
rate on the exponential phase for each of the salinities in the study.

Salt (g LY Maximum volumetric productivity Volumetric productivity Overall growth rate
(g L* day?) (g L* day?) (day™)
25 0.076 + 0.008 0.050 = 0.003 0.132 + 0.008
5 0.077 = 0.006 0.050 + 0.002 0.126 + 0.007
10 0.100 £ 0.016 0.058 + 0.004 0.148 + 0.012
20 0.086 + 0.006 0.056 = 0.003 0.131 + 0.007

For the range of salinities tested there were not significant differences on mass
productivity, such as, at maximum productivity the cultures have the same response
(p=0.05). Similarly, no significant differences were found for the growth rate (p=0.05).

With these data, it is interesting to lower the salinity up to 2.5 g L™ and achieve
the same productivity in industrial scale, that could be a way to control some contaminants
and less damage to production equipment promoted by exposure to high ionic forces

(Thaulow & Sahu 2004).
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As there are no growth differences between this range of salinities, the
biochemistry constitution of the biomass produced under different salinities was analysed

(Table 2).

Table 2 - Proximate composition of batch cultures grown in 5 L reactors using different salinities, results standardized
so that salinity does not affect values (meanz standard deviation)

Salt (g L) Proteins (%) Lipids (%) Carbohydrates (%) Ashes (%)
25 53.6 £2.0 23927 224+1.6 8.28 £0.19

5 54.6 £5.0 256+2.2 19.7+1.9 9.94 +0.88

10 547+1.2 288+1.1 18.6 + 0.6 10.3+0.2

20 512+1.2 29504 19.3+0.5 140+0.1

The percentage of ashes in biomass and salt in culture medium have a correlation
(r?=0.96) with an intercept in origin of 7.86%, that is the percentage of micronutrients
present in addition to sodium chloride.

The lipids amount of cultures grown in 20 g L salt concentrations of was higher
than for 2.5 g L™ (p<0.05). However, no significant differences were obtained between
intermediate concentrations of salt and each one of extreme salinity cultures.

All of culture conditions of salinity caused no significant differences in biomass
protein composition (p=0.05).

To find if there was a difference between the intensifications of lipids composition
under different salinities, the FAME profile was analysed, as shown in Table 3.

Previous analyses of FAME showed some differences between the minor
constituents (Garcia et al. 2000; Ryckebosch et al. 2014; Hamilton et al. 2015; Hamilton
etal. 2016; Remmers & Martens 2017). Although some of FAME previous reported were
not possible quantify, had been reported like hexadecadienoic (C16:2), hexadecatrienoic
(C16:3) or hexadecatetraenoic (C16:4) acids (Reis et al. 1996; Remmers & Martens

2017).
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Table 3 - Fatty acid methyl ester profile of batch cultures grown in 5 L reactors with different salinities. Values are
given as means of total FAME percentage + standard deviation (n = 3). n.d., not detected

FAME % of total FAME
259gL? 5¢gL? 10gL™ 20g L1
C14:0 3.2+01 3.2+0.1 3.7+0.2 3.0+0.1
C15:1 0.13+0.01 0.11 £ 0.02 0.10 £ 0.02 0.11+0.01
C15:0 0.24 £+ 0.02 0.20£0.01 0.20 £ 0.02 0.22 £0.03
C16:1 42+1 40+1 371 39+1
C16:0 7.7+0.1 7.7+0.2 71+0.1 7.1+0.1
C18:4 w-3 1.1+01 0.92 £0.02 1.0+£02 n.d.
C18:3 w-6 0.52 £ 0.04 0.46 £ 0.07 0.55+0.14 0.54£0.01
C18:2 w-6 22+0.1 23101 26+0.1 19+0.1
C18:1 6.9+0.1 76+0.1 89+0.1 94101
C18:0 0.19+0.01 0.22£0.01 0.44 £0.22 0.27 £0.01
C20:5 w-3 26+1 26+1 281 26+1
C20:4 w-6 n.d. 11+11 n.d n.d
C20:4 w-3 0.41+0.01 0.42 £0.01 0.46 £ 0.02 34+01
C20:3 19+01 19+01 23x0.1 3901
C20:2 w-6 n.d. n.d. n.d. 0.38+0.01
C20:1 0.69 £ 0.04 0.86 £ 0.08 0.60 £ 0.03 0.14 £0.01
C22:6 w-3 3901 3.7+0.2 3.7x0.1 1.7+0.2
C22:5 w-3 0.81+0.01 0.68 + 0.04 0.84 +0.05 0.73+0.01
C22:4 w-3 n.d. n.d. 0.11+0.11 0.35+0.01
C22:0 0.07 £0.07 n.d. 0.16 £ 0.03 n.d.
C24:1 0.19+0.19 n.d. 0.70 £ 0.03 0.39£0.04
C24:0 2001 20+0.1 21+0.1 18+0.1
SFA 131 13+1 131 12+1
MUFA 501 49+1 47+1 49+1
PUFA 371 38+1 39+1 39+1
o-3/0-6 74+0.2 59+1.2 6.6 +0.2 54+0.1
PUFA/SFA 28+0.1 28+0.1 28+0.1 3101

The various salinities caused no differences when comparing the fraction of
saturated fatty acids (SFA). In fact, differences were found for SFA, was an increase of

tetradecanoate acid (C14:0) for biomass grown at salinity of 10 g L™ (p<0.05).
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Hexadecanoic acid (C16:0) is around of 7% of FAME, and it is the SFA with
greatest percentage. Although, the results here obtained are lower than previously
reported, it is always reported as the majority SFA (Siron et al. 1989; Garcia et al. 2000;
Hamilton et al. 2016). Other side, in accordance with other results that report 8% of the
total FAME (Zhao et al. 2014).

Hexadecenoic acid (C16:1) is the FAME present in higher proportion like was
previous reported (Hamilton et al. 2016), without differences between the culture
condition of salinity as previous reported. This, monounsaturated FA (MUFA) is the sum
of 9-hexadecenoic acid and the minor 7-hexadecenoic acid(Reis et al. 1996).

SDA was detected at the same level at the lowers salinities (2.5 to 10 g L™?)
approaching 1% of total FAME (p=0.05). At the higher salinity it was not possible to
quantify this omega 3 PUFA, in this study.

EPA was produced at the same level at all salinities about 26% of total FAME,
with a soft increase on the 10 g L%, this is the higher omega 3 produced by P. tricornutum
(Zhao et al. 2014). The fatty acids of the EPA synthesis pathway: eicosatetraenoate
(C20:4 ®-3) and eicosatrienoate acid (C20:3 ®-3) are significantly increased in the
biomass produced at 20 g L. The chromatographic method does not have the resolution
to elute the two isomers of C20:3 of the in different peaks (the two isomers are present in
the commercial standard solution and was being eluted at the same pick of
chromatogram), being the result presented by the sum of both omega 6 and 3 isomers.

DHA was detected at higher extent in the biomass produced in less salinity
concentration. The others omega 3 with 22 carbons chain length but fewer double bonds
were present in similar contents (p<0.05).

Although, even cultures grown at 20 g L™ have a higher percentage of total lipids,

this biomass has less DHA with more than 0.6 g 100 g™* than the others biomass grown
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at 10, 5 and 2.5 g L™ that were found to have more than 1.3 g 100 g (p<0.05). EPA was
found to have the same level for all for all salinities under which the biomass was grown,
with more than 9 g 100 g (p=0.05). The quantification of FA per biomass was done
without an inner standard that do not allow the determination of the error associated to

recovery coefficient of all the extraction process and from chromatograph.

3.2 Growth and photosynthetic efficiency on large scale
photobioreactor

After understanding the growth of P. tricornutum in different salinities at the
laboratory scale, we advanced to the large outdoor scale PBR. After growing them in
GWP the problems came when the cultures were scaled-up to 2500 L tubular PBR, with
a very difficult task of maintaining the temperature of the PBR below 28°C. The
thermoregulation in this system reached its the maximum of response and was unable to
decrease the temperature on very hot days of spring-summer.

The combination of this thermal stress and the lowering of salinity in the culture
had as result the death of the culture in the PBR in the second day of growth, similar to
previous reports (Stickney 1964; Lylis & Trainor 1973), or a drastic change of
morphology that lacked the industrial and commercial value. When growing P.
tricornutum in tubular PBR and, subjecting the culture to high temperature (more than
28°C) for a time longer than 4 hours per day at 10 g L™ it resulted in increasing levels of
round and oval morphologies on culture of more than 70%. As previous reported (De
Martino et al. 2011) a higher risk of biofilm occurs, hampering biomass collection.

The geometry of reactor in which it was possible to have more density of culture
was the GWP (p<0.05), as shown in Figure 10. It was possible to have the same density
in 35000 L PBR with lowers initial densities than in the 10000 L PBR after eight days of

growth (Figure f B and g B).
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Figure 10 - Batch growth of P. tricornutum in different geometries of reactor. Dry weight of culture at 125 L GWP(e);
at 2500 Tubular PBR (©0); at 10000 Tubular PBR (V) and at 35000 Tubular PBR (A)

After the preliminary studies, the growth assay in the different reactors was done

at 20 g L't and the volumetric and areal productivities, are shown in Table 4.

Table 4 — Maximum volumetric productivity, global volumetric productivity, maximum areal productivity and global
areal productivity for the different geometries of outdoor PBR where growth was analysed. Values are given as means
* standard deviation (n = 3).

React Maximum volumetric Volumetric Maximum areal Areal productivity
eactor

productivity productivity productivity (g m?day?)
geometry

(g L™ day) (g L™ day™) (g m? day™)
GWP 125 L 0.146 +0.010 0.080 +0.007 189+13 9.97 £0.94
PBR 2500 L 0.235 £ 0.043 0.123 £ 0.009 128+1.0 6.17 £0.43
PBR 10000 L 0.140 £ 0.007 0.070 £ 0.005 450+2.3 225+1.6
PBR 35000 L 0.175 £ 0.017 0.069 + 0.008 485+4.8 19.1+21

The system with the highest volumetric productivity was the 2500 L PBR, with a

statistically significant difference from the other reactors (p<0.05), reaching the

maximum value of 0.235 g L™ day™* and with a global volumetric productivity of 0.123 g

32
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L1 day?. Even though it is lower than 1.4 g L™ day™ previously reported for a helical
tubular PBR (Fernandez et al. 2003), we have to take into account that the differences of
geometry and culture medium have a strong influence on biomass productivity. However,
when analysing the areal productivity, 2500 L PBR was the one with lower productivity,
followed by the GWP with 125 L. The most productive were the industrial PBR of 10000
L and 35000 L without any significant differences between them (p>0.05). The areal
productivity was 12.8 g m? day™*in a 2500 L PBR, 18.9 g m? day in the GWP and 45.0
and 48.5 g m? day* in 10000 L and 35000 L PBR, respectively (p<0.05). These values
are better than 11.4 g m2 day™* reported for a PBR (Benavides et al. 2013) and better than
21.0 g m? day reported for an indoor annular 250 L PBR (Buono et al. 2016). Still, the
maximum areal productivity of the GWP and 2500 L PBR had the same productivities
(p=0.05), however, less than the industrial reactors.

Table 5 shows the growth rates and the photosynthetic efficiencies of P.

tricornutum in the different reactors.

Table 5 - P. tricornutum growth rate and photosynthetic efficiency in the different reactors.

Photosynthetic

Reactor Growth rate o
geometry (day?) efficiency
(%)
GWP 125 L 0,107 + 0,003 1.01+£0.46
PBR 2500 L 0,190+ 0,013 1.27 £ 0.63
PBR 10000 L 0,116 + 0,006 2.08 +£0.78
PBR 35000 L 0,141+ 0,017 2.21+0.82

The growth of P. tricornutum culture was faster in both 2500 L and 35000 L
PBR’s, with specific growth rate of 0.19 day® and 0.14 day?, respectively, without
statistic significant differences between each two (p=0.05). On the other hand, the GWP
and 10000 L PBR allowed slower growth rates with 0.11 and 0.12 day respectively
(p<0.05).
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The photosynthetic efficiency was identical in the 125 L GWP and 2500 L tubular
PBR, with an efficiency of 1.01% and 1.27%, respectively. More efficiency was seen in
the industrial reactors, with 2.08% in a 10000 L and 2.21% in a 35000 L PBR, without
differences between industrial reactors efficiencies (p<0.05).

A larger volume in the same area became the industrial an interesting efficiency
juxtaposition to GWP or a pilot scale PBR, the increase of photic region with an
expansion of height of this section of the reactor. Although a soft reduction of height of
industrial reactors could improve the volumetric productivity with the aim of not losing
areal productivity and photosynthetic efficiency. If the geometry of the reactor make it
possible, it would became to a higher concentration with the intention of minimize the

downstream process and the recourses needed to produce the same quantity of biomass.

3.3 Biochemistry of biomass grown in industrial reactors

In large scale reactor, the differences at biochemical level between the two states
of culture were studied (Table 6). The entitled benthic culture was a biomass that had
more than 70% of cells in clusters (observation does not show, with a higher percentage
of cluster and round cells than Figure b C in appendix), and the tubular PBR inner surface
was a dense biofilm. The planktonic culture had more than 99% of cells in fusiform

morphology and some cells in triradiate (Figure b A in appendix).

Table 6 - Proximate composition of batch cultures grown in large scale reactors in different states of morphology,
results standardized so that salinity does not affect macromolecules values (meanz standard deviation)

Culture Proteins (%) Lipids (%) Carbohydrates (%) Ashes (%)
Benthic 441+0.8 147+04 41.2+0.7 114 +0.
Planktonic 528+15 222+0.6 25.0+0.7 132+0.4
Industrial 531+7.4 272+40 19.7+2.8 17.0+2.4

The industrial biomass biochemistry of culture was similar to biomass growth in

the airlift at lab scale, with a salinity of 20 g L™ (p>0.05). The industrial culture of P.
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tricornutum was a sample of the 35000 L PBR at the end of exponential growing phase,
and the difference of geometry of reactor does not change the macromolecule distribution.
This suggests that the quality of biomass is similar after the scale-up, an important fact
that customers require in the industry of microalgae.

Comparing the benthic and planktonic, these two cultures were very different in
terms of biochemical macromolecules. The percentage of protein decreases in benthic
morphology, as do the lipids, with a consequential increase in carbohydrates.

When P. tricornutum, like other diatom, senses stress conditions, it changes into
benthic morphology, that is a form that allow the algae to reduce overkill radiation,
promote cell attachment and adapt to nutrient limitation; in this stage the cluster of cells
is linked by polysaccharides structed (Abdullahi et al. 2006; Willis et al. 2013), so the
increase of carbohydrates is predictable.

The main extracellular polysaccharides are mannose, glucose, galactose xylose
and rhamnose, in sequential predominant monomer (Abdullahi et al. 2006). The stage of
oval morphology in biofilm increases fucose and rhamnose, which could be related with
adhesion properties, because these monomers are hydrophobic enhancing the molecular
interactions between the polymers (Willis et al. 2013).

To know more specifically the changes on lipids, it was studied the FAME profile
(Table 7).

Between the two morphologies differences at levels of as the relative percentage
of FAME were noted, although no differences between the percentage of SFA, MUFA
and PUFA on two morphologies were found. The frustule morphology has an increase of
tetradecanoate and pentadecenoic acids, although both pentadecanoic and hexadecanoic
acids increased in the biofilm P. tricornutum (p<0.05), whereas hexadecenoic acid

proportions displayed no difference (p=0.05).
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Table 7 - Fatty acid profile of batch in large scale with different morphologies. Values are given as means of total

FAME percentage + standard deviation (n = 3). n.d., not detected

FAME % of total FAME
Benthic Planktonic
C14:0 31+0.1 41+0.1
C15:1 n.d. 0.11 £ 0.02
C15:0 0.29+0.01 0.18 £ 0.01
Cl6:1 25+1 24+1
C16:0 75+£01 49+0.1
C18:4 w-3 1.2+01 n.d.
C18:3 w-6 0.95+0.03 0.20 £ 0.01
C18:2 w-6 29101 27+0.1
C18:1 21+1 8.0x0.1
C18:0 0.49+0.01 0.20 £ 0.01
C20:5 w-3 17+1 23+1
C20:4 w-6 24+0.3 0909
C20:4 w-3 0.79 £ 0.02 25+0.1
C20:3 0.78 £ 0.09 55+0.1
C20:2 w-6 n.d. 1.7+01
C20:1 n.d. 0.08 £0.01
C22:6 w-3 27101 20+0.2
C22:5 w-3 0.90 £ 0.45 0.99 £ 0.08
C22:4 w-3 n.d. 0.39£0.03
C22:0 0.61 +0.05 n.d.
C24:1 n.d. 0.85+0.09
C24:0 1.7+01 19+01
SFA 14+1 14+1
MUFA 46+ 1 40+4
PUFA 40 +1 47 +7
®-3/m-6 1.5+01 3.2+0.7
PUFA/SFA 29101 35+0.6

The FAME with eighteen carbons increase in the biofilm except the LA that has

no differences in portion between the two stages. SDA is present at near 1% like what

was quantified in the low salinities assays.
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EPA was produced at the same level at the two morphologies, in this study about
23% of FAME in fusiform (p=0.05). The omega 3 PUFA included in EPA synthesis
pathway are increased in fusiform cells, although eicosatetraenoate acid omega 6 is
increased in biofilm (p<0.05).

The FAME with twenty-two carbons are similar in both morphologies, as well as
DHA and DPA. However, the docosatetraenoic acid are not detected in benthic and
docosanoic acid are increased.

Even with the highest percentage of lipids in fusiform culture, this biomass has
the same DHA and EPA that is present in benthic culture, with 0.9 and 10 g 100 g of
biomass, respectively (p=0.05).

In the same way, culture of P. tricornutum in frustule morphology at large scale
does not have differences to a culture in 5 L reactor at salinity of 20 g L™ in the profile of
fatty acids.

Nevertheless, carbohydrates are increased in benthic culture of P. tricornutum
and, that culture has the same percentage of fatty acid which improves the price per
kilogram of biomass, like EPA and DHA (Leu & Boussiba 2014). Therefore, if it was
possible to harvest the culture from the reactor, these should have the same interest to
microalgae market, but this biomass increases the production cost with fewer

productivities and harvesting efficiencies.

34 Stoichiometric _equation for P tricornutum and CO,
sequestering efficiency

The stoichiometric of P. tricornutum grown in 10000 L industrial reactors was
determined: CH19No0.140042, as reported for general microalgae (Myint et al. 2013).
Knowing by CHN analyse of biomass that 53% (m/m) is carbon, 8% (m/m) is hydrogen
and 8% (m/m) is nitrogen in base without ash, the remain was considered oxygen.
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Analysis of mass balance for each element provided the following stoichiometric

equation for P. tricornutum grown in 10000 L PBR:

light
CO, + 0.12NO2~ + 0.83H,0 + 0.24H* — 0.87CH, 4Ng 140045 + 1.30, + 0.022C¢H;,04 (13)

In the 10000 L PBR the CO2 sequestration by biomass formation was 0.87 moles
of biomass per mole of CO». That resulted in the mitigation of 2.3 gram CO> per of
biomass formed, that is more 1.6-2 g g than predicted in past reports (Sayre 2010).

The stoichiometry of P. tricornutum growth in 35000 L PBR was determined:
CH1.9No0.1400.40, knowing by CHN analysis of biomass that 54% (m/m) is carbon, 8%
(m/m) is hydrogen and 9% (m/m) is nitrogen in base without ash.

Then, mass balance analysis of each element provided this stoichiometric equation
for P. tricornutum grown in 35000 L PBR:

CO, + 0.11NO2™ + 0.83H,0 + 0.22H* — 0.81CH; oNg 140042 + 1.30, + 0.031CcH;,0,  (14)

For it side, in a 35000 L PBR the CO2 sequestration by biomass formation is 0.81
moles of biomass per mole of CO,. That result in a mitigation of 2.5 g g%, that is better
than a 10000 L reactor.

To improve the sequestration of COz by the extracellular products biomass of P.
tricornutum, its production pathway must be favoured. However, by improving the
production of extracellular products and only harvesting the biomass we are losing
potential value products.

Finally, after the stoichiometric analysis, CO> consumption was determined.
Moreover, the efficiency of CO> mitigation of P. tricornutum in industrial reactors was
studied.

For this analysis, all inputs and outputs of carbon from PBR were quantified and

analysed, as shown in Figure 11.
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Figure 11 - Diagram of industrial PBR (10000 L or 35000 L) with demonstrations of carbon inputs and outputs. pH is
a sensor of pH, pHC is the controller that responds to changes of pH; solid line represents pipe and dashed line means
an electric signal conduction. Full blue arrow is COz in medium, full green arrow with black letters is carbon left in the
form of biomass and with white letters is carbon left in form of extracellular bioproducts.

The temperature, salinity and the pH of culture medium were similar in the first
day and at the end of biomass growth. Assuring this, the percentage of CO dissolved
remains the same (Weiss 1974; Laws et al. 1997; Hill et al. 2014); this removes two
variables to study this system.

The COz injected by air bubbling in the pond and the pure CO2 used to lower the
pH of medium was quantified. Therefore, the biomass and its percentage of carbon as
well as the amount of extracellular organic carbon was quantified. The CO; that leaves
the PBR is the remaining CO> that was injected in the reactor.

The result in the efficiency of sequestering of CO2 is shown in Table 8. In a 10000
L PBR, the CO2 sequestration efficiency was 60%. However, in the large PBR the
efficiency decreased to 41%.

The efficiency in sequestering CO2 in 10000 L PBR was similar to what was
previously reported for P. tricornutum in a 50 L tubular airlift PBR, that has a maximum

of 63% in daylight conditions (Sobczuk et al. 2000).
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Table 8- Efficiency of sequestering by P. tricornutum in industrial PBR.

Reactor % of CO2 sequestered
1stassay in 10000 L reactor 57.9
2" assay in 10000 L reactor 66.8
3rdassay in 10000 L reactor 55.2
Average of 10000 L reactor 60+5
1%t assay in 35000 L reactor 42.8
2" assay in 35000 L reactor 38.8
Average of 35000 L reactor 41+2

A second assay in the 10000 L PBR was undertaken at the same time as the first
assay in the 35000 L one, as were the third assay for 10000 L and second one for 35000
L. The decrease of efficiency between assays keep up with the photosynthetic efficiency
which indicates a decrease in efficiency of solar energy use resulting in greater losses of
CO2 by vent.

The 35000 L has a photic zone twice as longer as the 10000 L reactor, which leads
to a longer circulation time in photic zone of gas and biomass which could increase uptake
of CO..

To increase the usage efficiency of CO: injected in the reactor, the control of CO>
injection to this species could be optimized. The 35000 L tubular PBR has an impulse of
this gas longer than in the 10000 L, so a possible efficiency improvement could be the
reduction of this time.

At the same time, the mixture of biomass and gas, and consequently the contact
of these two components, is lower in the 35000 L reactor. Along the path of the photic
zone the culture has characteristic problems of a plug-flow reactor. On the photic zone
the pH rises and the oxygen produced by the cells accumulates in the medium, but the
major limitation to growth is the concentration of CO. dissolved in the medium, which is

lower than that consumed by the microalgae (Dragone et al. 2010; Kumar et al. 2011).
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Since the Kca (volumetric CO; transfer coefficient) is lower it is difficult to provide all
the COz the cells need to improve their growth. The small air bubbles coming out of the
diffuser exchange CO. with cells, but the weak dissolution in the medium provides a
separation of gas phase and culture medium with the microalgae, resulting in a system
with high limitations to the mass transfer of the carbon source (Sobczuk et al. 2000;
Kumar et al. 2011).

The solution to improve the fixation efficiency could be the place diffusers along
the photic zone or increase the moisture with a turbulent regime inside the tubes, with

disturbances on the flow or increasing the flow velocity.
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4 Conclusions and future work

P. tricornutum have a cellular metabolism that allows the growth in salinities
ranging between 2.5 and 20 g L, without significant differences in growth. The decrease
of salt concentration in the culture medium reduces the percentage of lipids at 2.5 g L™
when compared to cultures grown at 20 g L*. Although, the percentage of EPA is similar
under all salinities understudy, lower salinities (2.5, 5 and 10 g L) increase the
percentage of DHA and SDA in the FAME profile.

The 2500 L tubular PBR displayed higher volumetric productivities compared to
the 35000 L industrial tubular PBR. However, both 10000 L and 35000 L PBR showed
higher areal productivities and photosynthetic efficiencies, due to the higher volume of
culture per area of land.

In large scale reactors, the benthic and planktonic stages of P. tricornutum were
studied. Although the benthonic phase has an increase of carbohydrates and significant
differences in lipid profile, the DHA and EPA are present in similar levels in both stages.

The growth of P. tricornutum has a mitigation of 2.4 g of CO2 per g of biomass
produced. In addition, the CO: fixation efficiency registered was 60% in 10000 L PBR
and 41% on 35000 L PBR. This decrease of efficiency was probably related with
problems of scale-up, where the mixture of culture medium and gas is a determining
factor.

In the future, a multivariate analysis of the growth parameters (e.g. temperature,
radiation and nutrients concentration) used throughout this study might highlight
important information on ways to improve the growth performance of P. tricornutum.

In order to improve the fixation of CO,, further studies on the influence of
different pH set points in the CO> should be carried out, as this parameter has major
consequences on growth. A similar study in autumn or spring, when it is easier to control
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the temperature and avoid cellular stress, should also be done to compare the results, such
as the growth performance and the impact on biomass biochemistry. Future studies on
this strain should also focus their efforts on the determination of fucoxanthin, as this is a
high value metabolite and a current trend in microalgal biotechnology.

Finally, it is important to improve the harvesting costs of this strain. Therefore,
further studies on the sedimentation or natural flocculation of this strain can effectively

reduce the current costs of the whole microalgae production process.
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Appendix
A. Morphologies of P. tricornutum
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Figure a - Interaction between the morphologies of P. tricornutum (from: De Martino et al. 2011)

Figure b — Morphologies of P. tricornutum observed on optical microscopic from daily samples. A is a culture with
high percentage of fusiform cells, B is a sample with a high percentage of round cells and C is a sample from a
culture with clusters of round cells and fusiform in planktonic condition.
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B. Calibration curves

The calibration curve of optical density versus dry weight was obtained using

experimental points from daily analyses in the period between 15/2/2017 and 15/8/2017

(Figure c). It is of high importance to note that the determined correlation is only valid in

the range of values presented.
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Figure c - Calibration curve of optical density at 540 nm versus dry weight of biomass culture

The calibration curve of Nephelometric Turbidity Unity (NTU) versus dry weight

was obtained using experimental points from daily analyses in the period between

15/5/2017 and 15/8/2017 (Figure d). This calibration curve enables to estimate biomass

concentration in dry weight throughout each day of the study.
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Figure d - Calibration curve of NTU in 10000 L PBR versus dry weight of biomass culture.

The calibration curve of NTU versus dry weight was obtained using experimental
points from daily analyses of 35000 L PBR in the period between 1/6/2017 and 15/8/2017
(Figure e). The small differences of geometry of industrial PBR caused by scaling up,
small differences of flow of culture volume and differences of turbidity probe calibration

result in differences in NTU reading for a given cell concentration.
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Figure e - Calibration curve of NTU in 35000 L PBR versus dry weight of biomass culture.
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C. Industrial batch data
On the figure f B it is shown the growth profile with turbity reading every 20

minutes. These data evidence the loss of biomass over the night period.

The decrease on 11" and 22% days of culture corresponds to the start of a new
batch.

The temperature of culture exceeded the 28°C only for short periods of time

(Figure f A - dash line).
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Figure f- 10000 L PBR batch data, Figure A with the temperature inside the PBR a dash dark line, temperature outside
the PBR at dark grey line and a light grey line was the irradiance during all the batches. Figure B is the estimated dry
weight during culture time of batches.
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On the figure e B it is shown the grown profil with turbity readiging every 20
minutes. The decrease on 10" day of culture was started a new batch.
The temperature of culture exceeded 28°C in three sucessive days (Figure g A -

dash line). Although it had no serious damage on biomass and without morphological

consequences.
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Figure g - 35000 L PBR batch data, Figure A with the temperature inside the PBR a dash dark line, temperature outside
the PBR at dark grey line and a light grey line was the irradiance during both batches. Figure B is the estimated dry
weight during culture time of batches.
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