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Chapter 1



1. General introduction

In recent decades, environmental issues related to the exploitation and pollution of natural
resources, the anthropogenic carbon dioxide (CO>) emissions, the use and depletion of fossil
fuel, together with the constant and inexorable increase in world population, have caused an
increase in socio-economic disequilibria (Watson et al. 2018; Mora et al. 2018; Laybourn-
Langton et al. 2019; Ganivet 2020). Nevertheless, the increasing attention of the society towards
the policies aimed at the development of a circular and green economy have given a strong
impulse to the research of sustainable sources to produce energy and food (Gifford and Nilsson
2014; Babutsidze and Chai 2018; United Nation 2020). In this perspective, the biotechnological
potential of microalgae has gained considerable importance because of their wide application
range: production of biomass for food and feed, synthesis of high-value compounds (e.g.
polyunsaturated fatty acids, pigments, polysaccharides) used in cosmetic and pharmaceutical
sectors, in renewable green-energy and in phytoremediation systems (Sabia et al. 2015;
Valverde et al. 2016; D'Amato et al. 2017; Rizwan et al. 2018). Furthermore, microalgae do not
compete with food crops, do not require arable land, and can use waste as nutrients for their
growth (da Silva Vaz et al. 2016). Moreover, the use of saline algae could help reduce
freshwater consumption (Ishika et al. 2017). Microalgae can also act as a natural sink for the
reduction of atmospheric CO; and some of them can also utilize the CO» derived from industrial

exhaust gases (Yen et al. 2015).
1.1 Microalgal biodiversity

Microalgae are a wide and heterogeneous group of eukaryotic photosynthetic microorganisms,
only a few species are heterotrophic. There are an estimated 100,000 microalgae species, more
than 50,000 microalgae species have been identified and out of them 30,000 species have been
investigated for potential applications (Connelly 2014; Halder and Azad 2019). Each species
presents specific properties making these organisms ubiquitous, in both aquatic and terrestrial
ecosystems. Due to their higher photosynthetic efficiencies relative to land plants (they
contribute up to 25% of global productivity), to elevated growth rates and metabolic plasticity,
and to their great biodiversity, microalgae are adapted to a wide variety of environmental
conditions such as fresh, brackish or marine waters, extreme temperatures, acidic or alkaline
conditions and even radioactive stress (Mata et al. 2010; Rivasseau et al. 2013; Varshney et al.
2015; Valverde et al. 2016). The taxonomic classification of microalgae is based on some

characteristics such as: plastid ultrastructure, photosynthetic pigments pattern, chemical nature



of reserve compounds, wall nature, presence of flagella, cellular and nuclear division modalities
(Szymanski et al. 2017, Tomaselli 2004). In 1989, Lee was one of the first to propose a
classification of these organisms based on the phylogenetic importance of the additional
membranes around the chloroplast envelope (Tomaselli 2004; Heimann and Huerlimann 2015;
Lee 2018). In fact, according to the endosymbiotic theory (Figure 1), about 1.5 billion years
ago, the first photosynthesizing eukaryotic cells appeared as result of a phagocytosis of a
cyanobacterium by a eukaryotic ancestor that had already acquired mitochondria through a
similar process of phagocytosis that involved an a-proteobacterium. In this process, an ancestral
Chlamydia could have helped the cyanobacterium ingress inside the eukaryotic ancestor
(Jensen and Leister 2014; Cenci et al. 2017). This primary endosymbiosis led to the emergence
of the primary chloroplast; a semiautonomous organelle limited by an envelope of two
membranes. Among the phyla characterized by the presence of a primary chloroplast there are
Rhodophyta (red algae), Chlorophyta (green algae), Streptophyta (land plants) and Glaucophyta
(Tomaselli 2014; Maréchal 2018). However, the major portion of algae presents complex
plastids characterized by several envelope membranes (higher than two). These plastids
originated from eukaryote-to-eukaryote endosymbiosis (Dorrell and Howe 2012; Fiissy and
Obornik 2018). Five major groups of eukaryotes are characterized by complex plastids:
Haptophyta, Cryptophyta, Ochrophyta, Cercozoa, Myzozoa and Euglenozoa. Euglenozoa and
a relevant part of Myzozoa possess three-membrane-bound plastids, while other phyla possess
four-membrane-bound plastids, compared to two-membrane-bound plastids of primary algae
(Tomaselli 2004; Fiissy and Obornik 2018). The primary endosymbiosis of the mitochondrion
and chloroplast, as well as the subsequent secondary and tertiary eukaryote-to-eukaryote
endosymbiosis, were followed by an internalization of endosymbiont genes into the nucleus of
the eukaryotic host (Wollman 2016; Fiissy and Obornik 2018). Taking into consideration that
the taxonomic organisation can change rapidly due to ongoing studies, recent phylogenetic
studies based on molecular analyses have provided new information about the relationships
existing among the different algal groups and between individual algal groups and other plant
organisms. For example, some studies allowed to confirm the belonging of the green algae and

of the higher plants to the same evolutionary line (Viridiplantae) (Pancaldi et al. 2019).



Studied microalgae species: Tisochrysis lutea and Nannochloropsis oculata
The Haptophyta phylum and Tisochrysis lutea

The Haptophyta belong to the Chromista kingdom. Haptophytes are autotrophic, planktonic
uninucleate flagellates. 1,159 species are known. They are divided into two classes: the
Coccolithophyceae (Prymnesiophyceae) with around 76 genera and the Pavlovophyceae with
4 genera (Edvardsen et al. 2000; Guiry and Guiry 2021). They are mainly marine and unicellular
or colonial, although some freshwater species are known. Some species of this phylum are
widely used as feed microalgae in aquaculture, i.e. Isochrysis atf. galbana (Tisochrysis lutea;
T-ISO) and Pavlova salina (Heimann and Huerlimann 2015). The cells are bi-flagellated, the
flagella may be slightly different in size and are inserted laterally or in an apical position.
However, they do not present the typical characteristics of Heterokonta described above. A
typical structure of this division is the haptonema, a third appendage different from the flagella
which has anchoring or trophic functions by bending and twisting. The phylum takes its name
from this organelle (Eikrem et al. 2017; Cavalier-Smith et al. 2018; Pancaldi et al. 2019).
Generally, Haptophyta cells present one or two plastids surrounded by endoplasmic reticulum
confluent with the nuclear envelope. Three thylakoid lamellae are present and there is no girdle
lamella. Pyrenoids are penetrated by one or a few pairs of thylakoids and generally are located
within the plastid or may protrude from it towards the cytoplasm (Barsanti and Gualtieri, 2014;
Nicholls 2015). When present, the eye spot consists of a row of spherical globules placed inside
the chloroplast, although they can also be in other placements. Chlorophyll a, ¢; and c> are
present. The yellow-brown colour of the chloroplast is due to the presence of accessory
pigments such as p-carotene, fucoxanthin and other xanthophylls. The most important reserve
product is chrysolaminarin (B-1,3-glucan), also known as leucosin (Barsanti and Gualtieri,
2014). In Coccolithophyceae the cell surface is usually covered with cellulosic or calcified
scales (coccoliths). Despite intensive research on coccolithophores, the ecophysiological
function of calcification is not yet understood; some theories propose that the production of
calcified scales is involved in the removal of Ca>" ions from the cytoplasm (Nicholls 2015;
Eikrem et al. 2017). Indeed, according to Miiller and co-workers (2015), compared with non-
calcifying phytoplankton, coccolithophores can tolerate a greater increase in the concentration
of Ca®" ions.

The genus Tisochrysis (Haptophyta, Isocheydales) was originally isolated from
tropical seawater (Tahiti, French Polynesia) (Bendif et al. 2013). Although Tisochrysis lutea



(formerly Isochrysis aff. galbana or T-iso) is morphologically identical to Isochrysis galbana,
comparison of conservative genetic markers showed that there is a genetic distance between the
two microalgae equivalent to that commonly found between different genera within the
haptophytes. It was therefore classified into a new genus, Tisochrysis, and a new species, 7.
lutea (Bendif et al. 2013). This species is characterised by solitary, motile cells, generally
between 3 and 7.5 pm in diameter. The cells are covered by layers of organic scales arranged
radially on the surface There are two identical flagella, up to 7 um-long, inserted apically with
a short (about 100 nm) haptonema. They have a single, parietal, yellow-brown plastid into
which the pyrenoid is immersed and which is traversed by thylakoid membranes (Bendif et al.
2013). Chlorophyll a, c¢; and c> are present in these algae. Among the carotenoids,
diadinochrome, diatoxanthin and fucoxanthin are present in addition to beta-carotene (de
Oliveira-Junior et al. 2020). 7. lutea is currently used mainly in aquaculture for its high content
of protein and fibre, polyunsaturated fatty acids (PUFA), especially docosahexaenoic acid
(DHA, C22:6 ®3), and carotenoids such as fucoxanthin (Hu et al. 2018; Bigagli et al. 2018).
The presence of several bioactive compounds makes 7. lutea an interesting source for
nutraceutical and pharmaceutical products (Carrier et al. 2018). Among various microalgae
strains, 7. lutea has a higher content of fucoxanthin (more than 50-98% of the pigment by
weight, depending on growing conditions) (Mohamadnia et al. 2020). The total lipid content
accounts for 20-30% DW and is strongly influenced by the different growth conditions (Hu et
al. 2018; Gao et al. 2021). In a recent study Mai et al. (2021) reported that saturated,
monounsaturated and polyunsaturated fatty acid accounted for the 28.5%, 17.8% and 45.4% of
the total fatty acid, respectively. Furthermore 7. /utea is recognized as a suitable source of
docosahexaenoic acid (DHA; ®-3), that accounts for 12—14% in total fatty acids (Hu et al.
2018).

The Ocrophyta phylum and Nannochloropsis oculata

The Ochrophyta belong to the Chromista kingdom, which is believed to have originated by
endosymbiosis of a red alga by a heterotrophic eukaryote. This phylum includes about 7,000
species. The ochrophytes are among the organisms Heterokonta: in the mobile forms they
possess two different flagella oriented in two opposite directions: the anterior flagellum has
tripartite hairs (mastigonemes) and the posterior flagellum is without hairs smooth. This phylum
includes many different classes such as Xanthophyceae, Chrysophyceae, diatoms
(Bacillariophyceae), Phaeophyceae, Raphidophyceae and Eustigmatophyceae. The

characteristic plastid (pheoplast) is bounded by four membranes, the two outermost of which
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originate from the rough endoplasmic reticulum and in some cases may be in continuity with
the nuclear membrane. Thylakoids are in groups of three along the entire length of the plastid.
Often a ring formed by three thylakoids surrounds the plastid periphery. They possess
chlorophyll a, chlorophylls ¢; and ¢, apart from Aurearenophyceae, Chrysophyceae and
Eustigmatophyceae, in which only chlorophyll a is present. Xanthophylls and fucoxanthin are
also frequently present. One or more pyrenoids are present in all classes of ochrophytes except
in the zoospores of Eustigmatophyceae and Raphidophyceae (Barsanti e Gualtieri, 2014; Elias
et al. 2016; Pancaldi et al. 2019). Eustigmatophyceae differ from most ochrophytes. These
unicellular algae are green in colour, have a coccoid shape, and can be single or gathered in
colonies, in the latter case there may be a slight morphological differentiation between the
organisms forming the colony (Zakariah et al. 2016; Elias et al. 2016; Liu et al. 2017). The
main reserve polysaccharide is chrysolaminarin (B-1,3-glucan), which is deposited in specific
vacuoles in the cytoplasm. The cell wall of these algae is rich in carbohydrates and consists
mainly of polyanionic polysaccharides such as alginate and sulphated polysaccharides
containing fucose. These polymers predominate over the neutral, crystalline component
composed mainly of cellulose (Elias et al. 2016; Salmeén et al. 2017).

The genus Nannochloropsis (Ochrophyta, Eustigmatophyceae) is widely distributed in oceans
all over the world and plays a significant role in the global carbon and mineral cycle (Sukarni
et al. 2014). Algae of this genus are often used in aquaculture as feed and have been considered
with great interest for biofuel production in recent years (Liu et al. 2017; Zanella and Vianello,
2020). Nannochloropsis oculata, identified by Hibberd in 1981, is a small unicellular alga
found in both freshwater and seawater. The cells are spherical or slightly ovoid, unflagged and
between 2 and 4 um in size (Borowitzka 2018). The most important photosynthetic pigment in
N. oculata is chlorophyll a, because, unlike most microalgae belonging to the phylum
Ocrophyta, chlorophylls » and ¢ are absent. Among the carotenoids, violaxanthin and
vaucheraxanthin are most abundant, zeaxanthin, antheraxanthin and beta-carotene are also
present in lower concentrations (Faé Neto et al. 2018). Depending on the different cultivation
conditions, the total fatty acid content accounts for 23-30% of DW (Bi and He, 2020). Under
stress conditions, however, values of over 40% DW have been observed (Martinez-Maciaset et
al. 2021). N. oculata is widely used in marine animal nutrition due to its high content of
polyunsaturated fatty acids, especially eicosapentaenoic acid (EPA; 20:5n-3) and arachidonic
acid (ARA; 20:4n6), important for the growth and development of larval fish, molluscs and

crustaceans (Pradhan et al. 2019). Furthermore, due to the presence of palmitic acid (16:0) and



palmitoleic acid (16:1n7), it is also a good option for biodiesel production (Martinez-Macias et

al. 2021).

1.2 Photosynthetic apparatus in organisms performing oxygenic photosynthesis
Photosynthesis is the process by which photosynthetic organisms such as plants and algae, as
well as some bacteria as cyanobacteria, convert solar energy into chemical energy which is
essential in the synthesis of biomolecules necessary for energy storage in the metabolic
processes (Junge 2019). Photosynthesis may be split into the ‘light’ and ‘dark’ reactions. These
reactions occur in two chloroplast compartments. In the thylakoid membranes, light reactions
allow the synthesis of ATP and NADPH. In the stroma, the Calvin-Benson cycle utilizes ATP
and NADPH to assimilate the atmospheric carbon dioxide for synthesis of carbohydrates (dark
reactions) (Taiz et al. 2015; Johnson 2016) The overall reaction catalysed during the

photosynthetic process is described as follows:
6 CO; + 12 H,0 + light energy — CsH1206 + 6 Oz + 6 H2O

02, ATP and NADPH are produced as the result of water photolysis (Stirbet et al. 2020). In
photosynthetic eukaryotes, photosynthesis takes place in the chloroplasts. In plants and green
algae, the chloroplast is delimited by a double layer of membranes, mainly composed by
phospholipids, a remnant of the primary endosymbiosis. Three or four envelope membranes are
present in Chromista chloroplast because of a secondary endosymbiosis event (Larkum 2016).
Inside the chloroplasts, the photosynthetic apparatus consists of strongly appressed thylakoid
stacks called grana and flat lamellae of the stroma that connect these grana stacks. The lumens
of the thylakoids of the stroma and the grana are continuous. This is necessary to ensure the
accumulation of the proton motive force between the lumen and the stroma that will drive the

photosynthetic production of ATP (Solymosi et al. 2018; Kirchhoff 2019).
The pigments in photosynthetic membranes

In the photosynthetic process, pigments act as an antenna by capturing light energy and
channeling it into chlorophyll (Chl) molecules at the reaction center of the photosystem I (PSI)
and photosystem II (PSII) photosynthetic units (Mirkovic et al., 2017). In the terrestrial
environment, radiation within the 400-700 nm waveband is defined as photosynthetically
active radiation (PAR; McCree 1972) with wavelengths outside this range not being used for
photosynthesis; pigments are indeed able to adsorb only specific wavelengths (Kume et al
2018). Three main groups of pigments participate in light harvesting for photosynthesis:

chlorophylls, carotenoids and phycobilins. Figure 2 reports the chemical structures of the major
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photosynthetic pigments. Chlorophylls (Chls) are the green lipid-soluble photosynthetic
pigments located in the thylakoid membranes of chloroplasts and are characterized into Chls a,
b, ¢, d, e, and fthat are present in a range of photosynthetic organisms such as plants, algae, and
cyanobacteria. Chls selectively absorb light in the red and blue regions and therefore emits
green colour (Mandal et al. 2020). The chemical structure is a porphyrin ring with magnesium
as the prosthetic group. Phytol alcohol is ester-linked to one of the pyrrole groups and methyl
alcohol to another (Perera 2019). Chl a presents a blue/green colour with maximum absorbance
from 660 to 665 nm. It is present in all photosynthetic organisms and is found in both reaction
centres (RCs) (PS I - P700 and PS II - P680) and in all light-harvesting complexes (LHCs) and
is the first electron acceptor acting as primary donor for RC (Johnson 2016; Mandal et al. 2020).
Chl b has a green/yellow colour with maximum absorbance from 642 to 652 nm. It is found in
higher plants and in a variety of algae as Chlorophyceae. Chl a and Chl b differ from each other
only for the group bound at carbon atom 3: in the former it is a methyl group, while the latter
has a formil group (Larkum 2016; Mandal et al. 2020). Chl ¢ is found only in algae with
secondary plastids as chromophytic algae (also called Chromista) such as Diatoms and
Haptophytes. This pigment is divided into Chl ¢1 and Chl c¢>. Chls ¢ differ from Chls a, b in
being Mg-phytoporphyrins rather than Mg-chlorins. It has a blue-green colour, and the spectra
are dominated by a huge Soret band absorption (around 450nm in acetone) and a
small absorption close to 630 nm (Biichel 2020). Most algae which possess Chl ¢ possess both
c1 and ¢z, while a small group, mainly of prymnesiophytes, possess a third type, Chl ¢3 (Larkum
2016). Carotenoids are fat-soluble accessory pigments. They vary in colour: B-carotene
(orange), lycopene (red), xanthophylls (yellow) and absorb blue light strongly, enabling the
chloroplast to trap a larger fraction of the light energy (Perera 2019; Yamori 2020). Depending
on the function of the compounds on the microalgal cells, these compounds can be divided as
primary carotenoids (i.e., lutein), which absorb light and are strongly linked to the
photosynthetic processes or secondary carotenoids (such as astaxanthin and canthaxanthin) that
play a major role in cell protective mechanisms (Lafarga et al. 2020). Some carotenoids play a
protective role against photodamage at high light intensities by selectively quenching the triplet
state of Chl @ and thus preventing the formation of singlet oxygen, which is a harmful reactive
oxygen species (Faraloni and Torzillo, 2017, Lehmuskero et al. 2018). Their fat-solubility
derives from long carbon side chains and enables them to partition into the fatty regions of
membranes but also makes them susceptible to oxidation. For example, f-Carotene is a vitamin
A precursor and is very sensitive to oxidation, especially in the presence of sulphites (Perera

2019). The different carotenes differ little from each other except in chain length, a- and B-
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carotenes play a similar role but are often quite specific in their distribution. On the contrary,
xanthophylls are a very heterogeneous class of carotenoids. Many of these play a light-
harvesting role, such as fucoxanthin, peridinin and vaucherioxanthin, which harvest light in the
green region of the spectrum (500-550 nm). But there are other xanthophylls that participate in
non-photochemical quenching process in the xanthophyll cycle; this is the case with zeaxanthin
and violaxanthin (green algae and land plants) and diatoxanthin and diadinoxanthin in
(chromista algae) (Larkum 2016). Due to the commercial importance of these molecules as
antioxidants and natural colourants, new methods to increase their natural production are being
explored; for example, in several microalgae species, the limitation of N has been considered
as one of the main factors influencing the production of carotenoids, as well as that of lipids
(Zhang etal. 2017). Phycobilins represent another main group of accessory pigments in
photosynthesis; like the chlorophylls, phycobilins are tetrapyrroles. However, the four pyrroles
in the phycobilins occur in an open chain, as is the case for phytochrome and not in a
closed porphyrin ring, as is the case for the chlorophylls (Nobel 2020). They play an important
role in light harvesting in cyanobacteria and a small number of algae classes (Rhodophyceae,
Glaucophyceae and Cryptophyceae). Phycobilins harvest light in the 490-650 nm with a
relatively small Soret band in the UV; a region of the spectrum where Chls and carotenoids are

poorly efficient (Larkum 2016).
The light driven photosynthetic process

The main reactions of the light phase of photosynthesis take place due to the protein complexes
embedded in thylakoid membranes, photosystem II (PSII) and photosystem 1 (PSI), their
respective light-harvesting complexes (LHCII and LHCI), cytochrome bsf (Cyt bsf), and ATP
synthase. Figure 3 shows the photosynthetic electron and proton transfer chain, the oxidation
of water occurs on the lumen side, while the NADPH and ATP produced are released into the
stroma. These integral membrane complexes are arranged so that proton transition from the
stroma to the lumen occurs. The reaction centre of PSII, along with its antenna chlorophylls, is
predominantly located in the grana. The reaction centre of PSI, and its associated antenna
pigments, are located almost exclusively in the stromatic lamellae. The PSII/PSI ratio can vary
with environmental lighting conditions (Taiz and Zeiger 2018; Junge 2019; Stirbet et al. 2020).
Electron flow begins by oxidation of water, driven by the Oxygen Evolving Complex (OEC),
a protein complex associated with PSII and located on the inner surface of the thylakoid
membrane. Two molecules of H2O are oxidized. Molecular oxygen, four hydrogen ions, and

four electrons are produced: electrons are transferred to the reaction centre of the PSII, while
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the four H* are released into the lumen, resulting in the formation of a proton gradient between
the two sides of the thylakoidal membrane (Larkum 2016; Taiz and Zeiger 2018). PSII is a
transmembrane protein complex. In the central part called the core is the reaction centre (RCII),
with the two homologous proteins D1 and D2 (40kDa), each consisting of five transmembrane
helices. These proteins are linked to a pair of chls a that absorb light in the red (680 nm) and
constitute P680, the main electron donor of the RCII. When excited, these special Chls transfer
the electron to an adjacent pheophytin molecule (Pheo), the primary acceptor of RCII (Larkum
2016; Johnson 2016; Taiz and Zeiger 2018; Sheng et al. 2019; Stirbet et al. 2020). The oxidized
P680, can return to its fundamental state. An electron is donated by a tyrosine residue of the D1
protein, TyrZpi, which is reduced by an electron from water photolysis. The reduced Pheo
transfers the electron to a plastoquinone Qa. The electron is then moved to the plastoquinone
Qg, which is reduced to the semiquinone form Qg". Reduction to the Qg* form is achieved after
a further cycle. Qg* takes two protons from the stroma, the PQH> formed is released within the
thylakoid membrane. An oxidized plastoquinone, from the PQ quinone pool, replaces Qs in
PSII. Four photons are required to complete two water molecules oxidation, therefore at each
cycle two PQH> can be forming and released within the membrane to bind Cyt bgf. These
plastoquinol/plastocyanin reductase complex mediates electron transfer from the PQH> to
Rieske's Fe-S protein, cytochrome f'and finally to the plastocyanin (PC), a water-soluble protein
located on the lumen side of the membrane. PC diffuses in the lumen to the PSI (Larkum 2016;
Taiz and Zeiger 2018; Croce and van Amerongen 2020). The PSI complex is a plastocyanin-
ferredoxin oxidoreductase that preferentially absorbs in the red at wavelengths longer than 680
nm. This consists of a reaction center, RCI, a peripheral antenna, LHCI, formed by the Lhcal-
4 proteins, and a series of transporters that transfer the electron to the ferredoxin. As in PSII, a
pair of specialty chlorophylls, called P700, is the major electron donor in PSI. The energy
absorbed by the LHCI allows the excitation of P700 and consequently the transport of an
electron from the PC through a series of transporters, such as phylloquinone and three Fe-S
proteins. Finally, upon electron transfer to ferredoxin, an NADP* molecule is reduced to
NADPH by ferredoxin-NADP* reductase (FNR) (Larkum 2016; Johnson 2016; Barber and
Ruban 2017; Jarviet al. 2018). The ATPase catalyzes ATP synthesis by exploiting the proton
gradient energy generated between the two sides of the thylakoid membrane. Protons flow
through the CFo transmembrane channel from the lumen to the stroma, while ADP and P; are
in the CF; catalytic site. As a result of a conformational change in the various subunits of the
ATPase, a highly energetic phosphodiester bond is established, and ATP is released (Johnson
2016; Barber and Ruban 2017). In the light-independent reactions phase, the reduction of
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carbon dioxide from ATP and NADPH generated in the light phase occurs through a set of
reactions that integrate the Calvin-Benson-Bassham cycle (Johnson 2016; Queiroza et al. 2020).
The electronic flow of the photosynthetic process is represented by the so-called Z-scheme,
which provides the electronic transfer information from both kinetic and thermodynamic points
of view (Figure 4). The Z-scheme shows all components involved in the transport chain
arranged according to their oxidation-reduction potential (Johnson 2016; Shevela and Lars

2017).

1.3 Biotechnological potential of microalgae: valuable products and commercial

development

Microorganisms have been used for decades as sources of antibiotics, vitamins, and enzymes
and to produce fermented foods and chemicals. During the 20th century, considerable progress
was made in the field of industrial microbiology. Molecular biology helped to discover new
potentials of microorganisms and to optimise their productivity. Later, genetic engineering
techniques have also allowed the production of non-microbial molecules (Murphy, 2012).
Sunlight is the most important input of energy to Earth and photosynthesis is the only biological
process channelizes solar energy into the biosphere. Microalgae have high photosynthetic rates
and efficiency: under optimal growth conditions the theoretical maximum photosynthetic
efficiency for microalgae is approximately 10%, while for C3 and C4 plants is respectively
4.6% and 6% (Barsanti and Gualtieri 2018). In this respect, microalgae have great potential.
The variety of species that characterises these microorganisms is the basis of their importance.
Simply by using the energy of sunlight and atmospheric CO», they are able to rapidly increase
their biomass. The biomass can be valorised and used for the sustainable production of food,
feed, chemicals, fuel, energy and heat (Chisti 2018, 2020). In fact, microalgae can produce
various types of antioxidants, carotenoids, enzymes, lipids, natural dyes, polyunsaturated fatty
acids (PUFA) and sterols, all of them with industrial applications (Suganya et al. 2016; Moreno-
Garcia et al. 2017). A further use of these microorganisms is in environmental biotechnology.
They can be used for biomonitoring of toxic substances, in environmental remediation, in the
production of green energy sources, and in CO» fixation (Rizwan et al. 2018; Chisti 2020). In
this context, the growing inclinations towards natural and eco-friendly products and the demand
for green energy sources have spurred the microalgae market growth. In 2018, Europe
accounted for 32% of global demand of algae products, becoming the largest consumer in the
word. Europe is projected to maintain its dominance during the period 2019-2027. It is also

projected to be the fastest-growing market during the forecast period (source:
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https://www.credenceresearch.com/report/algae-products-market). In fact, according to the
Persistence Market Research Report (2018), worldwide sales of microalgae are estimated to
exceed US$ 75 Mn in revenues by 2026-end. At present, microalgae are widely used to produce
biofuel. However, fuel-only strategies are not always cost-effective in terms of microalgae
cultivation, high-end products with health benefits are gaining more and more consideration.
There is growing interest in food and feed grade microalgae due to the demand for plant-based

products and consumer awareness of the health benefits of microalgae (Nagarajan et al. 2021).
Biofuel production

The COVID-19 pandemic had a massive impact on energy markets, with both primary energy
and carbon emissions falling at their fastest rates since the Second World War, and renewable
energy continuing to grow (bp Statistical Review of World Energy 2021). However, in the post-
pandemic period, investment in fossil fuels continues to be overwhelming in most countries,
including the US and China (Le Quéré et al. 2021). Now more than ever, environmental
pollution and the scarcity of energy resources are nowadays extremely important issues limiting
the sustainable development of the world economy. Fossil fuels still accounted for 84% of the
world’s primary energy consumption in 2019 and are estimated to run out between 2069 and
2088 (Stephens et al. 2010; Malhotra 2019; bp Statistical Review of World Energy 2020).
Within this framework, there is growing scientific, political and social interest in the production
and use of biodiesel as a green and renewable energy source, moreover public appeal promoted
governments enforcement of stricter environmental regulations (Chen et al. 2017; Liao and Shi
2018). Biorefinery is defined as the production of biofuels and high-value co-products from
biomass, integrating bioprocesses with chemical technologies with a low environmental impact
(Suganya et al. 2016). Biofuels can be classified into four main categories according to the
feedstock. The 1% generation biofuels come from plant biomass such as corn, sugarcane
bagasse, wheat starch, soya bean, rapeseed, canola, jatropha etc. The lignocellulosic biomass
and waste animal oils constitute 2" generation biofuels (Ruan et al. 2019). Despite their known
potential to mitigate CO2 emissions, the demand for large areas, water and nutrients for
cultivation and competition with agriculture are some of the major factors limiting the use of
these biofuels (Arora et al. 2019). The 3™ generation biofuels try to overcome these issues.
They are derived from the biomass of various microorganisms: bacteria, yeasts, fungi and
microalgae. Finally, the 4™ generation biofuels use genetically modified microorganisms to

increase their biofuel potential (Arora et al. 2019; Ganesan et al. 2020). The use of microalgae
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to produce biofuels is advantageous compared to other oil crops such as rapeseed, soya and
sunflower. In fact, microalgae are the most efficient in terms of both oil yield and high biodiesel
productivity (52 000 to 120 000 kgpiodiese/ha) and at the same time require no arable lands and
in general less area, even 49-132 times less than that required for rapeseed and soy cultivation
(Amicarelli et al. 2012; Gambelli et al. 2017). Despite the considerable potential of microalgae,
their large-scale application is delayed by technical and economic problems (Arora et al. 2019).
The main challenges for biodiesel from microalgae relate to the amount of energy and water
required for cultivation and harvesting. The high costs can be reduced combining biofuel
production with the extraction of commercially valuable compounds, such as pigments and

enzymes (Rizwan et al. 2018; Chia et al. 2018).
Bioactive molecules production for human health and cosmetic

In recent decades, interest in vegetal based bioactive molecules has increased. Bioactive
molecules include a wide variety of compounds, commonly assumed through the diet, such as
pigments, polyphenols, fatty acids, proteins/enzymes, sterols, vitamins, alkaloids, amino acids,
and other compounds not included in these classes. These compounds can modulate numerous
biological functions, influencing health positively (Borowitzka 2018b; Basheer et al. 2020).
Microalgae are natural sources of these molecules that can be found within the cell biomass or
released into the culture medium (Bhagavathy et al. 2011). Significant effects of microalgae
bioactive molecules in human health may include anti-inflammatory and antiobesity effects,
antiviral antioxidant, antimicrobial and anticancer activities (Chénais 2021). Bioassays of
microalgal extracts clearly demonstrate their potential to kill fungi and bacteria and to inhibit
growth of viral and cancer cells (Singh et al. 2021). This makes algae and microalgae great
candidates for functional food and drugs. However, the small quantities of biomolecules (in
terms of pg/g dry weight) made it difficult to produce at large scale (Singh et al. 2021).
Nevertheless, the growing phenomenon of antibiotic resistance against pathogenic bacteria
drives research to explore new antibacterial compounds derived from different natural
environments (Ferrazzano et al. 2020). There are many microalgae that are utilized to produce
compounds with antibiotics and antimicrobial activity such as bromophenols, alcohols, tannins,
polysaccharide, fatty acids, and terpenoids (Basheer et al. 2020). Arthrospira and Chlorella are
known to produce sulphated polysaccharides with antimicrobial activity (Buono et al. 2014).
Carotenoids and phycocyanin are well-known antioxidant molecules and are commonly

produced by microalgae and cyanobacteria (Barkia et al. 2019). Among the most common
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antioxidants commercially available are B-carotene, widely produced by Dunaliella salina, and
astaxanthin, which constitutes up to 5% by dry weight of the total biomass of Haematococcus
pluvialis (Xu et al. 2018; Li et al. 2020). Due to their antioxidant and anti-inflammatory
properties, these molecules are involved in preventing and reducing protein degradation,
rheumatoid arthritis, cardiovascular diseases, neurodegenerative diseases and cancer (Barkia et
al. 2019; Jacob-Lopes et al. 2019; Nabi et al. 2020). Microalgae can have a protein yield of
more than 50% in dry weight (Levasseur et al. 2020). Some microalgae proteins have
hypolipidemic and hypoglycaemic properties and their ingestion is associated with reduced
cholesterol and triglyceride levels (Soto-Sierra et al. 2018). Some of them promote the
production of hormones involved in achieving satiety and could be used in foods and in
nutraceutical sector to prevent obesity (Patias et al. 2018). Some of the most important
microalgal compounds are the long-chain polyunsaturated fatty acids (PUFAs). In this class of
molecules are included -3 and -6 long-chain fatty acids: linolenic, eicosapentaenoic (EPA)
and docosahexaenoic (DHA), gamma-linolenic (GLA) and arachidonic (ARA) (Ryckebosch et
al. 2014; Basheer et al. 2020). Certain fatty acids are called essential fatty acids due to the
inability of humans to synthesise them (Hu et al. 2019). The intake of DHA and EPA provides
health benefits by counteracting inflammatory processes and reducing the risk of cardiovascular
diseases, helps the development of the nervous system in children and improves brain functions
(Bazinet and Layé 2014). Fatty acids are also used in cosmetic formulations to revitalise the
skin and prevent ageing (Saini and Keum 2018). Nowadays, the algae industry is estimated to
be worth more than USD 6 billion per year, out of which 85% contains products for human
utilization (Basheer et al. 2020). The use of microalgae in cosmetics is widespread, especially
in the treatment of the skin due to their ability to combat reactive oxygen species (antioxidant
activity). Microalgae extracts showed UV photoprotective effects and anti-melanoma effects

(Berthon et al. 2017; Corinaldesi et al. 2017).
Human food source

A recent United Nations report estimated that by 2020 the number of people suffering from
malnutrition and hunger in the world had risen alarmingly from 650 million to 768 million:
about one-tenth of the population. This increase is mainly due to the COVID-19 pandemic and
the resulting economic crisis, as well as to the climate crisis which makes food production
increasingly difficult for some populations (The state of food security and nutrition in the world

2021; https://www.fao.org/documents/card/en/c/cb4474en). In this context, the need to develop

14



new sources of foods is growing. Microalgae can be considered a potential food source due to
the possibility of large-scale production and high biomass production. They also provide several
advantages compared to classical plant and animal food sources, such as requiring a smaller
cultivation area and being independent of growing seasons (Colla et al. 2020; Wang et al. 2020)
Nowadays, microalgae for human consumption are marketed in various forms, such as tablets,
capsules and drinks. They can also be incorporated into various products such as pasta, bread
and snacks to give them new and improved nutritional characteristics (Camacho et al. 2019).
Microalgae are therefore used as supplements or as foods themselves (Caporgno and Mathys
2018). A limited number of microalgal species are used for human consumption or to produce
high-value added foods. This is due to multiple factors. Firstly, production cost of some
microalgae biomass is higher than the industry considers reasonable. In addition, technical and
economic aspects must be considered, including maintenance, market awareness and regulatory
compliance (Jacob-Lopes et al. 2019; Rahman 2020). In this context, understanding the
regulatory framework, environmental and ecological law is crucial. While in the United States,
Japan and in Brazil the rules are applied to the product, assessing if the final product is safe, the
European regulation focuses on the technology that was employed to obtain the product (Jacob-
Lopes et al. 2019). Algae are currently listed as Generally Recognized as Safe (GRAS) for
human consumption, a status given by the Food and Drug Administration (United States (U.S.)
Food and Drug Administration, 2018). However, the GRAS designation only applies to U.S.
jurisdiction and only a few microalgae species are included e.g., Arthrospira platensis,
Chlamydomonas reinhardtii, Auxenochlorella protothecoides, Chlorella vulgaris, Dunaliella
bardawil, and FEuglena gracilis (Torres-Tiji et al. 2020). In the European Union (EU),
microalgae and products derived from them are considered “novel foods” if they had no
significant history of consumption within the EU prior to 15 May 1997. As microalgae are
considered novel foods, they are under Regulation (EU) No. 2015/2283 of the European
Parliament and of the Council of 25 November 2015 on novel foods. This regulation became
effective on 1 January 2018 and deals with the regulation, production and trade of novel foods
in Europe, amending the previous Regulation (EU) No. 1169/2011 of the European Parliament
and of the Council and repealing Regulation (EC) No. 258/97 of the European Parliament and
of the Council and Regulation (EC) No. 1852/2001 of the Commission (Regulation (EU)
2015/2283 of the European Parliament and of the Council of 25 November 2015 on novel
foods). Worldwide, the most used microalgae as food are Spirulina, Chlorella, Dunaliella
(Rizwan et al. 2018). In Spirulina (Arthrospira platensis), the protein content accounts for 45—

60% of the dry weight of the total biomass (Pereira et al. 2021). Due to its high nutritional
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value, Spirulina has been used as a food source in Asia, South America and Africa since ancient
times: as far back as 1300 AD, the Aztecs used these microorganisms as food by harvesting
them from Lake Texcoco (Barsanti and Gualtieri, 2014). Spirulina is widely used also as a
source of vitamins A and C, polyunsaturated fatty acids, phenolic compounds and various
pigments (Matos et al. 2017; Lafarga et al. 2020). Dunaliella salina is used to produce [-
carotene, which accounts for about 14% of dry biomass and is employed in the production of
vitamin C and food colourants (Blanco et al. 2007; Rizwan et al. 2018). Due to the possibility
of growing in hyper-saline media, in prohibitive conditions to the majority contaminating
organisms, cultivation of Dunaliella may result cost-effective (Zhu et al. 2018; Colusse et al.
2020). Chlorella represents a good source of protein, (51-58% of dry weight), carotenoids and
several vitamins (Ferreira et al. 2020). The presence of B-glucans stimulates the immune
system, fights free radicals and lowers blood cholesterol levels (Abdelhamid et al. 2020).
Overall, microalgal proteins may present a lower bioavailability than conventional protein
sources, especially those of animal origin. This is due to the possible presence in some
microalgae of the cellulosic cell wall, which is indigestible to humans (Wang et al. 2020). The
bioavailability of the microalgae proteins can be improved by cracking the cell wall using
physical methods such as crushing, grinding and heating (Caporgno and Mathys 2018).
Nowadays, an intake of 250 mg to 2 g of EPA and DHA daily is recommended to prevent
coronary heart or PUFA-deficient-related aging diseases (Zhang et al. 2018). Traditionally,
molluscs and fish have been the primary source of PUFAs in human nutrition. However, these
animals are not the primary producers of PUFAs; on the contrary, they bioaccumulate them by
directly consuming phytoplankton (microalgae) that primarily produce PUFAs or preying on
smaller fish that feed on phytoplankton (Ryckebosh et al. 2014; Tibaldi et al. 2015; Wang et al.
2020). In this framework, microalgae constitute a credible vegetal source for PUFAs production
including as a source of ®-3 and w-6. Moreover, it should be considered that, currently, fish-
and animal-derived products are eco-unfriendly source and find less and less consensus among

consumers, especially vegetarians or vegans (Wang et al. 2020).
Animal feed and aquaculture

According to the World Population Prospects 2019 of the United Nations
(https://population.un.org/wpp/), the world population is expected to increase by 2 billion

persons in the next 30 years, reaching 9.7 billion by 2050. To cope with the growing demand

for high-quality, protein-rich foods, the production must increase dramatically, potentially
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doubling by 2050; this constitutes a potential risk to environmental sustainability (Hunter et al.
2017). Nowadays, 57% of the global protein supply comes from plant sources (mainly
terrestrial); the remaining 43% comes from animal sources (Henchion et al. 2017). The
provisioning of feed accounts for between 60 and 80% of production costs in the livestock
industry (Uyeh et al. 2018). The use of traditional crops such as soya or animal meal such as
fishmeal, while economically sustainable, is not environmentally sustainable. Thus, it is crucial
found alternative and eco-friendly sources to produce high-quality feeds. Microalgae have been
used as a sustainable feed in aquaculture for many years. Most recently, they entered the farm
animals feed market with benefits both on the quality and nutritional properties of the meat and
on ecological impact. Currently, about 30% of current global microalgae production is sold to
the feed industries (Dineshbabu et al. 2019; Levasseur et al. 2020). Similar to their use in human
nutrition, the success of microalgae as a feed is based on their nutritional quality: high protein
content, pigments (e.g., lutein, astaxanthin, and PB-carotene) poly-unsaturated fatty acids,
vitamins, and minerals (Yaakob et al. 2014; Nagarajan et al. 2021). The genera Arthrospira,
Chlorella, Nannochloropsis, Tetraselmis, Paviova, Isochrysis, Chlorella, Phaeodactylum,
Skeletonema, Chaetoceros, Thalassiosira, and Haematococcus are widely used as animal feed
and in aquaculture (Madeira et al. 2017). As a feed component, microalgae provide primary
energy through their polysaccharides. The supply of lipids, energy-dense molecules, help to
increase the calorific value of the feed (Pina-Pérez et al. 2019; Nagarajan et al. 2021). The use
of lipid-rich microalgae in feed makes it possible to obtain foods with high value of PUFAs by
means of a bioaccumulation process. Microalgae-based feeds in aquaculture may improve the
fatty acid profile of fish; furthermore, microalgae are a viable alternative to fish oil (Carvalho
et al. 2020; Levasseur et al. 2020). With respect to the use of microalgae in livestock feed,
Vossen and colleagues (2017) reported that feed supplemented of freeze-dried Schizochytrium
biomass in pigs significantly improved the PUFA content of meat without affecting the sensory
quality. Also in lambs, supplemented feeding with lipid rich microalgae reduced the total
cholesterol of meat and improved the EPA, DHA, and fatty acids content (Valenga et al. 2021).
Microalgae, particularly green algae and cyanobacteria are rich in proteins, a key factor in
animal feed. Nevertheless, microalgae used in feed are subject to comply stringent criteria of
quality, digestibility, absorption and nutrients bioavailability (Amorim et al. 2020).
Toxicological assessment for the presence of toxins and heavy metals, microbiological analysis
for the presence of bacteria and pathogens, and long-term feeding trials to assess the safety of

unidentified components of microalgal origin are also required (Acquah et al. 2020).
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Bioremediation

Water scarcity affects more than 40% of the global population and is projected to rise. Over 1.7
billion people are currently living in river basins where water use exceeds recharge. More than
80% of wastewater resulting from human activities is discharged into rivers or sea without any
pollution removal (The Sustainable Development Agenda, United Nation 2020). The term
wastewater includes all discharges from commercial establishments, households, institutions,
industries, hospitals, etc. This definition includes urban runoff and rainwater as well as
horticulture, aquaculture and agricultural effluents (Romagnolli 2013; Kumar et al. 2019). Due
to its content of macro- and micro-nutrients wastewater provides a low-cost medium for the
growth of various microalgae. Nitrate, ammonia, phosphate, urea and trace minerals are the
main nutrients found in wastewater. Carbon (C), nitrogen (N) and phosphorus (P) are the three
most important nutrients when evaluating a wastewater source for microalgae growth (Salama
et al. 2017). For N and P removal, the use of microalgal cultures offers some advantages
compared to processes using bacteria, such as a high removal efficiency and lower operation
cost because an organic carbon source is not required. Furthermore, the biomass produced can
be used for different purposes (e.g., high-value products and biofuel production) (Martinez and
Canizares 2020). In addition to their use in the removal of N and P, microalgae are also
employed in the elimination of other important pollutants. In fact, in the last decades, the
composition of wastewater greatly changed; new pollutants and emerging contaminants (ECs)
have been found. Many of these have persistent nature, negative effects on living organisms
and are recalcitrant to traditional purification system. In this framework, search for new
microorganisms including algae, fungi and bacteria able to operate efficient purification
processes is crucial (Escapa et al. 2015; Matamoros et al. 2015; Rout et al. 2021; Parida et al.
2021). Heavy metals are among these pollutants. Traditionally, their removal from wastewater
employs chemical processes that produce huge amounts of sludge with a high concentration of
metal to be disposed of as dangerous waste (Azimi et al. 2017). Due to the net negative surface
charge, the algal biomass is effective in the adsorptive removal of heavy metal cations (e.g.,
Cd**, Pb*", Ni**, Zn*") from industrial wastewater (Chatsungnoen and Chisti 2019; Chisti
2020). The use of microalgae in this field, compared to traditional techniques, may have
advantages such as lower costs, high specific surface area compared with other sorbents and,
in some cases, the possibility of recovering metals (Raikova et al. 2017; Piccini et al. 2019;
Martinez and Canizares 2020). Moreover, some microalgae species showed an affinity for

specific metals: Chlorella and Scenedesmus showed affinity for many metals such as Cd, Cr,
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Cu, Hg, Pb, Zn; good removal rates for Cd, Co, Cr and Ni were found using Spirulina (Suresh
Kumar et al. 2015). Generally, for wastewater treatment monocultures of microalgae strains are
used. However, some studies highlight the advantages of using a consortium of microalgae in
several scenarios (Al-Jabri et al. 2021). Typically, there are different contaminants in
wastewater, a consortium of different microalgal strains or microalgae and bacteria could be
advantageous if the different microorganisms have different target pollutants. In this way the
limitation of one strain could be overcome by the others; in fact, each microalgal species may
presents different tolerances, bioadsorption or biodegradation rates for each contaminant.
(Gongalves et al. 2017; Sutherland and Ralph 2019). Both native and artificial consortia can be
employed in wastewater treatment. Koreiviené¢ et al. (2014) showed that the artificial
consortium of Chlorella and Scenedesmus was highly efficient in the removal of nitrogen and
phosphorus from urban wastewater with a removal efficiency ranging between 88.6-96.4 %
and 99.7-99.9 %, respectively. Posadas and colleagues (2013) tested a native algae-bacteria
consortium on centrate and domestic wastewater. They found superior performance in terms of
N and P removal of algal-bacterial biofilms compared to bacterial biofilms (twice higher
nutrient removal rates). In addition, the consortium provided more stability and resistance of

the biofilm.

1.4 Microalgae cultivation

Microalgae are fast-growing photosynthetic organisms that can convert 9-10% of solar energy
into biomass with a theoretical yield of about 77 g/biomass/m?/day. However, the actual yield
is lower than the theoretical yield in both outdoor and indoor culture systems (Khan et al. 2018).
Obtained yields are one third to one tenth of the theoretical ones (Williams and Laurens 2010).
The cultivation of microalgae does not require arable land, large amounts of fresh water,
herbicides and pesticides, and therefore does not compete for agricultural crop resources (Khan
et al. 2018, Suparmaniam et al. 2019). Together with the accessibility of nutrients, in particular
nitrogen and phosphorus, light, pH and temperature are the main factors influencing the robust
growth of microalgae (Suparmaniam et al. 2019). An ideal microalgae culture system has an
adequate light source, efficient liquid-gas exchange, user-friendly design, low contamination
rates, low production and management costs, and high medium efficiency (Tan et al. 2020).
Various cultivation techniques are currently employed to produce microalgae biomass. In terms
of facilities, cultivation systems may be classified into two main categories: open culture

systems (lakes or ponds) and closed culture systems called photobioreactors (PBR) (Figure 5)
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(Yousuf 2020). Based on the types of metabolism, cultures can be classified as autotrophic,

heterotrophic and mixotrophic (Vuppaladadiyam et al. 2018).
Open cultivation systems

Open cultivation systems are widely used in microalgae cultivation mainly due to their
simplicity and cost-effective design combined with high production capacities (Faried et al.
2017; Ranganathan et al. 2017). Nevertheless, these systems generally require a considerable
amount of space and are influenced by environmental conditions fluctuations such as
temperature and sunlight, furthermore the production of high-quality microalgae biomass is
limited by the high rates of contamination (Suparmaniam et al. 2019). To allow sunlight to
reach all layers of the suspension in which the microalgae grow, the depth must be reduced
(usually 1-100 cm), moreover a paddlewheel or a pivot rotating agitator provide the circulation
of the culture making the distribution of both light and nutrients uniform and preventing the
culture from stagnating. Risk of contaminations, high evaporation rates and concomitant
diffusion of CO; into the atmosphere are other issues in open systems (Singh et al. 2015; Chew
et al. 2018). Open ponds are typically built-in raceway or circular configurations. Raceway
ponds are characterised by low construction costs: the walls are made of concrete or rammed
earth covered by white plastic. One or more paddlewheels provide continuous mixing and
recirculation of the culture and baffles guide the flow at bends. These systems are designed to
be shallow with an average depth of 30 cm (Faried et al. 2017; Suparmaniam et al. 2019). They
can occupy large areas, for example, in Calipatria, CA (USA), a Spirulina cultivation plant, that
occupies an area of 444, 000 m? (Kiran et al. 2014), is present. The most reported algae, include
Spirulina, Dunaliella, Chlorella and Haematococcus, are cultivated in this type of system (Han
et al. 2017). In circular ponds a central pivot rotating agitator mix the culture; this system of
recirculation is less efficient than paddle wheels; therefore, the lower efficiency is compensated
by the reduction in the size of the ponds (Suparmaniam et al. 2019). Another open system
example is the inclined thin-layer cascade system, designed to support a much higher cell
density. In this system, the movement of the microalgal culture is provided by gravity: the
culture flows from the top to the bottom over a sloped surface; a pump is applied to move the
culture from the bottom to the top (Vieira Costa et al. 2019). This system is characterised by a
highly turbulent flow and a thin layer of the culture suspension, generally less than 1 cm; this
gives a high ratio of exposed surface area to total culture volume, facilitating gas exchange and
light capture. Much higher volume yields (up to 40 g L") can be achieved than in the other

open ponds. The main negative points are the cost of pump use and the high evaporation rate
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(Sun et al. 2016; Deruyck et al. 2019). To improve the control of the growing conditions, closed
pond systems using greenhouses can be used. These systems allow the control of several
environmental parameters and limit the contamination problems associated with open pond
systems. The resulting microalgal biomass has a higher quality but also a higher cost

(Suparmaniam et al. 2019).

Closed cultivation systems

Closed photobioreactors (PBR) facilitate the cultivation of strains of microalgae for long
periods with minimal risk of contamination. For these reasons, enclosed PBRs are widely used
to produce biochemical and high-value metabolites. In addition, the regulation and control of
many parameters, the reproducibility of cultivation conditions, the need for smaller spaces and
the opportunity to use both artificial and natural light are some of the advantages over open
systems (Chew et al. 2018; Tan et al. 2018a). However, construction and maintenance costs are
higher than for pond systems. Materials such as glass and transparent plastic are generally
employed to design of these systems, increasing costs (Suparmaniam et al. 2019). Tubular and
flat panel PBRs are the most popular closed culture systems on commercial scale for microalgae
cultivation. Tubular PBRs are the most common ones. Construction materials consist of glass
or plastic tubes arrayed in horizontal, vertical, fence-like, inclined or helix configurations (Tan
et al. 2018a). The culture is mixed by air sparger attached at the bottom of the reactor or a
degassing column (Han et al. 2017). Vertical tube PBRs reactor present the simplest design: the
bubble column consists of a cylindrical vessel with no internal structure, the movement of the
culture is provided by air bubbles. The improved design of this reactor is the airlift reactor,
characterised by two interconnected zones inside. In this configuration the air bubbles move
the culture more efficiently from the darker inner zone of the tube to the brighter outer zone.
Good mixing with low shear stress is achieved (Chew et al. 2018). The horizontal tube system
consists of long horizontal tubes which can be arranged in many variations to form walls,
helices or panels. This configuration requires a large area but guarantees a high operative
surface (Chew et al. 2018). With the help of a pump, the culture circulates from the degassing
column, where the gas exchange takes place, to the solar array and back to the degassing column
in a continuous operation mode (Faried et al. 2017; Supermaniam et al. 2019). Flat-plate PBRs
are another possible design. It has a cuboidal shape and dense microalgae culture pass through
grass or plexiglass flat panels. The flat panel system is characterized by high surface area to
volume ratio for illumination, flexible design for scale-up process and low amount of oxygen

accumulation and high cell densities (> 80 g L") (Han et al 2017; Supermaniam et al. 2019).
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The culture is moved by a pump, the agitation is provided by mechanical motor or air bubbling
through perforated tubes. (Faried et al. 2017). However, this design presents some limitations
connected with aeration that causes hydrodynamic stress, formation of biofouling at the surface

and biomass adhesion to the walls of the bioreactor (Chew et al. 2018).
Batch, semi-continuous and continuous systems

There are different types of microalgae cultivation, including batch, semi-continuous and
continuous methods. Batch cultivation of microalgae is well researched and often used in
laboratory-scale studies. It is a closed system in which the volume of the culture remains
constant from the beginning to the end of cell growth. As the biomass increases, the available
nutrients decrease and are not reintroduced into the system. The biomass grows until it is limited
by the lack of nutrients and light caused by self-shading. The metabolites produced remain in
the system until the biomass is harvested at the end of the process (Yin et al. 2020). Batch
cultures present low risk of contamination, are flexible and simple to operate but lack process
efficiency. In a batch system there is downtime for reactor cleaning and start-up between cycles.
This results in decreased productivity and increased work, water and chemical usage (Benvenuti
etal. 2016; Yadav et al. 2020). Fed-batch mode is a variation on batch culture. Using this system
new culture medium or a concentrated nutrient solution is added regularly without removing
any biomass. The volume and total biomass of the culture increases with each addition. This
results in a longer growth period and a higher final biomass yield (Henley 2019). The semi-
continuous or continuous operations are first carried out in batch mode for a fixed term in order
to achieve a substantial biomass level, and then in a semi-continuous or continuous mode (Zhu
2015). In semi-continuous culture, biomass is intermittently harvested by supplementing the
fresh culture medium (Yin et al. 2020). Semi-continuous cultivation is recommended by
researchers as opposed to batch process as it is a more feasible method especially for large scale
cultivation. With proper control of the feeding rates of the culture medium, high biomass
productivity and stable conditions can be achieved. Furthermore, capacity of treating
wastewater (Tan et al. 2018b). This cultivation method is effective in wastewater treatment,
CO» biofixation and production of secondary metabolites and carbohydrates (Liu et al. 2019;
Solis-Salinas et al. 2021). However, in semi-continuous cultivations, the risk of contamination
is higher than in batch cultivations, as well as higher economic investments (Yin et al. 2020).
In continuous cultures, constant dilution with fresh medium takes place, keeping the volume of

culture constant by removing biomass from the system. In this way the density and composition
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of the biomass remain stable within narrow limits. Dilution may be continuous or through small,
very frequent dilutions. The aim is to reach a steady state (Henley 2019). Growth rates and
biomass concentration can be regulated and maintained for the extended period by varying the
dilution rate. Continuous cultures offer increased opportunities for system investigation and
analysis because the results are more reliable and easily reproducible (Yadav et al. 2020; Chen
and Gao 2021). Though continuous systems are the most process efficient, they are difficult to
control especially in industrial operations, the long-term growth increases the contamination
risk, the higher quality equipment required increases operational costs, finally, the original

product strain can be lost over time (Henley 2019; Yin et al. 2020).
Co-cultivation system

A current driving force that inspires the progress in microalgae production is the search for
novel cultivation systems to obtain a reduction of the costs and a lower consumption of water
and nutrients. Naturally, almost all micro-organisms form mixed consortia sharing multiple
relationships with each other: symbiotic, commensalism, mutualism, competition, etc. (Jiang et
al. 2019). These microbial interactions are of great importance in nature with respect to the
existence of individual microorganisms and in maintaining the ecosystem equilibrium (Das et
al. 2021). In this context, several studies have been focused on the co-cultivation of different
organisms (Zhu 2015; Ray et al. 2022). Co-culture is a cell cultivation setup where two or more
different microorganisms are grown together with some degree of contact between them, a
strategy based on the concept of ecological community: no species lives isolated in nature
(Smith and Crews 2014; Pacheco and Segre 2019). Microalgal co-cultivation has a tremendous
potential because it can present advantages such as contamination minimisation, increased
biomass and lipid yield, improved waste removal and harvesting efficiency, co-production of
value-added biosimilar products (Padmaperuma et al. 2018; Yao eta al. 2019; Das et al. 2021;
Ray et al. 2022). This cultivation mode can involve different microalgal species or microalgae
and other microorganisms such as fungi, bacteria and yest (Zhu et al. 2017). Regardless of the
type of microorganisms forming the consortium, in general genetic diversity reduces the
vulnerability of ecosystems to disturbances. Therefore, co-cultures are more robust than
monocultures (BraddCova et al. 2019; Tejido-Nuiez et al. 2020). Co-cultures reduce the
frequency and severity of viral, bacterial, or fungal infections as well as predation by protozoa
in open ponds. Indeed, the severity of contamination can be aggravated by the absence of

genetic variability in the culture (Lian et al. 2018; Pleissner et al. 2020). Microalgae-microalgae

23



co-culture strategy has been observed to incur positive effects on both the biomass and lipid
yield along with the change in lipid composition (Zhu et al. 2019; Cheng et al. 2020). One of
the advantages of the microalgae-microalgae co-culture strategy is to obtain a relatively denser
culture more rapidly than in monocultures. In part this is due to the increased interactions
between the microorganisms leading to increased extracellular polymeric substances (EPS)
production as a metabolic adaptation strategy to unfavourable conditions, such as competition
for nutrients (Ramanan et al. 2016; Ray et al. 2022). The efficiency of microalgae consortia in
wastewater treatment has also been demonstrated, heavy metal removal efficiency was also
found to be better in consortium (Sharma et al. 2020). In the field of wastewater treatment, good
results have been obtained using microalgae-bacteria co-cultures (Khoo et al. 2021). In
microalgae cultures, bacteria are often considered as contaminants, especially on a laboratory
scale. However, naturally the establishment of microalgae-bacteria consortia is present; the
phycosphere, microscale mucus region surrounding the microalgae, is rich in extracellular
products feed for bacteria (Ferrer-Gonzalez et al. 2021). Conversely, heterotrophic bacteria
stimulate microalgae growth providing B vitamins as organic cofactors or produce siderophores
to bind iron, which could be used by microalgae (Yao et al. 2019). Furthermore, in a co-
cultivation system bacteria maintain constant in the culturing medium the dissolved organic
carbon (DOC) level (Seymour et al. 2017; Yao etal. 2019; Nefet al. 2019). Microalgae-bacteria
co-culture strategy is advantageous by reducing the risk of contamination, the total cost of the
operation, and at the same time the recovery of various by-products from the co-culture (Yao
etal. 2019; Das et al. 2021). Another useful strategy to reducing process costs is the microalgae-
fungi co-cultivation. Many studies are focusing on the harvesting of microalgal cells by the
fungal pellets (Veiter et al. 2018). In fact, harvesting of microalgal cells from the large culture
may accounts for 50% of the total production cost (Raheem et al. 2018). Some filamentous
fungi have self-pelleting capabilities, in co-culture with microalgae this leads to bioflocculation
of microalgae without add any external chemical flocculants and reducing the use of methods
such as centrifugation. This potentially lowers the energy consumption and cost of the entire
cultivation process (Nazari et al. 2020). In addition, in microalgae-fungi co-cultivation strategy
an increase in overall lipid productivity has also been demonstrated (Yang et al. 2019; Zorn et
al. 2020). In addition to the organisms already considered, oleaginous yeasts are becoming one
of the microorganisms that best support microalgae for enhance lipid productivity by utilizing
minimal resources, but also as feed for aquaculture, production of biochemicals and wastewater
treatment (Arora et al. 2019). In co-cultivation, yeast digest lignocellulosic sugars, which

microalgae are unable to metabolize. By converting some of the carbon sources to carbon
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dioxide, the yeast will promote the growth of algal biomass. On the other hand, oxygen
produced by microalgae will support yeast metabolism and their lipid production. In addition,
both algae and yeast share the same ecological niche, which protects them from contamination
(Rakesh S and Karthikeyan 2019; Das et al. 2021). Typically, designing synthetic microbial
consortia requires many experiments in which various combinations of microorganisms are
mixed with positive or negative interactions (Hu et al. 2017). In designing a co-cultivation
system, strain selection is the first and one of the main criteria to be addressed (Das et al. 2020).
Co-culture partners are selected according to communication profiling (metabolites, peptides,
proteins, EPS) or from existing natural associations. Generally, the primary partner is the
desired microalgal species selected for biomass and products enhancement (lipids, pigments,
metabolites), while the secondary partner is the microorganism that possesses some specific
characteristics to provide a successful symbiotic association (Ray et al. 2022). A bottom-up set-
up of a co-cultures system consists of selecting one or more products and screening
microorganisms capable of producing them (Padmaperuma et al. 2018). In a co-culture, the
choice of the culture medium is also important. It must ensure the survival of both organisms
even if they present different metabolic necessities. In the case of a mutualistic symbiosis,
selecting the optimal growth medium for the primary organism should be sufficient. In a
commensal symbiosis, a supplement may be needed to help the secondary partner
(Padmaperuma et al. 2018; Rosero-Chasoy et al. 2021). The inoculum ratio for each strain in
the consortium is another variable to consider as well as the cultivation time at which the
inoculum is added. The growth rate of each strain needs to be considered by avoiding

overgrowth of only one of the species (Ray et al. 2022).
Autotrophy, heterotrophy and mixotrophy

Different cultivation conditions influence the growth and productivity of microalgae. Each
cultivation method can provide different sources of nutrients and energy and it results in
variation of lipid content and biomass productivity (Vuppaladadiyam et al. 2017; Chew et al.
2018). Microalgae usually grow by absorbing light as an energy source and fixing inorganic
carbon as CO» or utilizing sodium bicarbonate as external source of carbon and derive CO> via
the action of carbonic anhydrase (autotrophic metabolism) (Mokashi et al. 2016; Baldisserotto
et al. 2021). However, some of them are also able to use the organic substrate as an energy and
carbon source; this process is known as heterotrophic metabolism. Finally, microalgae can grow

mixotrophically, a strategy that combines autotrophy and heterotrophy and allows microalgae
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to perform both photosynthesis and respiration of supplied organic carbon (Baldisserotto et al.

2021).
Autotrophy

Autotrophic cultivation is the most common growth system for microalgae and the most
economical. Algae use an inorganic carbon source (CO2) and light as their energy source. The
use of sunlight is a good economic advantage especially in large systems. In some areas of the
planet, low sunlight availability or high fluctuation throughout the year is a limiting factor in
supporting algae growth. In these cases, artificial light can be used (Saha and Murray 2018;
Zuccaro et al. 2020). Nowadays the light-emitting diodes (LEDs) constitute an advantageous
alternative to the old lighting systems due to its low energy consumption and its light range
(e.g., red LED, 624-634 nm; green LED, 515-525 nm; blue LED; 460-465 nm). Variations in
wavelengths can be used to enhance the production of specific molecules (Zhong et al. 2018).
Autotrophic cultivation is typically used in outdoor cultivation, to increase lipid productivity

and to recycle industrial CO; (Moreno-Garcia et al. 2017).
Heterotrophy

Compared to autotrophy, heterotrophy does not need light. In this case, both the carbon and
energy source are provided as an organic carbon substrate (Zuccaro et al. 2020). The problems
related to the availability of sunlight, or the cost of artificial light are eliminated, as well as the
require of surface to volume ratio of bioreactors making their design easier (Zhan et al. 2017).
Apart from this, the main advantages of heterotrophic cultivation are high growth control and
high productivity (Vuppaladadiyam et al. 2018). A constrained number of microalgae strains
can be cultivated under these conditions, such as C. vulgaris, C. protothecoides,
Crypthecodinium cohnii, and Schizochytrium limacinum (Moreno-Garcia et al. 2017;
Vuppaladadiyam et al. 2018). Substrates used as carbon sources include glycerol, acetate,
glucose, sucrose, fructose, mannose, lactose and galactose (Zuccaro et al. 2020). Heterotrophic
cultivation is potentially very cost-effective when to replace these carbon sources food waste
and agro-industrial by-products are employed, such as whey permeate and molasses (Zhan et
at. 2017; Ende and Noke 2019). On the other hand, the presence of organic substrates may
constitute a potential risk for microbial contamination of the culture media, in addition, it is not
possible to obtain biomass for pigment production with this cultivation method (Lowrey et al.

2016; Zuccato et al. 2020).
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Mixotrophy

Mixotrophy is the condition in which organic carbon is supplied in the culture medium together
with light, so that microalgae can benefit from the coupling of photosynthetic activity with the
assimilation of organic carbon for growth (Zhan et al. 2017; Pang et al. 2019). Mixotrophy has
the advantage of both increasing biomass production and stimulating the production of
commercially valuable compounds such as pigments and lipids (Penhaul Smith et al. 2020).
Mixotrophic metabolism is documented in a number of microalgae, which are even
phylogenetically very different, such as Spirulina platensis, Chlamydomonas reinhardtii,
Scenedesmus acutus, Phaeodactylum tricornutum, Neochloris oleoabundans, Thalassiosira
pseudonana and Chlorella vulgaris (Giovanardi et al. 2016; Moreno-Garcia et al. 2017;
Baldisserotto et al. 2021). The most common sources of organic carbon added to culture media
are glucose, fructose, acetate and glycerol (Penhaul Smith et al. 2020; Patel et al. 2020;
Baldisserotto et. al. 2021). However, the benefits of this cultivation method could be limited by
the high cost of carbon sources, which can account for 50-80% of growth medium (Heredia-
Arroyo et al. 2010). This limitation can be overcome by combining the cultivation of microalgae
in mixotrophy with the use of by-products of agro-industrial sector and biodiesel production as
carbon sources (Giovanardi et al. 2013; Giovanardi et al. 2016; Baldisserotto et al. 2021). For
example, the possibility of cultivating 7. pseudonana mixotrophically using biodiesel-derived
crude glycerol as source of carbon was investigated, resulting in an increase in biomass and
lipids that could be useful for both energetic and nutraceutical purposes (Baldisserotto et al.
2021). Giovanardi and coworkers (2016) proved the feasibility of using a dairy industry waste
as nutrient source for the mixotrophic cultivation of S. acutus showing how mixotrophy can be

a cost-effective at the same time ecological cultivation method.
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Figure 1 Presentation of the proposed endosymbiont theory for the origin of
plastids. A primary endosymbiosis (prokaryote-to-eukaryote) between a
unicellular  heterotrophic  eukaryote and a phototrophic bacterium
(cyanobacterium) gave rise to a primary alga. A secondary endosymbiosis
(eukaryote-to-eukaryote) occurred when a primary alga was taken up by another
eukaryote as an endosymbiont. Higher order endosymbiosis (tertiary, quaternary,
etc.) are the result of more complex interactions that leave deeply assembled
chimeric organisms. Complex plastids can be distinguished from primary plastids
by their ultrastructure: their envelopes consist of multiple membranes, whereas in
primary plastids envelopes consist of double membranes (From Fiissy and
Obornik, 2018)
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Figure 5 An illustration of examples of open and closed systems. a, Raceway Pond; b, circular pond;
¢, Tubular photobioreactor with parallel run vertical tubes; d, Flat plate photobioreactor; (e) thin-layer
cascade (a, b, d, e - Kiran et al. 2014; ¢ - Grivalsky et al.2019)
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Purposes of the Thesis

The aim of this Thesis entitled "Different cultivation methods of microalgae for
biotechnological applications”" is to increase knowledge on the morphophysiological and
biochemical aspects of certain microalgae that are widely used in the bioenergy, pharmaceutical
and nutraceutical sectors. The research focused on the two microalgae which are known for
their use in biotechnology Tisochrysis lutea and Nannochloropsis oculata, in order to improve

their growth performance, photosynthetic efficiency and biomass composition.
The Thesis is organized and subdivided in chapters as follows:

Chapter 2 is a study on the feasibility of co-cultivating 7. lutea and N. oculata in a batch system
in saline medium. This strategy could aim to obtain distinctive compounds of each alga, such
as pigments (chlorophylls and carotenoids) and fatty acids (e.g. DHA and EPA), in a single

cultivation process with the concomitant advantage to halve water and nutrient use.

Chapter 3 focuses on the effects of two different illumination conditions on mono- and co-
cultures of 7. lutea and N. oculata. The results of control cultures under white light were
compared with those of cultures treated with red-enriched light. In addition to studying the
effects on cell growth, photosynthetic pigments and lipid content, biochemical analyses were
also performed to highlight any adaptations of the two microalgae in the photosynthetic

apparatus in response to the different light conditions.

Chapter 4 aims to evaluate the feasibility of cultivating 7. /utea in rejected brine from the
desalination plant of Almeria (Spain). A waste-to-value approach was applied to produce
microalgal biomass rich in valuable molecules such as lipids and pigments from an industrial
by-product, with the added advantage of increased environmental sustainability associated with

reduced freshwater consumption.

Chapter 5 concerns a comparative study on cell growth, lipid accumulation, photosynthetic
performance and antioxidant activity of 7. /utea grow under autotrophic and mixotrophic
conditions using glycerol as a carbon source. Furthermore, a semi-continuous culture strategy

was proposed in other to maximise the possibility of growth of this alga.
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Chapter 2

A co-cultivation process of
Nannochloropsis oculata and Tisochrysis lutea
induces morpho-physiological and biochemical

variations potentially useful for biotechnological

purposes

From the published article:
Maglie M, Baldisserotto C, Guerrini A, Sabia A, Ferroni L, S Pancaldi
Journal of Applied Phycology volume 33, pages2817-2832 (2021)
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1. Introduction
In recent decades, the biotechnological potential of microalgae has gained considerable

importance because of their wide application range: production of biomass for food and feed,
synthesis of high-value compounds (e.g. polyunsaturated fatty acids, pigments,
polysaccharides) for cosmetic and pharmaceutical sectors, employment in renewable green-
energy and in phytoremediation systems (Sabia et al. 2015; D'Amato et al. 2017; Rizwan et al.
2018; Alam et al. 2020). The evolutionary and phylogenetic diversity of microalgae results in
an interesting variety of their biochemical composition. They are extremely attractive as sources
of a wide range of biomolecules, such as vitamins, essential amino acids, polyunsaturated fatty
acids (PUFA), minerals, carotenoids, enzymes and fibres (Borowitzka 2013; Matos 2017;
Rahman 2020). The production of microalgae may be of interest also because it does not require
arable land, does not compete with food crops, and can use waste as nutrients for their growth
(da Silva Vaz et al. 2016). Moreover, microalgae can act as a natural sink for the reduction of
atmospheric CO; and some of them can also utilize the CO derived from industrial exhaust
gases (Yen et al. 2015). According to the World Water Development Report 2018 of the United
Nations, water use has increased worldwide by about 1% per year since the 1980s, and the
global water demand is expected to continue to rise. However, microalgae cultivation is a water
intensive process, therefore, the water consumption and loss must be managed efficiently
during cultivation (Mayers et al. 2016). The use of saline algae could help to reduce freshwater
consumption destined to microalgal cultures as reported in Ishika et al. (2017). A current driving
force that inspires the progress in microalgae production is the search for novel cultivation
systems to obtain a reduction of the costs and a lower consumption of water and nutrients. In
this context several studies have been focused on the co-cultivation of different organisms, a
strategy based on the concept of ecological community: no species lives isolated in nature
(Smith and Crews 2014; Zhu 2015; Das et al. 2021). In co-cultivation two or more different
microorganisms are grown together; in fact, this cultivation mode can involve different
microalgal species or microalgae and other microorganisms such as fungi and bacteria (Zhu et
al. 2017). With this perspective, the main purpose of this study was to test a co-cultivation
strategy in saline medium of Nannochloropsis oculata (Ocrophyta) and Tisochrysis lutea
(Haptophyta), species of microalgae particularly interesting for their composition in pigments
and fatty acids (Ryckebosch et al. 2014; Cavalier-Smith et al. 2018; Guiry & Guiry 2021).
Natural pigments are used as additives and colorants in aquaculture, and in nutraceutical,
pharmaceutical and cosmeceutical industries (Alam et al. 2020); consequently, their demand is

increasing over the years. In this context, microalgae are a valuable solution, also considering
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that they contain a different pattern of pigments, but also of lipids and other valuable molecules
(e.g. polysaccharides), in relation to their phylogenetic position (Barsanti and Gualtieri 2014;
Begum et al. 2016). Nannochloropsis sp. contains chlorophyll a, f-carotene and the accessory
pigments, violaxanthin, diadinoxanthin and zeaxanthin (Ryckebosch et al. 2014, Sukarni et al.
2014). T. lutea is characterized by chlorophyll a, ¢/ and c2, p-carotene, diadinochrome,
diatoxanthin, and fucoxanthin (Barsanti and Gualtieri 2014; Ryckebosch et al. 2014). In
microalgae PUFAs usually account for 25-60% of the total lipids (Richmond 2004). The most
common are arachidonic acid (AA; 20:4n6, »-6), docosahexaenoic (DHA; 22:6n3, ®-3) and
eicosapentaenoic acid (EPA; 20:5n3, ®-3) (Pulz and Gross 2004; Mata et al. 2010), which are
the most nutritionally significant PUFAs present in marine food and fish oil (Ramesh Kumar et
al. 2019; Zhang et al. 2019). In N. oculata the lipid content is usually about 30% of the dry
weight biomass, but it can increase or decrease as a consequence of growth or stress conditions,
e.g. inoculum, irradiance, salinity and nitrogen availability (Su et al. 2011). As regards ®-3 fatty
acids, N. oculata does not contain DHA, while it accumulates high levels of EPA, about 193
mg g™ of extracted oil (Ryckebosch et al. 2014). T. [utea is characterized by a total lipid content
of approximately 20% of the dry weight biomass. High levels of DHA are detectable, about 46
mg g of extracted oil; conversely, the levels of EPA are low, about 2.8 mg g™ (Ryckebosch et
al. 2014). Taken together, N. oculata and T. lutea could represent a valid alternative to the use
of fish oil and fishmeal, both in aquaculture and in human nutrition, because of their
complementarity of the biochemical composition, especially in w-3 PUFAs (Beker 2014, Shah
etal. 2018). Moreover, it should be considered that, currently, fish- and animal-derived products
find less and less consensus among consumers, especially vegetarians or vegans (Wang et al.
2020). Thus, the aim of this research is focused to ascertain if the co-cultivation of N. oculata
and 7. [utea could allow the production of high-value molecules, in particular ®-3 fatty acids,
for obtaining in a single cultivation system a microalgal biomass rich in all ®-3 fatty acids
typical of fish oil and fishmeal. Furthermore, the co-cultivation represents an added value in

the perspective of reducing (in this case, halving) water consumption for algae cultivation.

2. Materials and methods

Algal culture condition and growth

Nannochloropsis oculata (Droop, Hibberd, 1981; strain CCAP 849/1) and Tisochrysis lutea
(Bendif & Probert 2013; strain CCAP 927/14) were used in this study. Both species belong to
Chromista kingdom (Guiry & Guiry 2021). Microalgae were obtained from the Culture
Collection of Algae and Protozoa of Scottish Marine Institute (Scotland, United Kingdom,;
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www.ccap.ac.uk). The two microalgae were co-cultivated, and mono-cultures of each strain
were used as controls. Both mono- and co-cultures were inoculated at least in triplicate and
grown in 300 mL Erlenmeyer flasks (150 mL of total culture volume). Axenic cultures were
grown and maintained in liquid f/2 medium (Guillard and Ryther 1962; Guillard 1975) in
artificial seawater ESAW (Berges et al. 2001) in a growth chamber (25 £+ 1 °C; 60 pmolphotons
m 2 57! photosynthetically active radiation (PAR); 16:8 h light-dark photoperiod), without
shaking, and no external CO» was supplied. For mono-cultures, 7. lutea cells were inoculated
at a density of 0.6 £ 0.1 x 10 cells mL™!, and N. oculata cells at a density of 5+ 0.1 x 10° cells
mL !, corresponding respectively to a dry biomass (DW) of 0.066 + 0.008 and 0.069 £ 0.006 g
L', For dry biomass (DW), aliquots of samples were filtered through pre-dried and pre-weighed
glass-fibre filters (1.2 um pore size; Whatman GF/C). Filters with cells were rinsed with 20 mL
of distilled water, dried for 72 h at 60°C and weighted until they reached a constant weight
(Popovich et al. 2012a). The dry biomass data was used to calculate the biomass yield in
cultures (g L'"). For co-cultures, T. lutea and N. oculata cells were inoculated together at the
same densities used in mono-culture. Growth was estimated by measuring the optical density
at 750 nm with a Pharmacia Biotech Ultrospec®2000 UV-vis spectrophotometer (I nm
bandwidth; Amersham Biosciences, Piscataway, NJ, USA) and by counting the cells with a
Thoma's chamber (HBG, Giessen, Germany) under the light microscope (Zeiss, Axiophot, Jena,
DE), sampling 1 mL of culture at days 0, 3, 7, 10, 14, 21. To make the cell counting of 7. lutea
easier, 100 uL of Lugol's iodine were added to 1 mL of culture to stop cell movements. For
DW, aliquots of co-cultures were treated as described above for mono-cultures. For a better
interpretation of final data, an estimation of DW derived from 7. lutea and N. oculata in co-

cultures was obtained using data of biomass yield vs cell density of mono-cultures.

Light and fluorescence microscopy
Cell samples were observed at 0, 3, 7, 10, 14 and 21 days, under the same Zeiss microscope
cited above, equipped with conventional or fluorescent attachments. The light source for
chlorophyll fluorescence examinations was an HBO 100 W pressure mercury vapour lamp
(filter set, BP436/10 FT 460, LP470). According to Hillebrand et al. (1999) images were
employed to calculate the cell volume using “Imagel” software
(https://imagej.nih.gov/ij/index.html). = To  highlight the  presence of  acidic
mucopolysaccharides, 40 pL of Alcian Blue (1% in 3% acetic acid) was added to an algal pellet
obtained after the centrifugation of 2 mL of culture (Mowry and Scott 1967; Discart et al. 2015).

After incubation at room temperature for 30 min, the samples were rinsed twice with culture
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medium to remove the stain excess. Cells were then observed under white light with the
microscope described above. In order to highlight the intracellular lipid accumulation, cells
were stained with Nile Red (Sigma) (9-diethylamina-5Hbenzo [ao]phenoxazine-5-one),
according to Giovanardi et al. (2013), with some modifications. Aliquots of 10 uL Nile Red
(0.5 mg dissolved in 100 mL acetone) were added to 1.9 mL of a cell suspension with 4 x 10°
cells for N. oculata and 0.5 x 10° cells for T. lutea. After incubation at 37°C in darkness for 15
min, cells were observed with excitation at 485 nm (filter set BP485, LP520). All pictures were

taken with a Canon Powershot S40 digital camera.

Transmission and scanning electron microscopy
For transmission electron microscopy (TEM), cells were harvested weekly by centrifugation
and prepared as reported in Baldisserotto et al. (2012) with minor modifications: the phosphate
buffer has been substituted with sodium cacodylate buffer 0.1 M (pH 7.2) for N. oculata and
sodium cacodylate buffer 0.1 M with sucrose 0.25 M for 7. lutea. Ultra-thin sections were
observed with a Hitachi H800 electron microscope (Electron Microscopy Centre, University of
Ferrara). For scanning electron microscopy (SEM), co-cultivated cells were harvested by
centrifugation at the 21% day of cultivation. Samples were fixed with 2.5% (v/v) glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4), post-fixed overnight with 2% (m/v) OsO4 in the same
fixation buffer and dehydrated in a graded ethanol series. Samples were then mounted on a
metal holder, covered with gold with a sputter Edwards S150, and observed with a Zeiss Evo

40 electron microscope at 20 kV (Electron Microscopy Centre, University of Ferrara).

Pigment extraction and analysis
Cells were collected by centrifugation after 0, 3, 10 and 21 days of experiment and treated with
100 % methanol for 10 min at 80 °C (Baldisserotto et al. 2012). Absorption of extracts was
measured at 665 nm for chlorophyll a (Chl @), 632 nm for chlorophyll ¢ (Chl ¢) and 470 nm for
carotenoids (Cars) (Wellburn 1994; Ritchie 2006) with a Pharmacia Biotech Ultrospec®2000
UV-vis spectrophotometer (1 nm bandwidth; Amersham Biosciences, Piscataway, NJ, USA).
Extracts were manipulated under dim light to avoid photo-degradation. Chlorophyll
concentration in 7. /utea was evaluated using the equations of Ritchie (2006). Otherwise, the
equations of Wellburn (1994) were employed to determine the chlorophyll concentration in N.
oculata and the carotenoid concentration in both samples. Cells in the co-culture were separated
by a sucrose gradient. The gradient was prepared by layering solutions containing sucrose at
different concentrations (20-30-40%) and polyvinylpyrrolidone (PVP; Sigma) 2%, dissolved in
/2 medium in ESAW. 5 mL of the 40% solution was added to the bottom of a 50 mL tube,
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followed by 10 mL of the 30% solution and finally 10 mL of the solution with 20% sucrose
concentration. An aliquot of co-culture was placed in the 50 mL tube containing the sucrose
gradient. After 10 min centrifugation at 5300 g cells of N. oculata are separated from those of
T. lutea. In particular, the cells of N. oculata and T. lutea stratified at the 20-30% and 30-40%
interface, respectively. The two cell fractions were recovered using a Pasteur pipette and

washed with /2 medium in ESAW before analysis.

Chlorophyll fluorescence measurements
At days 0, 3, 7, 10, 14 and 21, fluorescence measurements were performed on cell pellets
prepared as described by Ferroni et al. (2011). After 15 min of dark incubation, initial
fluorescence Fp and maximum fluorescence F)s were used to calculate the maximum quantum
yield of PSII (Fy/Fu ratio). 15 min was found to be the optimal adaptation time for both
microalgae after testing a range between 5- and 40-min dark adaptation time. For analyses, a
pulse amplitude modulation fluorometer (PAM; Junior-PAM, Walz) was used with the
following setting: measuring light (ML) with intensity and frequency at level 1; 0.6 s saturation
pulse at level 6. Before PAM analysis, cells in co-culture were separated through a sucrose
gradient as described above. To verify the possible effects of the sucrose gradient procedure on

Fy/Fuvalues, mono-cultivated cells have been tested using the same procedure.

Proteins extraction and quantification
At days 0 and 21, the total proteins were extracted. Aliquots of mono-cultivated and co-
cultivated cells (about 100 mL with optical density of 0.5 at 750 nm) were centrifuged at 500 g
for 10 min and treated according to Ivleva and Golden (2007), with some modifications as
described in Baldisserotto et al. (2016). Pellets were resuspended in a small quantity (2 mL) of
washing buffer [2 mM Na;EDTA, 5 mM eg-aminocaproic acid, 5 mM MgCl, 5 mM
dithiothreitol dissolved in 1x PBS buffer; PBS buffer (1 L, stock solution 10x): 80 g NaCL, 2 g
KCl,14.4 g Na,HPO4:2H>0, 2.4 g KH>PO4 dissolved in distilled water], transferred into 2 mL
tubes and then centrifuged (10 min, 2000 g). Subsequently, the pellets were resuspended in the
extraction buffer (0.1 M NaOH, 1% sodium dodecyl sulphate, 0.5% p-mercaptoethanol
dissolved in water). Samples were frozen three times in liquid N2 for 2 min each and
subsequently heated at 80 °C for other 2 min, then rapidly frozen in liquid N> and kept at —20
°C overnight. The subsequent day, the samples were added with glass beads (0.40—0.60 um
diameter; Sartorius, Germany) and vigorously vortexed for 10 min (mixing cycles of 30 s, each
followed by 30 s cooling on ice). After centrifugation (1500 g,10 min) the supernatants were

harvested (extract I). Pellets were re-extracted by resuspending with 0.5 mL of extraction
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buffer, vortexing in tubes for 2 min, and finally keeping tubes at 60 °C for 15 min. Samples
were then centrifuged (1500 g, 10 min) and the supernatant (extract II) was added to the extract
I. Finally, the total extract was rapidly frozen in liquid N> and stored at —20 °C until

quantification. Proteins were quantified following the Lowry’s method (1951).
Total lipid content

At the 21* day of cultivation, lipid extraction was performed according to Ryckebosch et al.
(2012) with some modifications. Duplicate freeze-dried samples containing 100 mg of biomass
were vortexed for 30 s at room temperature in 6 mL chloroform:methanol (1:1, v:v) and 0.4 mL
of distilled water. The solvent mixture (2 mL) and water (0.4 mL) were then added and the tube
was mixed again with a vortex and subsequently centrifuged. The aqueous layer was removed,
and the solvent layer was transferred into a clear tube. The pellet was re-extracted with 4 mL
of chloroform:methanol (1:1, v:v). The combined solvent layers were passed through a layer of
anhydrous Na>SO4 using Whatman No. 1 filter paper in a funnel. After removal of the solvent

by rotary evaporation at 40 °C, the lipid content was determined gravimetrically.
Lipid fractionation and fatty acid profile

Lipid fractionation in neutral lipids, glycolipids and phospholipids was performed using a
silica Sep—Pak (SP) of 700 mg (Waters) according to Popovich et al. (2012b) with some
modifications. Adsorbent conditioning was performed with 10 mL of chloroform, and
samples were loaded by 1 mL of chloroform/oil solution containing 15 mg of oil in 100 mL of
chloroform. Elution of neutral lipids from the adsorbent bed was performed with 15 mL of
chloroform, glycolipids were recovered by elution with 10 mL of acetone/methanol (9:1, v:v)
and phospholipids by elution with 10 mL of methanol. Each fraction was collected into a
conical vial and evaporated to dryness under nitrogen. The efficiency of SP was verified by
thin layer chromatography (Silicagel G 60 70-230 mesh, Merck, Darmstadt, Germany).
Concentrated solutions of each fraction of lipids were applied to the bottom of the plates and
the plates were processed with chloroform:methanol (2:1, v:v). After solvent evaporation,
plates were sprayed with phosphomolybdic acid and heated at 120-130 °C. Fatty acid profiles
were determined by methyl ester derivation and gas chromatographic (GC) analysis, with a
Varian GC-3800 gas chromatograph, equipped VF-5ms column with stationary phase bound
poly-5% phenyl-95% dimethyl-siloxanes (internal diameter, 0.25 mm, length, 30 m, film

thickness, 0.25 pm) and a Varian MS-4000 mass spectrometer with ionization for electronic
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impact and ion trap, equipped with a NIST library. Fatty acid methyl esters (FAMEs) have
been identified comparing their retention time and the mass spectrum with that of a mixture of

37 pure compounds (Supelco, Sigma-Aldrich).
Statistical analysis

Data were processed and analysed using Excel (Microsoft Office 2016). When necessary,
statistical tests such as Student t-test, one-way ANOVA and two-way ANOV A were performed
using Origin® 2018 analysis software, followed by Tukey post-hoc test (p <0.05).

3. Results

Growth kinetics
Growth kinetics of N. oculata and T. lutea in mono- and in co-cultivation are reported in Fig.

1. In both systems of cultivation, N. oculata cells remained in the logarithmic phase of growth
up to the 10™ day, then the cells entered the stationary phase. However, the mono-cultures
showed a higher cell density, and the final cell density was about 26 + 1.5 x 10° cell mL™! in
co-culture and 35 + 5.2 x 10° cell mL ™! in mono-culture. In contrast, both mono- and co-cultures
of T. lutea showed a rapid growth during the first 3 days. Subsequently, while the growth of the
mono-cultures continued slowly until the end of the experiment, the growth of the co-cultivated
cells entered the stationary phase already on the third day. Final cell density was about 1 + 0.3
x 10 cell mL™! in co-cultures and 6 + 0.6 x 10° cell mL™! in mono-cultures. As shown in Fig
1, both microalgae species had a lower growth in co-cultivation than in mono-cultivation.
Furthermore, at the end of the experiment, biomass, evaluated for all cultures, yielded 0.95 and
0.93 g L! for mono-cultivated T. lutea and N. oculata, respectively, and 0.99 g L! for co-
cultures (ANOVA, p>0.05). For co-cultures, it was estimated that 7. /utea, which was about
only 3% of total cells, yielded about 0.165 g L™! (17% of total biomass), while N. oculata 0.821
g L (83% of total biomass).

Cell morphology
Figure 2 shows light and fluorescence microscope observations of mono- and co-cultivated M.
oculata and T. lutea cells. Observed under the light microscope, both mono- and co-cultivated
cells of N. oculata had a spheroid shape, with a variable diameter between 2 and 3 um,
corresponding to a cell volume between 10 and 14 um?®. Mono- and co-cultivated cells differed
in the accumulation of translucent globules: in mono-cultivation, they were visible already at

the 7" day and increased during the experiment (Fig. 2b and c); in co-cultivation, some
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translucent globules were observed only in the final stages of growth, 18-21 days (Fig. 2q). The
lipid-specific fluorochrome Nile Red was used to investigate the nature of these translucent
globules (Fig. 3). The N. oculata cells grown in mono-culture showed an increase in fluorescent
lipid droplets during the period of cultivation, reaching the most intense reaction at the end of
the experiment, when the globules were in number of 3-4 per-cell and occupied a large part of
the cell volume (Fig. 3c). In contrast, cells grown in co-culture accumulated lipids only at the
end of the experiment (Fig. 31). 7. lutea cells, typically golden brown in colour, had a shape
from spherical to ovate or oblong, with two apical flagella. In some cells the loss or rupture of
one or both flagella were observed in the in the late stages of cultivation. The volume of the
microalga in co-cultures was smaller than in mono-cultures, 80 and 190 um?, respectively (mean
values at 21° day). The cup shaped plastid laid peripherally in the cell. From the 7" day,
vacuoles of variable size appeared in both mono- (Fig. 2h and 1) and co-cultivated 7. lutea cells
(Fig. 2p and q). Moreover, from the first days of cultivation, translucent globules were visible,
and their number increased over time in both mono- and co-cultivated cells; since the beginning
of the experiment, 2-3 lipid globules were present in most of the cells (Fig. 3d and g). In the
10-14 days interval, the number and volume of globules increased (Fig 3e and h) and, at the
final stages of cultivation, 4-5 lipid droplets occurred in the cells and were larger than during

the previous days (Fig. 3f and 1).

SEM and TEM observations
TEM observations are shown in Figure 4. In the early stages of mono-cultivation (3-10 days),
the N. oculata chloroplast occupied more than half of the cell volume. Large mitochondria
indicated an intense cellular activity during the early stages of cultivation. Small globules,
probably corresponding to lipid droplets, were visible (Fig. 4a). After 10 days of cultivation,
the chloroplast still occupied a significant portion of the total cell volume, but the thylakoids
were less numerous and locally appressed. Several large lipid globules were always present
(Fig. 4b). At the 21* day, the thylakoids were fewer and more appressed than in previous days;
moreover, the stroma appeared darker. On the other hand, the lipid globules increased in size
and number, consistent with Nile Red analysis (Fig. 4c). No morphological differences in the
co-cultivated cells were noted in the early phases of cultivation (Fig. 4d). After 10 days of co-
cultivation, the thylakoids looked appressed (Fig. 4¢) and even more after 21 days; nevertheless,
well-structured mitochondria were visible (Fig. 4f). Lipid globules only occurred at the last
stages of cultivation, confirming the observations in epifluorescence with Nile Red (Fig. 4f).

In mono-cultivated 7. lutea cells, the cup-shaped plastid and pyrenoid were visible (Fig. 41).
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Already from the 3™ day of cultivation, some lipid globules were visible in mono-cultivated
cells (Fig. 4g). After 10 and 21 days from the inoculation, the cells showed the first signs of
vacuolisation, and the lipids droplets appeared darker than at the early stages (Fig. 4h, 1).
Moreover, from the 10" day a great secretion activity was visible and characterized by the
presence of many vesicles releasing their contents outside the cells (Fig. 5a). During the early
phases of co-cultivation, 7. /utea cells showed no substantial differences compared to those
mono-cultivated (Fig. 41). On the other hand, from the 10™ day, all organelles and membranes
were altered (Fig. 4m, n). The extrusion of vesicles was also found in co-cultures and Alcian
Blue staining highlighted on the surface of 7. [lutea cells the presence of acid
mucopolysaccharides which were probably responsible for the cell aggregation phenomena
observed in co-cultures (Fig. 5b, insert): N. oculata cells adhered to the surface of 7. lutea cells

(Fig. 5b).

Pigment content
The time-course of pigment content is shown in Fig. 6. In order to compare the pigment content
in mono- and co-cultivated cells, N. oculata and T. lutea from co-cultures were separated in a
sucrose gradient. An increase in Chl a (Fig. 6a) and total carotenoids (Fig. 6b) occurred when
N. oculata cells were co-cultivated. This increase was observed at the 3™ and 10" day of
cultivation. In co-cultivated cells Chl a content was 63% higher than that in mono-cultivated
algae at the 3™ day (p < 0.05; Student t-test) and 119% higher at the 10" day (p < 0.05; Student
t-test). The same trend characterized the carotenoids concentration: 75% higher in co-cultivated
N. oculata cells after 3 days (p < 0.05; Student t-test) and 105% after 10 days (p < 0.05; Student
t-test). In contrast, after 21 days, carotenoids were significantly less concentrated in co-
cultivated cells than in the mono-cultivated ones (p < 0.05; Student t-test), while Chl a content
was similar in mono- and co-cultivated N. oculata cells. Likewise, T. lutea co-cultivated cells
showed a higher concentration of pigments, which underwent a progressive increase during
cultivation and especially in the last phases (Fig. 6¢, d and ¢). At the 21* day, the co-cultured
cells contained 173% higher content of Chl a, 63% higher content of Chl ¢ and 129% higher

amount of total carotenoids than in mono-cultivated 7. lutea (p < 0.05; Student t-test).

PSII maximum quantum yield measure

The effects of the co-cultivation process on photosynthetic efficiency were evaluated by PAM
fluorimetry. In order to compare the PSII maximum quantum yield, measured as F.,/Fy ratio, in
mono- and co-cultivated cells, N. oculata and T. lutea from co-cultures were separated in a

sucrose gradient. Mono-cultivated cells have been tested using the same procedure to verify the
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possible effects of the sucrose gradient procedure on Fy/Fy values. T. lutea cells showed no
significant differences (p = 0.1; Student t-test) in F,/F s values between gradient-treated and no-
treated cells. On the contrary, N. oculata cells showed a significant decrease of 13% (p < 0.05;
Student t-test) in F\/Fu values after the treatment with sucrose gradient. This difference was
considered and used to correct the values recorded from gradient-treated co-cultivated cells. In
microalgae, F,/Fu values of about 0.6 indicate an efficient use of light in the photosynthetic
processes (White et al. 2013; Sirin and Sillanpdd 2015; Bhola et al. 2016). Fy/F) was overall
higher in mono-cultivated than in the co-cultivated cells (Fig. 7); this difference was always
significant (p < 0.05; Student t-test), except for N. oculata cells at 7" day, when there was no
significant difference between mono- and co-culture. N. oculata co-cultivated cells showed low
Fy/Fu values, until they reached an average value of 0.359 &+ 0.016 after 21 days of cultivation.
However, F/Fu also decreased in mono-cultures, reaching the average value of 0.431 £ 0.030
at the end of experiment (Fig. 7a). In 7. /utea mono-cultivated cells, the ratio remained almost
stable above 0.600 throughout the experiment, with a decrease to 0.540 only after 21 days (Fig.
7b). Co-cultivated T. lutea showed Fy/Fu values lower than 0.600 already from the 7" day.
The ratio decreased to less than 0.450 in the last stages of cultivation (14-21 days).

Protein content
As reported in Figure 8, both microalgal species, either in mono-cultivation or co-cultivation,

showed a significant reduction in their protein content from the day of the inoculation to the
21% day (p < 0.05; Student t-test): in N. oculata it decreased from 22.15 to 3.62 pg proteins 10
6 cells (-83%); in T [utea from 174.18 to 24.76 pg proteins 107 cells (-85 %); in co-cultivated
cells from 55.65 to 4.59 pg proteins 107 cells (-91 %).

Lipid fraction
The lipid amount is very important in order to select oleaginous microalgae species. All
analyses of lipid fraction were performed at the 21* day of cultivation, when Nile Red staining
and TEM observations showed the maximum presence of lipid droplets inside all cells. Fig. 9
shows the total lipid content (% DW) in N. oculata and T. lutea mono- and co-cultures:
differences between the tested samples were not significant (p > 0.2; one-way ANOVA).
However, the fractions of neutral lipids, glycolipids and phospholipids showed significant
differences only in the content of neutral lipids (p <0.05; one-way ANOVA) (Fig. 10). In
particular, the percentage content of neutral lipids differed between mono-cultivated 7. lutea

and N. oculata (55% and 69% respectively; p<0.05; one-way ANOVA followed by Tukey’s
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post-hoc test) and between 7. lutea and the co-cultivated microalgae, in which the neutral lipids

were about 67% of total lipids (p<0.05; one-way ANOVA followed by Tukey’s post-hoc test).

Fatty acid profile

The fatty acid profile of the neutral lipid fraction was characterized by gas-chromatography
coupled to mass spectrometry (GC-MS; Table 1). In mono-cultivated N. oculata, palmitoleic
(C16:1) and palmitic (C16:0) acids were the major components (respectively 31.41% and
24.32%), followed by oleic acid (C18:1n9c; 13.68%). The characteristic -3 of this species, 1.e.
EPA (C20:5n3), accounted for 11.1% and the probable presence of eicosatrienoic acid (ETE —
C20:3n3) accounted for 2.38%. Furthermore, two ®-6 PUFAs, linoleic (C18:2n6) and
arachidonic (C20:4n6) acids, were also present, with 5.55% and 1.34%, respectively.
Differently, in mono-cultivated 7. lutea, the most abundant fatty acid was oleic acid (C18:1n9;
25.46%), followed by the -3 SDA (C18:4n3) and DHA (C22:6n3), 20.23% and 17.59%,
respectively. The ®-3 EPA was extremely low (0.43%) (Table 1).

The fatty acid profile of co-cultivated cells was quite similar to that of N. oculata mono-
cultivated samples; this was attributable to the low number of 7. [utea in co-cultures at the 21
day, i.e. only 3% of total cells (estimated to be approximately 17% of total DW). For example,
palmitoleic and palmitic acids, i.e. the major components in mono-cultivated N. oculata, were
only slightly reduced in co-cultures. Differently, oleic acid, 25.46% in T. lutea and 13.68% in
N. oculata, was reduced to about 15%. Finally, SDA, present only in 7. lutea, accounted for
about 1.6% (Table 1). Moreover, the co-cultures showed a not significant lower fatty acid
percentages than the mono-cultivated N. oculata (about 21% vs 24%) (Fig. 9). Interestingly, the
contribution of 7. lutea to the ®-3 profile in the co-cultivated samples was visible owing to the
detection of the characteristic DHA and SDA, absent in N. oculata (Ryckebosch et al. 2014),
and to the increase, even if small, in EPA percentage. An estimation of fatty acid profile
productivity in the neutral lipid fraction of samples was also calculated (data not shown).
Results are consistent with those expressed as percentage of total fatty acids (Table 1). In both
cases, it emerges that total -3 PUFAs are accumulated the most in 7. /utea mono-cultures
(38.46% of total fatty acids or 6.442 g/100gpw algal biomass), while the lower content was
observed for N. oculata (13.48% of total fatty acids or 2.225 g/100gpw algal biomass).
Interestingly, in co-cultures, characterized by a 97% of N. oculata of total cells (about 83% of
total biomass), -3 content was improved, due to the even less presence of 7. lutea cells in the

biomass. In co-cultures total w-3 PUFAs accounted for 17.1% of total fatty acids or 2.438
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2/100gpw algal biomass, i.e. about 10% and 26% more than in mono-cultivated N. oculata, if

considering results as total percentage or as yield, respectively.

4. Discussion
We studied the capability of 7. lutea and N. oculata to grow in a co-cultivation batch system in
saline medium. This strategy may aim to obtain distinctive compounds of each algae, like
pigments (chlorophylls and carotenoids), as well as fatty acids (e.g. DHA and EPA), using a
single process of cultivation, with the concomitant advantage to halve water and nutrient use.
Typical goals of co-culture are, in fact, overyielding (higher productivity of the desired
product(s) than mono-cultures), greater stability under perturbations, and/or more efficient use
of inputs (e.g. nutrients or water). Under the experimental conditions used in this study, both
microalgae grew better in mono-culture than in co-cultivation, as reported in some other studies
on microalgae-microalgae co-cultivation systems (Tejido-Nuiiez et al. 2020; Rashid et al. 2019)
Recently, Tejido-Nufiez and collaborators (2020) reported that Chlorella vulgaris and
Tetradesmus obliguus, when co-cultivated in sterile and non-sterile water both derived from an
aquaponic system, grew less than in mono-cultures. In our research, although the initial dry
biomass used to inoculate was the same for each species, the lower growth, observed in co-
culture, might have been depended upon the inoculum ratio used for the two microalgae: at the
beginning of the experiment the ratio between the two algae was about 1:8 (0.6 x 10° cells mL-
Vof T. Iutea and 5 x 10° cells mL! of N. oculata). Indeed, the initial cell density affects the
growth and metabolism of microalgae, both in mono- and in co-cultures. As an example, Lu et
al. (2012) reported different growth rates and lipid profile in mono-cultures of C. sorokiniana
depending on inoculum size, from 10 x 10* to 1 x 107 cells mL"!. Similarly, the co-cultivation
of Ettlia sp. with Chlorella sp. starting from different proportions of both algae gave different
results in terms of productivity and was related to even very different percentages of the
inoculated algae in the cultures at the end of experiment (Rashid et al. 2019). Independent from
final cell density, it is noteworthy that mono- and co-cultivated N. oculata entered the stationary
phase from the 10" day, sharing same kinetics. Differently, both mono- and co-cultivated 7.
lutea concluded the logarithmic phase on the 3™ day, consistent with other studies in mono-
cultivations, which reported the end of the exponential growth between the 3™ and 6™ day
(Garnier et al. 2014; Rasdi and Qin 2015; del Pilar Sdnchez-Saavedra et al. 2016). In our
experiment, while mono-cultivated 7. /utea continued to grow slowly after the 3™ day and
reached the stationary phase around the end of the experiment, the number of co-cultivated 7.

lutea cells decreased, pointing to negative competition with N. oculata. As above mentioned,
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growth of algae in co-cultivation is not obvious and the issue deserves dedicated studies to
guarantee good biomass production. The limited growth of co-cultured 7. lutea is consistent
with decrease in size, alterations of thylakoids and the other cellular structures observed by
TEM analyses. Moreover, especially for co-cultivated 7. lutea, a stress condition was confirmed
by the lower mobility observed under the light microscope. At the best of our knowledge,
nowadays no literature data report alterations of size in 7. /utea due to stresses, but analogous
results are described in several other microalgae with flagella and without a robust cell wall
(Goiris et al. 2015; Borowitzka 2018; Wang and Lan 2018). In this research, we propose that
the presence in co-culture of abundant small N. oculata cells with a hard wall can have triggered
reduction in cell size of the Haptophyta, as an effect linked to a sort of shear or hydrodinamic
stress. In addition, already at early stages of co-cultivation 7. lutea produced acidic eso-
mucopolysaccharides, as shown by Alcian Blue staining and SEM analysis. Extrusion of such
polysaccharidic compounds by microalgae often represents a defensive mechanism against
stress conditions, also due to the presence of other microorganisms (Wotton 2004).
Furthermore, the production of these defensive molecules by 7. /utea may in part support the
lower growth of N. oculata in co-cultures compared to mono-cultures. The extrusion activity
of T. lutea was also observed in mono-cultivated cells, but only in advanced stages of
cultivation (about after 18 days from the inoculation; not shown), when microalgae entered the
stationary phase. An early and progressive decline of PSII maximum quantum yield was
observed in co-cultivated cells, which showed Fy/Fir values below 0.6, lower than in the mono-
cultured controls. The low Fy/F ) values is in line with the lower growth observed in co-culture
and indicates a stress condition of the microorganisms; in fact, the analysis of the PSII
maximum quantum yield by PAM fluorimetry allows an estimate of the photosynthetic
efficiency and can be used as a parameter to evidence the physiological stress in microalgae
(Cosgrove and Borowitzka 2010; Ramanna et al. 2014; Dao and Beardall 2016). In microalgae,
Fy/Fy values higher than 0.6 indicate good conditions of growth and an efficient use of light
for photosynthesis, a condition met in mono-cultures (White et al. 2013; Sirin and Sillanpaa
2015; Bhola et al. 2016). Lower F/F values were generally reported under nutrient deficiency
or very dense cultures or light-stressed cultures (Beardall et al. 2001 a, b; Baldisserotto et al.
2014; Benvenuti et al. 2015). In our experiment conducted under non-photo-inhibiting light and
leading to not very dense cultures, the lower Fy/F ) values in co-cultivation could not depend
on these two latter factors. While a nutrient deficiency could have occurred, this cause of stress
seems not supported by the photosynthetic pigment content. In particular, up to 10 days of

cultivation, the strong accumulation of chlorophylls/cell, hosted in more appressed thylakoids,
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did not justify a nutrient limitation, especially nitrogen (da Silva Ferreira and Sant’ Anna 2017).
Conversely, the accumulation of chlorophylls could be an attempt to compensate for the
decreased photosynthetic efficiency of PSII. The reason why the co-cultivation of N. oculata
and 7. lutea decreased Fy/Fu in both algae is still unknown, but strongly suggests that the co-
cultivation is a source of stress for both.

On the other hand, the accumulation of pigments can have relevant impact on the
biotechnological exploitation of the co-cultivation itself. Not only carotenoids, but also
chlorophylls have a wide market: carotenoids are mainly used due to their antioxidant properties
(Garcia et al. 2017; Mourelle et al. 2017; Sayo et al. 2013), while chlorophylls are employed as
food colorant, as cosmetic ingredient e.g. in toothpaste or in deodorant, and also for human
health for their anticancer and antioxidant activities (Timberlake and Henry 1986; Abad 1994,
da Silva Ferreira and Sant’ Anna 2017; Vesenick et al. 2012). At the end of cultivation, the lipid
accumulation inside cells was the higher, as highlighted by morphological observations. Total
lipids (24, 31 and 21% of algal DW, respectively for monocultures of N. oculata and T. lutea,
and for the co-cultures) did not differ significantly between mono- and co-cultivated algae (p >
0.2; one-way ANOVA). The results for mono-cultures were substantially in line with those
available in the literature for the same algae (Su et al. 2011; Gao et al. 2020). Interestingly, the
lower, even if not significant, value obtained for the co-cultures reflected the different
proportion of algae in the whole population, where N. oculata was dominant over 7. lutea. The
obvious influence of different proportion of algae in the co-cultures on lipid content was already
observed also in other microalgae-microalgae co-cultivation experiments, e.g. Ettlia with
Chlorella (Rashid et al. 2019). From the analysis of neutral lipids, glycolipids and
phospholipids, neutral lipids were higher in samples of the co-culture and of the mono-
cultivated N. oculata (67% and 69% of total lipids, respectively). For N. oculata cells, our
results are in contrast to those by Ryckebosch et al. (2014), who reported that standard cultures
of the alga contained about 40% of neutral lipids. Hovewer, our data are in agreement with
other papers using the alga under stress conditions (Obeid et al. 2018). In our experiments the
stress conditions could be the age of culture in mono-cultivation and both the age of the culture
and other stresses, like hydrodynamic stress or interaction with mucopolysaccharides released
by T. lutea. Differently, in mono-cultivated 7. /utea, the neutral lipids accounted for about 55%
of total lipids, quite similar to that found by Ryckebosch et al. (2014) for the same alga (about
60%).

In co-culture, N. oculata cells were dominant and 7. [utea represented only the 3% of the total

cells (about 17% of total biomass) at the end of experiment. In fact, the fatty acid profile of co-
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cultivated cells was similar to that of mono-cultivated N. oculata. In accordance, Rashid et al.
(2019) described an analogous effect on fatty acids profile during their research on co-cultivated
microalgae Ettlia and Chlorella, both under standard autotrophic condition and under
mixotrophy. Despite the low number of 7. [utea cells, in co-culture ®-3 DHA and SDA were
detectable; probably, the larger cell size of 7. lutea compared to N. oculata influenced this
result. The obtainment of a mixture of ®-3 fatty acids combining EPA as the main one (1.74
g/100gpw), plus SDA and DHA, even if as minor components (0.223 and 0.139 g/100gpw,
respectively), represents a promising starting point to produce a “green” alternative to fish oil
for food/feed. Currently, fish oil is one of the main sources of long-chain ®-3 fatty acids for
human nutritional supplement use and for animal feed (Misund et al. 2017; Chua et al. 2020;
Matsui et al. 2020). However, the increasing demand for this material raises issues related to
sustainability; in fact, fish oil is a limited resource derived from wild fish (Shepherd and Bachis
2014). Currently, the mixture of ®-3 PUFAs obtained from our co-cultivated N. oculata and T.
lutea opens a novel understanding on the co-cultivation of two microalgae phylogenetically
very distant, thus with a great diversity in their morpho-physiology, also in terms of molecules
they produce. Furthermore, the two microalgae share marine media for their cultivation, making
it possible to employ seawater, instead of freshwater, for the cultivation. This, combined with
the halving of water consumption, makes more sustainable the whole process. The knowledge
acquired in this work can drive future research, for example by modulating environmental
parameters (e.g. light quality, temperature) that can help emphasize biomass and lipid
production in a new kind of co-cultivation.

fThe aim of the present work was to test the feasibility to co-cultivate N. oculata and T. lutea,
two marine microalgae that, due to their phylogenetic position, produce different and
complementary molecules, with the added advantage of a higher environmental sustainability
linked to a less consumption of freshwater. The method has still some limitations, but it is
noteworthy that the algal biomass from co-cultivation was enriched both in natural pigments
and in a promising blend of ®-3 PUFAs, the latter being exploitable as a plant alternative to
fish oil. The opportunity to set up a single cultivation, instead of two, can imply a reduction of
production costs in terms of culturing facilities, energy and nutrients consumption, and water
demand. Through the improvement of some cultivation parameters, the co-cultivation of N.
oculata and T. lutea could become a promising method to produce valuable natural fatty acids

and pigments in a single cultivation process, potentially using seawater.
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Figure 1 Growth kinetics of N. oculata (solid lines) and 7. /utea (dashed lines) in co-culture (black) and
mono-culture (grey). Data are plotted on a logarithmic scale. Values are means + SD. Different letters
indicate statistically significant differences (p < 0.05, two-way ANOVA)
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0 days 7 days 18 days

Figure 2 Light and epifluorescence microscope observations of mono- and co-cultivated cells of N. oculata
and 7. lutea at different stage of cultivation. N. oculata (a-f); T. lutea (g-n); co-cultivated cells (o-t). Most
figures consist of a collage of photos exemplifying the observations made. Empty arrows indicate

translucent globules; filled arrows indicate vacuoles. Scale bars = 6pm
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Figure 3 Epifluorescence photomicrographs of Nile Red stained cells of mono-cultivated and co-cultivated N.

oculata and T. lutea at different stage of cultivation: 7 (a N. oculata; d T. lutea; g co-cultivated cells), 14 (b N.
oculata; e T. lutea; h co-cultivated cells) and 21 days (¢ N. oculata; f T. lutea; i co-cultivated cells) day. T T.
lutea cells, N N. oculata cells. In co-cultivated N. oculata cells the reaction is negative in the early stages of

experimentation (g, h). Scale bars = 6 um
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Figure 4 Transmission electron micrographs of mono-cultivated and co-cultivated cells of N. oculata and T. lutea at
different stage of cultivation. Mono-cultivated (a-c) and co-cultivated (d-f) N. oculata cells; mono-cultivated (g-i) and
co-cultivated (I-n) 7. lutea cells. N N. oculata cells; T T. lutea cells; C chloroplast; L lipid globules; M mitochondrion;
P pyrenoid; V vacuole. Scale bars: a, b, d, |, h,i, mandn=1 pm; c,eand f=0.5 pm; g=2 pm
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Figure 5 Production and extrusion of acidic mucopolysaccharides in 7. lutea cells. T. lutea
cell secretory vesicles (arrows) at 10 days of cultivation (a). Scanning electron micrographs
of N. oculata and T. lutea cells at the 21% day of co-cultivation (b); insert shows light
microscopy observation of co-cultivated cells at the 21 day after Alcian Blue staining: N

N. oculata T T. lutea
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Figure 6 Time-course variations of pigment content (nmol 107 cells) in N. oculata and T. lutea cells in mono-culture (grey) and co-culture
(black). N. oculata: Chl a (a) and total carotenoids (b) content; 7. lutea: Chl a (c), Chl ¢ (d) and total carotenoids (e) content. Values are

means + SD. Asterisks identify significant differences between samples: * p < 0.05; ** p < 0.01 (Student t-test)
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Figure 8 Concentration of total proteins (ug 10 cells) at day 0 (grey) and after 21 days (black) of cultivation in
mono-cultivated N. oculata (a) and T. lutea (b) cells, and in co-cultivated samples (c). Values are means + SD
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Figure 9 Total lipid content (% DW) in mono-cultivated
35 N. oculata and T. lutea, and in co-cultures at the 21% day
of cultivation. Values are means = SD
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Figure 10 Relative proportions of lipid fractions (percentage of total lipids, %) in mono-cultivated N. oculata (a) and T.
lutea (b), and in co-cultivated cells (c)
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Table 1 Fatty acid profile (percentage of total fatty acids) in the neutral lipid fraction of 7. lutea and N. oculata
mono-cultures and in co-cultures. Values are means + SD.

N. oculata T. lutea Co-culture

Fatty acids
mean SD Mean SD Mean SD
C12:0 0.22 0.01 0.12 0.03 0.26 0.02
C14:0 5.31 0.52 10.46 1.5 5.07 0.86
C15:0 0.79 0.09 0.93 0.11 0.72 0.07
C16:2 0.29 0.05 0.13 0.01 0.34 0.11
C16:1 31.41 1.72 4.13 0.28 27.26 0.95
Cle:1t 0.56 0.01 - - 0.43 0.06
C16:0 24.32 0.63 10.71 1.63 19.97 2.32
C17:2 = = - - 0.2 0.01
C17:1 = = 0.58 0.32 0.23 0.18
C17:0 = = 0.6 0.3 0.92 0.35
C18:4n3 = = 20.23 0.53 1.57 0.54
C18:2n6¢ 5.55 0.11 4.61 0.05 6.35 0.95
C18:1n9c¢ 13.68 0.44 25.46 0.73 14.99 0.27
C18:1n9t 1.36 0.03 2.14 1.94 1.71 0.62
C18:0 1.7 0.09 0.5 0.21 2.05 0.62
C20:4n6 1.37 0.21 - - 2.25 1.06
C20:5n3 11.1 2.3 0.43 0.24 12.19 0.22
C20:3n6 2.38 0.25 0.21 0.06 2.36 0.12
C20:0 — — 0.35 0.16 0.23 0.13
C22:6n3 — — 17.59 4.26 0.98 0.56
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Chapter 3

Mono- and co-cultivation of
Tisochrysis lutea and Nannochloropsis oculata

under white and red-enriched light
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1. Introduction
In this chapter, the possibility of co-cultivating two different species of microalgae, Tisochrysis
lutea (Haptophyta) and Nannochloropsis oculata (Ochrophyta), in order to obtain
biotechnologically and commercially useful compounds was tested under two different lighting
conditions. Based on the results obtained by Maglie et al. (2021), further tests were conducted,
mono- and co-cultures were grown in different synthetic media and exposed to light sources of
different wavelengths, also changing the concentration of the initial inoculum (data not shown).
Based on these tests, 7. lutea and N. oculata, both mono- and co-cultured, were grown in SWES
medium, exposed to a total light intensity of 100 umolphetons m? s and using a starting inoculum
of 1x10° cells mL!, as these growing conditions were the best for both species. Cultures were
exposed to white light and white light enriched in the red wavelength. After trials with different
light sources, red LEDs with a wavelength peak at 660 nm and white LEDs with a colour
temperature of 4000K were used. Light is one of the environmental factors that most influences
the growth and productivity of microalgae, both through its intensity and its quality (Wong et
al. 2016; Maltsev et al. 2021). Furthermore, microalgae are influenced by the duration and
frequency of lighting (Oostlander et al 2020). In this study the effects of the light composition
on 7. lutea and N. oculata in mono- and co-culture were evaluated. In fact, the wavelength of
light is an essential parameter for the growth of microalgae and the quality of the light spectrum
influences the metabolism of the algae (Raquida et. al 2019). Indeed, the pigments in the
photosynthetic complexes absorb photons from different portions of the light spectrum.
Different groups of microalgae have different pigment patterns, so that different
microorganisms use different wavelengths of light more or less efficiently (Maltsev et al. 2021).
Changes in wavelength lead to changes in cellular metabolism, resulting in variations in
biomass production and the accumulation of compounds of biotechnological and commercial
interest such as lipids and carotenoids (Kwan et al. 2021). Nowadays, the technology of LEDs
offers numerous advantages over fluorescent lamps. For example, LEDs allow the use of
monochromatic light or a specific spectral composition (Schulze et al. 2014; Al-amshawee and
Yunus 2019). This study highlighted that in both, white and red light, it was found that, in the
co-cultivation, the growth of N. oculata was enhanced at the expense of 7. lutea, which, on the
contrary, grew better in mono-cultures. In terms of photosynthetic efficiency, all red-light
cultures showed values of F'y/Fy lower than those of the white-light cultures, which maintained
constant values close to the optimal value of 0.6 or slightly lower towards the end of the
experiment, except in the co-cultures, which showed values below 0.6 under both light

conditions. In order to understand the physiological and biochemical effects of exposure to
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different light sources on the photosynthetic apparatus of the two microalgae, studies were
carried out on the organisation of the thylakoid membrane proteins. The SDS-PAGE technique
followed by Western blot was used for these studies. As it was not possible to separate the two
microalgae properly in co-cultivation, these studies were only performed on the mono-
cultivated organisms. These analyses showed that in V. oculata red light leads to an increase in
the PS I content, while it does not seem to particularly influence the PS II content compared to
white light controls. For T. lutea, red light led to an increase in the content of cytochrome bs-f
complex and ATP synthetase. There was no significant difference in PS I content, while PS II
content decreased slightly in cultures exposed to red light compared to white light controls. At
the University of Almeria, gas-chromatographic analyses were performed to evaluate the lipid
profile of mono- and co-cultures in white and red light. Red light increased the percentage of
total fatty acids per dry weight (%DW) in N. oculata and co-cultures, while there was no
significant difference in 7. /utea. The co-cultures showed a lipid profile very similar to that of
the N. oculata mono-cultures, with a predominance, under red light, of saturated and
monounsaturated fatty acids of possible interest in the field of biorefinery. Furthermore, the red

light stimulated the production of DHA in 7. lutea by almost twice.

2. Materials and methods

Algal culture condition and growth

Tisochrysis lutea (Bendif et al. 2013; strain CCAP 927/14) and Nannochloropsis oculata
(Hibberd 1981; strain CCAP 849/1) were obtained from the Culture Collection of Algae and

Protozoa of Scottish Marine Institute (Scotland, UK; www.ccap.ac.uk). Mono- and co-cultures

of the two microalgae strains were inoculated at least in triplicate and grown in 300-mL
Erlenmeyer flasks (150 mL of total culture volume). Axenic cultures were maintained in liquid
SWES medium (Sea Water Erddekokt Salze medium; www.epsag.uni-goettingen.de) in a
growth chamber (25+1 °C), 16:8 h light-dark photoperiod, 100 pmolphotons m s '
photosynthetically active radiation (PAR), without shaking, and no additional CO> supply
according to Maglie and coworkers (2021) and were used as algae inocula. For the experiments,
both mono- and co-cultures were grown for 18 days in SWES medium with the same parameters
cited above under two different lighting conditions: white light and red-enriched light. Cultures
were pre-acclimated to red light conditions for 7 days before the inoculation day. Longer
acclimation periods negatively affected photosynthetic efficiency. In both lighting conditions,
cultures were exposed to 100 pmolphotons m s ! total PAR. Red-enriched light (following also

“red light”) was obtained using 60 pmolphotons m s ! of red LEDs (peak at 660 nm; OSLON®
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Square LEDs) and 40 pmolphotons m 2! of white LEDs (colour temperature 4000 K; OSLON®
Square LEDs), the same used during white light experiments. For mono-cultures, both 7. lutea
and N. oculata cells were inoculated at a density of 1 +£0.1 x 10 cells mL ™. For co-cultures, T.
lutea and N. oculata cells were inoculated together at the same densities used in mono-culture;
thus, the co-cultures presented a total cell density of 2 = 0.1 x 10° cells mL'. All cultures were
set up at least in three replicas. Growth was estimated by measuring the optical density at 750
nm and by counting the cells with a Thoma’s chamber (HBG, Germany) sampling 1 mL of
culture at days 0, 3, 7, 10, 14, 18. To make the cell counting of 7. /utea easier, 100 pL of Lugol’s

iodine was added to 1 mL of culture to stop cell movement (Maglie et al. 2021).

Light and fluorescence microscopy
Cell samples were observed at 0, 3, 7, 10, 14 and 18 days of cultivation, under a Zeiss Axiophot
microscope equipped with conventional or fluorescent attachments. The light source for
chlorophyll fluorescence examinations was an HBO 100 W pressure mercury vapour lamp
(filter set, BP436/10 FT 460, LP470). To highlight the intracellular lipid accumulation, cells
were stained with Nile Red (9- diethylamina-5Hbenzo[a]phenoxazine-5-one, NR; Sigma-
Aldrich, Gallarate, Milano, Italy) according to Giovanardi et al. (2013), with some
modifications. Aliquots of 10 uL. NR (0.5 mg dissolved in 100 mL acetone) were added to 1.9
mL of a cell suspension with 0.5 x 10° cells for 7. lutea and 4 x 10° cells for N. oculata. After
incubation at 37 °C in darkness for 15 min, cells were observed with excitation at 485 nm (filter
set BP485, LP520). All pictures were taken with a digital camera for fluorescence applications,

VisiCAM PRO 20C.

Transmission electron microscopy
For transmission electron microscopy (TEM), cells were harvested weekly by centrifugation
and prepared as reported in Baldisserotto et al. (2020) with minor modifications according to
Maglie et al. (2021): the phosphate buffer was substituted with 0.1 M sodium cacodylate buffer
(pH 7.2) for N. oculata and 0.1 M sodium cacodylate buffer with 0.25 M sucrose for 7. [utea
and co-cultures. Ultra-thin sections were observed with a Zeiss EM910 transmission electron

microscope (Electron Microscopy Centre, University of Ferrara).

Pigment extraction and analysis
Cells were collected by centrifugation after 7, 10 and 18 days of experiment. The pigment
concentration values at day 0 refer to the cultures used for the inoculum. Cells were treated with

100% methanol for 10 min at 80 °C (Baldisserotto et al. 2012). Absorption of extracts was
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measured at 665 nm for chlorophyll a (Chl @), 632 nm for chlorophyll ¢ (Chl ¢) and 470 nm for
carotenoids (Cars) (Wellburn 1994; Ritchie 2006). Extracts were manipulated under dim light
to avoid photo-degradation. Chlorophyll a and ¢ concentration in 7. [utea was evaluated using
the equations reported in Ritchie (2006) (total Chls data are reported). Otherwise, the equations
proposed by Wellburn (1994) were employed to determine the chlorophyll a concentration in
N. oculata and the carotenoid concentration in both samples. Pigment content in co-cultures
was evaluated on the mixtures of cells using the same methods described above and using

equations of Ritchie (2006) for chlorophylls.

Chlorophyll fluorescence measurements
At days 0, 3, 7, 10, 14 and 18, fluorescence measurements were performed on cell pellets
prepared as described by Ferroni et al. (2011). After 15 min of dark incubation, initial
fluorescence Fo and maximum fluorescence Fy were used to calculate the maximum quantum
yield of PSII (Fy/F) ratio). Fifteen minutes were found to be the optimal adaptation time for
both microalgae after testing a range between 5 and 40 min dark adaptation time. For analyses,
a pulse amplitude modulation fluorometer (PAM; Junior-PAM, Walz, Germany) was used with
the following setting: measuring light (ML) with intensity and frequency at level 1; 0.6 s
saturation pulse at level 6. Fluorescence measurements in co-cultures were performed on the

mixtures of cells using the same methods described above.

Thylakoid isolation
Thylakoid membranes of microalgal samples were isolated according to Jarvi et al. (2011) with
modification as in Giovanardi et al (2017). Thylakoid isolation was performed only on mono-
cultures to evaluate possible variations resulting from the different lighting conditions. For
extraction, 900 mL of algal culture at 18 days of cultivation were harvested by centrifugation
at 540 g for 10 min at 4 °C. Pellets were transferred to an ice-cold mortar (-20 °C) containing
sand quartz (particle size: 40-100 mesh). The extraction was performed grinding cells with
liquid N, then the lysate was resuspended in a grinding buffer (330 mM sorbitol, 50 mM
Tricine-NaOH pH 7.5, 2 mM Na;EDTA, 1 mM MgCl,, 5 mM ascorbate, 0.05% bovine serum
albumin BSA, 10 mM NaF) and transferred to 15 mL tubes by filtering with miracloth. Samples
were centrifuged at 125 g for 5 min at 4 °C to remove sand quartz and cell debris. Pellets were
discarded and the supernatant re-centrifuged at 125 g for 5 min at 4 °C. Thylakoids present in
the supernatant were collected by centrifugation at 500 g for 5 min at 4 °C. Pellets containing
thylakoids were carefully resuspended with a small brush in small volume (1-4 mL) of shock

buffer (5 mM sorbitol, 50 mM Tricine-NaOH pH 7.5, 2 mM Na2EDTA, 5 mM MgCl,, 10 mM
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NaF), transferred into 2 mL Eppendorf tubes and centrifuged at 500 g for 10 min at 4 °C. After
that, the supernatant was removed and around 100 pL of storage buffer (100 mM sorbitol, 50
mM Tricine]-NaOH pH 7.5, 2 mM Na,EDTA, 5 mM MgCl,, 10 mM NaF) were added to the
pellets. Thylakoid samples were rapidly frozen and stored in liquid nitrogen until further
analyses. For quantification of pigments, thylakoids were solubilized in 90% (v/v) acetone
buffered with HEPES-KOH (pH 7.8) and analyzed using the spectrophotometer described
above. Chlorophylls and carotenoid content were determined according to Wellburn (1994) and

Ritchie (2006). All the procedures were performed on ice and under dim light.

Denaturing gel electrophoresis
Thylakoid proteins were separated by SDS-PAGE according to Laemmli (1970) and
Giovanardi et al. (2018) on a 15% acrylamide resolving gel containing 6 M urea. Each thylakoid
sample was loaded on the gel on a chlorophyll basis (2 pg of Chl). After electrophoresis,
proteins were blotted onto a nitrocellulose membrane (Schleicher and Schuell, Dessel,
Germany). Before immunodetection, membranes were blocked with 0.5% BSA in TBS buffer
(Tris-HCI 10 mM pH 7.4 and NaCl 1.5 M). Proteins were visualized by Ponceau staining and,
after a brief de-staining step with distillated water, membrane was photographed. Western blot
was performed using protein-specific antibodies obtained from Agrisera (Www.agrisera.com):
ATP-f subunit of ATPase, PsaA subunit of PSI, CP43 and D1 subunits of PSII, Cyt f subunit
of Cyt bef. Goat anti-rabbit secondary antibody (Agrisera) was used for protein detection.
Protein band intensity was quantified with Image J freeware (National Institutes of Health,

Bethesda, MD, USA).

Fatty acid determination by gas chromatography
The fatty acid analysis was performed at the Department of Chemical Engineering, University
of Almeria (Spain), in the laboratories directed by Prof. EM Grima and thanks to the precious
collaboration of Professors TM Sobczuk, MJI Gonzélez and EN Lopez. Fatty acids were
methylated by the method described transesterification by Lepage and Roy (1984). A gas
chromatograph Hewlett Packard model 5890 Series II (Hewlett Packard Company, Avondale,
PA) was used. Twenty mg of biomass were weighted into a glass tube and 1 mL of hexane was
added to the sample. Then 1 ml of methylation mixture (methanol / acetyl chloride in the ratio
20:1) was added. Ten pL of standard solution were added to the sample using a Hamilton
syringe; the standard solution consisted of 25 mg of heptadecanoic acid (17:0) in 1 mL of
toluene. The tubes were placed in the ultrasound for 5 min. The transesterification reaction took

place at 100 °C for 1 h; a metal block thermostat, model Multiplace, provided by Selecta (JP
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Selecta SA, Barcelona) was used. The tubes were shaken every 10 min. When the reaction was
over, the tubes were cooled, and 1 mL of distilled water and 0.5 mL of hexane were added to
the sample to obtain two phases. For the biomass, the phase separation was performed by
centrifugation at 450 g for 3 min. The hexane phase was introduced into a vial of 2 mL capacity,
hermetically sealed with a cap. The vials were placed in the autosampler of the gas
chromatograph. The qualitative analysis of fatty acids was accomplished by standard mixture

n-3 PUFAs, Catalog No. 47085-U (Supelco Analytical).

Statistical analysis
Data were processed and analysed using Microsoft® Excel® (version 2111). When necessary,
statistical tests such as Student #-test, one-, two- or three-way ANOVA were performed using

Origin® 2021 analysis software, followed by Tukey post-hoc test (p <0.05).
3. Results

Growth kinetics
Figure la shows the growth of 7. /utea mono-cultivated and co-cultivated with N. oculata
exposed to white and red-enriched light. In mono-cultures, the cell density was similar under
both light conditions up to 10 days of cultivation, when values of 4.02 = 0.27 x10° cells mL"!
and 4.46 £ 0.38 x10° cells mL™! for white and red-light cultures, respectively, were observed.
After the 10" day, the white-light cultures showed a higher density than the red-light ones; at
the end of the experiment, a cell density of 13.87 + 1.35 x10° cells mL! was reported compared
to 9.96 = 0.505 x10° cells mL™! in the red-light experiment (p < 0.05; three-way ANOVA
followed by Tukey’s post-hoc test). In co-cultivation with N. oculata, growth of T. lutea was
limited in both white and red-light conditions. Under red light, the growth in co-culture was
comparable to that in mono-culture up to 7 days. In contrast, in co-culture in white light, the
cell density was significantly lower at 7 days than in mono-culture under the same light
conditions. At the end of the experiment the cell density in co-cultivated cultures was about 2
+0.01 x10°cells mL™! in red light and 1.78 + 0.28 x10° cells mL! in white light (p > 0.05; three-
way ANOVA followed by Tukey’s post-hoc test). Figure 1b shows the growth of N. oculata in
both mono- and co-cultures under both lighting conditions. The cell density of the mono-
cultures was similar until 10 days of cultivation under both lighting conditions. On day 14, the
white light cultures were more concentrated than those in red light (p < 0.05; three-way
ANOVA followed by Tukey’s post-hoc test). However, at the end of the experiment the red-
light cultures had a higher cell density than those in white light (p < 0.05; three-way ANOVA
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followed by Tukey’s post-hoc test). In white light cultures, the growth of N. oculata was
stimulated by co-cultivation with 7. /utea. From day 7 to day 14, the cell density of N. oculata
was significantly higher than that of the red-light co-culture and of the mono-culture in both
light conditions (p < 0.05; three-way ANOVA followed by Tukey’s post-hoc test). At 14 days
the cell density in white-light co-culture was 46.8 + 1.2 x10° cells mL"!, compared to 29.64 +
1.63,25.93 £ 0.33, 32.9 + 5.8 (x10° cells mL™),) respectively in red-light co-culture, red-light
mono-culture and white-light mono-culture. Therefore, the co-cultivation process had positive
effects on the growth of N. oculata, especially in white light. On the contrary, it strongly limited
the growth of 7. /utea under both tested light conditions.

Cell morphology
Figure 2 shows light and fluorescence microscope observations of mono- and co-cultivated 7.
lutea and N. oculata cells at 7 and 14 days of cultivation under both lighting conditions, white
and red-enriched light. In white light, 7. /utea mono-cultivated cells showed the typical
morphology, and cell dimensions remained similar throughout the experiment (Fig. 2a, b, e, f).
In fact, independent of the growth time, cells had the typical golden brown colour and an ovate
or oblong shape. One cup-shaped yellow-brownish chloroplast occupied most of the cell
volume and emitted red fluorescence due to the presence of chlorophylls (Fig. 2b, f).
Translucent globules of probable lipidic nature were visible in some cells at 14 days of
cultivation (Fig. 2e). During red-enriched light growth, 7. lutea cells presented a normal shape
in the early stages of growth (7 days) (Fig. 2c). As the experiment continued (14 days), some
cells assumed irregular or spherical shapes (Fig. 2g). Translucent globules were present already
at 7 days, increasing as growth continued (Fig. 2d, h). The lipid-specific fluorochrome Nile Red
(NR) was used to confirm the lipidic nature of these translucent globules (Figure 3). In the early
stages of cultivation, regardless of the type of light used, there were no substantial differences
in the amount and size of lipid globules present in the cells of 7. lutea (Fig. 3a, b). At 14 days
the number and size of lipid globules increased in both light conditions (from 2 to 4 in some
cells). Generally, cells grown in red light (Fig. 3d) showed an increase in number of the
fluorescent lipid droplets and, in some cases, the globules were larger than those in cells grown
in white light (Fig. 3c). In both illumination conditions, 7. lutea cells co-cultured with N.
oculata did not show distinctive morphological changes compared with mono-cultured cells
(Fig. 2g-x). At advanced stages of culture, cell mobility was limited and sometimes absent. In
both white and red light, lipid globules highlighted with NR were already present at 7 days (Fig.

31, j). After 14 days of co-culture, an increase in the fluorescence of lipid droplets was observed
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(Fig. 3k, 1); moreover, cells exposed to red light showed in some cases globules of considerable
size compared to the total size of the cells (Fig. 31). Both in white and red-enriched lighting, V.
oculata mono-cultivated cells showed the characteristic spheroid shape, with a variable
diameter between 2 and 3 um; no differences in cell morphology were appreciable (Fig. 21, k,
m, o). In both lighting conditions, the chloroplast was visible and occupied a large part of the
cell, as shown by the epifluorescence microscope images (Fig. 2j, 1, n, p). Translucent globules,
attributable to the presence of lipids within the cells, were clearly visible only in the advanced
stages of the culture (Fig. 2m, o). In the early stages of cultivation, staining with NR showed
the presence of lipid globules only in microalgae grown in red light, although the emitted
fluorescence was low (Fig. 3f). At 14 days, also in cells grown under white light, the first lipid
globules became visible (Fig. 3g); in cultures grown under red light, all cells showed one or
two lipid droplets with intense fluorescence and considerable size (Fig. 3h). When N. 86culate
was co-cultured with 7. lutea, cell morphology did not differ from that of mono-cultures, in
both white and red light (Fig. 2 g-x). However, it should be remarked that staining of cells with
NR revealed the presence of lipid globules already after one week of co-cultivation not only in
red light but also in white light cultures, unlike what was observed in mono-cultures (Fig. 2i,
j). After 14 days of co-cultivation with 7. lutea, both N. oculata cells exposed to white light
(Fig. 3k) and those exposed to red light (Fig. 31) contained one or two lipid droplets with intense

fluorescence. In some cases, the lipid globules also reached large sizes.

Subcellular TEM observations
TEM observations of mono- and co-cultures in white and red light after 14 days of cultivation
are shown in Figure 4, 5 and 6. The mono-cultured 7 /utea cells in white light were characterized
by a normal morphology (Fig. 4a, b). The typical organic scales outside the cell were clearly
visible. The parietal cup-shaped plastids contained a large pyrenoid crossed by a thylakoid
lamella in longitudinal section. The thylakoid membranes did not show any alterations. Large
mitochondria were also visible. In red light cells, a large part of the cytosol was occupied by
two or more lipid globules, consistent with that observed by NR staining (Fig. 4c). The
chloroplast with pyrenoid was still clearly visible. The thylakoids were more appressed than in
white light and large mitochondria were present (Fig. 4d). In N. oculata mono-cultures under
white light, the chloroplast occupied a large part of the cell volume with thylakoidal membranes
clearly visible and large portions of stroma (Fig. 5a, b). One or two lipid droplets were visible
and sometimes had considerable size. Large mitochondria were also present. In red light, mono-

cultivated cells of N. oculata presented chloroplasts with thylakoid membranes damaged or
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with a distorted structure. In some cases, the stroma was not clearly visible (Fig. 5¢). However,
as already observed by NR staining under fluorescence microscopy, many large lipid droplets
were present and, in some cases, they occupied a large part of the cell volume (Fig. 5d). As
already observed for the mono-cultures, also the co-cultured cells of both 7. lutea and N. oculata
presented lipid droplets more frequently in red light (Fig. 6 d-f) than in white light (Fig. 6 a-c).
In T. lutea, globules with a darker coloration, which could result either from a different
qualitative composition of fatty acids, were observed (Fig. 6¢). N. oculata cells contained large
lipid globules, occupying a large part of the cell volume (Fig. 6f). In general, 7. lutea cells co-
cultured under both white and red light showed an altered morphology, with irregularly shaped
cells (Fig. 6b, d, e) and, in some cases, large areas of cytosol characterized by vacuolation.
Despite the visible changes in the cytoplasm, numerous mitochondria were present, indicating
an active metabolism (Fig. 6b, d). As observed for mono-cultivated 7. lutea cells under red
light, in co-cultivated cells the thylakoidal membranes appeared appressed in both lighting
conditions (Fig. 6 c, e). In the case of N. oculata cells, there were no remarkable changes
compared to what was observed in the mono-cultures under the respective lighting conditions

(Fig. 6 a, c, d, 1).

Photosynthetic pigment content
The time-course of pigment content is shown in Figure 7. The pigment concentration values of
day 0 are referred to the cultures used for the inoculum. Red-light cultures were pre-adapted
during 7 days before the inoculation day to this lighting condition. Day 0 values are only shown
in the histograms for mono-cultures. At time 0 day, the difference in pigment content between
white- and red-light cultures is due to the red-light pre-adaptation period the cultures were
subjected during the 7 days before the inoculation. In 7. [utea cells mono-cultivated in white
light, the concentration of total chlorophylls tended to increase in the first 10 days of cultivation
and then decreased to values comparable to the initial ones at the end of the experiment (at 18
days). During cultivation in red-enriched light, a decrease in chlorophylls concentration was
observed during the first week of cultivation. Afterwards, the concentration remained constant
and there were no significant differences (p >0.05; two-way ANOVA followed by Tukey’s
post-hoc test) compared to the cultures grown in white light (Fig. 7a). A same trend was found
in the concentrations of carotenoids (Fig. 7b). In mono-cultures of N. oculata in white light, the
final chlorophyll concentration (at 18 days) was 30% higher than the initial concentration (p <
0.05; two-way ANOVA followed by Tukey’s post-hoc test) (Fig. 7¢). In red light the highest

chlorophyll concentration was reached at 10 days of cultivation and there were no significant
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differences (p > 0.05; two-way ANOVA followed by Tukey’s post-hoc test) compared to cells
in white light, whereas, at the end of the experiment, the chlorophyll concentration in N. oculata
grown in red light was 41% lower than those in white light (p < 0.05; two-way ANOVA
followed by Tukey’s post-hoc test) (Fig. 7c¢). Although carotenoids were slightly more
concentrated in the white-light cultures, the difference with the red-light cultures was not
significant (p > 0.05; two-way ANOVA followed by Tukey’s post-hoc test) (Fig. 7d). In N.
oculata there was a significant increase in both chlorophyll and carotenoid concentrations in
the cultures at the 7" day of white light cultivation; however, these values are not credible due
to the high standard deviations (Fig. 7c, d). In contrast to the findings highlighted in the two
mono-cultured microalgae, the co-cultured cells showed a progressive decrease in both
chlorophyll and carotenoid concentrations. This trend was found in both white and red-enriched

light co-cultures as reported in Figures 7e and f.

PSII maximum quantum yield measure
The effects of the different lighting conditions in mono- and co-cultivation process on the
photosynthetic efficiency were evaluated by PAM fluorimetry (Figure 8). In microalgae, Fv/Fu
values between 0.6 and 0.8 indicate an efficient use of light in the photosynthetic processes
(Bhola et al. 2016; Patil et al. 2020). In 7. [utea cultures, the best Fy/Fu values (>0.6) were
obtained under white light, with values between 0.69 and 0.68 throughout the cultivation
process. In contrast, cultures exposed to red light showed significantly lower F/Fy values than
those in white light (p < 0.05; two-way ANOVA followed by Tukey’s post-hoc test). After an
initial fluctuation of the values in the early culture phases, from day 10 the values remained
slightly lower than 0.6, in detail between 0.54 and 0.56 (Fig. 8a). Under both lighting
conditions, N. oculata cells showed values close to or slightly below 0.6. Although the values
were lower in red light than in white light, the differences were not always significant (Fig. 8b).
Values obtained during the co-cultivation in white light were slightly below 0.6 (0.59-0.52).
However, there was a general decrease in photosynthetic efficiency in the final stages of the
experiment. In red light co-cultivated cells, photosynthetic efficiency was negatively affected,
Fy/Fy values were considerably lower than 0.6 throughout the cultivation period, with the

lowest values at 3 and 18 days (0.44 and 0.45, respectively) (Fig 8c).

Thylakoid protein complexes
Thylakoidal membranes were isolated from both 7. lutea and N. oculata cells mono-cultivated

under white and red light. Thylakoid proteins were separated by SDS-PAGE and subsequently

blotted on a nitrocellulose membrane. Ponceau stain was performed to highlight the proteins on
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the membranes (Fig. 9). The key proteins belonging to major thylakoid complexes PsaA of PSI,
ATP-B of ATPase, CP43 and D1 of PSII, Cyt f of Cyt bsf complex, were detected by
immunoblot analyses as shown in Figure 10a. The signal obtained from CP43 and Cyt fin N.
oculata samples was insufficient to be properly photographed and analysed. Proteins band
intensity was quantified and shown in Figures 10b (7. lutea) and ¢ (N. oculata). Evidently
enhanced signals of ATP- 3 and Cyt fwere found in 7. /utea samples cultivated under red light
(p <0.05; Student t-test). On the contrary, CP43 and D1 showed lower signals than the white
light samples (p < 0.05; Student t-test); in particular, CP43 gave a 78% lower signal. No
differences were found between white and red-light samples for PsaA signals (Fig. 10b). On
the other hand, in N. oculata the PsaA signals were significantly enhanced in red light samples
compared to white light samples (73% higher) (p < 0.05; Student t-test). No significant
differences were observed for ATP- § and D1 (Fig. 10c).

Fatty acid profile
The lipids extraction and analysis by gas chromatography were performed on samples of mono-
and co-cultures in both light conditions tested. All analyses of the lipid fraction were performed
at the 18th day of cultivation, when the cultures were sufficiently concentrated, and the cells
had already accumulated lipid droplets as suggested by microscopic observations (Fig. 3-6).
Figure 11 shows the fatty acid content (% DW) in T. lutea, N. oculata and co-cultures under
both white- and red-enriched light. 7. /utea cultures showed no significant differences (p > 0.05;
Student t-test) between white- and red-enriched light treatment: fatty acids were 10.74% and
13.06% of total DW, respectively. In contrast, in both N. oculata and co-cultures, red light
significantly enhanced the fatty acid content (p < 0.05; Student t-test). N. oculata cultures under
red light had 27.67% more fatty acids than those under white light (11.49% and 9% of total
DW, respectively). This result was more remarkable in the co-cultures: fatty acids increased by
128.30% in the red-light cultures compared to the white light cultures (from 8.27% to 18.88%
of the total DW). Furthermore, under red light in co-cultures the fatty acid content resulted
higher than that of mono-cultures (p < 0.05; Student t-test). Although comparing the cultures
in white and in red light there were no significant differences (p > 0.05; Student t-test) between
relative proportions of saturated, mono- and polyunsaturated fatty acids, Figure 12 shows that
in N. oculata and co-cultures under red light the 76% and the 80% of the lipids were saturated
and monounsaturated, potentially interesting in the biodiesel field (in white light saturated and
monounsaturated fatty acids were respectively the 64% and the 62%). The fatty acid profile
was characterized by GC-MS and are showed in Table 1. In 7. lutea stearidonic acid (SDA;
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18:4n3) was the major component in both lighting conditions (30.51% in cultures under white
light and 21.73% in those under red light). In the white light cultures, the amount of SDA was
28.63% higher than that found in the red-light cultures (p < 0.05; Student t-test). Likewise,
palmitoleic acid (16:1n7) and a-linolenic acid (ALA; 18:3n3) were present in higher amounts
in the white light cultures than in the red-light cultures, respectively 44.30% and 47.22% more
(p <0.05; Student t-test). On the contrary red light significantly stimulated the accumulation of
oleic acid (18:1n9) and of the omega-3 docosahexaenoic acid (DHA; 22:6n3) (p <0.05; Student
t-test). Oleic acid increased from 9.55% in white light cultures to 15.94% in red light ones,
whereas DHA from 6.44% to 11.09%; an increase of 66.91% and of 72.20%, respectively.
Palmitic acid (16:0) also resulted quite increased in red light cultures but the difference was not
significant because of the elevated standard deviation in red light samples (p > 0.05; Student t-
test). Palmitoleic acid (16:1n7) was the prevailing fatty acid in N. oculata cultures, both in white
and red light (31.11% and 34.20%, respectively). As already observed in 7. lutea, the growth
of N. oculata in red light stimulated the accumulation of oleic acid (18:1n9): 4.06% in white
light cultures and 7.71% in red light ones, an almost twofold increase (p < 0.05; Student t-test).
Palmitic acid (16:0) also increased by 22.44% in cells grown in red light, from 23.31% in white
light to 28.54% in red light (p < 0.05; Student t-test). However, in red light the accumulation of
the omega-3 eicosapentaenoic acid (EPA; 20:5n3) was 38.26% lower than in white light
cultures. EPA decreased from 24.78% in the white light cultures to 15.30% in the red-light
ones. The fatty acid profile of co-cultivated cells was more similar to that of N. oculata mono-
cultivated samples in both lighting conditions. This was consistent with the low number of 7.
lutea cells in co-cultures at the 18™ day. In fact, T. lutea constituted only the 3.89% of the total
cells present in co-cultures in white light and the 4.49% in red light co-cultures. As in mono-
cultures of N. oculata, in white light co-cultures the prevailing fatty acid was palmitoleic acid
(16:1n7), 26.23% of the total. In red light co-cultures, palmitic acid (16:0) and palmitoleic acid
(16:1n7) were the major components, 30.21% and 29.41% respectively. Both palmitic and
palmitoleic acid were significantly higher (+34.33% and +12.12%) in red light co-cultures than
in white co-cultures (p < 0.05; Student t-test). As observed in N. oculata also in co-cultures
oleic acid (18:1n9) doubled in cells under red light, raising from 5.01% to 10.38% (p < 0.05;
Student t-test). On the contrary, EPA levels in the co-cultures were higher in the white light
samples (+22.69%) than in the red light ones, in which EPA was about half of that observed in
white light (10.05%) (p < 0.05; Student t-test). Despite the scarce presence of cells, the
contribution of 7. lutea to the fatty acids profile in the co-cultivated samples was visible, owing

to the detection of the characteristic omega-3 SDA, absent in N. oculata, in both white and red
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light co-culture. On the contrary, DHA was slightly detectable only in red light co-cultures.
This can be partially explained by the increased levels of DHA observed in 7. /utea mono-

cultures in red light compared to those in white light.

4. Discussion

Based on previous studies (Maglie et al. 2021), in the present work the capability of 7. lutea
and of N. oculata to grow in a co-cultivation batch system in saline SWES medium was
evaluated. In addition, the response of cell cultures to two different lighting conditions - white
light and red-enriched light - was assessed. Co-cultivation strategy may aim to obtain distinctive
compounds of each alga, like pigments (chlorophylls and carotenoids) as well as fatty acids
(e.g., DHA and EPA), using a single cultivation process, with the concomitant advantage to
halve water and nutrient use (Zhu et al. 2019; Cheng et al. 2020; Ray et al. 2022). Furthermore,
it is known that the use of different light spectra during the growth of microalgae influences
both the biomass production, the pigments content and the lipid yield along with the change in
lipid and pigments pattern composition (Amaro et al. 2020; Gao et al. 2021).

Under both lighting conditions used in this study, 7. /utea growth was strongly limited by co-
cultivation with N. oculata as previously observed in other experiments reported in Maglie et
al. (2021) and in some other studies on microalgae-microalgae co-cultivation systems (Rashid
et al. 2019; Tejido-Nufieza et al. 2020). Rashid and colleagues (2019) showed that during the
co-cultivation process of Chlorella and Ettlia, the total biomass of the co-culture was higher
than that of the respective mono-cultures. However, regardless of the initial inoculum ratio
used, the final Ettl/ia population in co-cultures was always limited by the presence of Chlorella
due to its high growth rate. Differently from 7. /utea, under both lighting conditions, the growth
of N. oculata was not inhibited by co-cultivation and showed better growth in co-culture than
in mono-culture when the microalgae were exposed to white light. This result contrasted with
what observed in a previous study, in which both microalgal species in co-culture grew less
than in mono-cultures (Maglie et al. 2021). This may be due to the different inoculum ratio used
in this study (1:1) compared to the previous one (1:8; 0.6 and 5 x 10° cells mL ™, respectively
for 7. lutea and N. oculata). Indeed, the inoculum size influences the growth of microalgal even
in mono-cultures (Pham et al. 2018). This factor is crucial in co-cultures. For example, Cheng
and coworkers (2020) reported that the inoculum ratio in the co-cultures of Tribonema sp. and
Chlorella zofingiensis in wastewater influenced both the microalgae growth and the removal
efficiency of pollutants, achieving the best results when the ratio of the two microalgae was 1:1.

Lighting conditions are another important factor for microalgae growth (Nwoba et al. 2019;
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Amaro et al. 2020). Although in red light the growth trend of N. oculata was not exactly
comparable to that in white light, no negative effects were observed. On the contrary, at the end
of the experiment, in both mono- and co-cultures, the cell density was comparable to that of the
white light co-cultures and higher than in the white light mono-cultures. Similar evidence is
reported in Yuan et al. (2020). Indeed, N. oculata showed similar biomass concentrations and
productivity at all wavelengths tested (white, blue, red and green light), with minor differences
only in growth rate, which was higher in blue light and lower in green light. On the contrary, a
low growth of 7. lutea under red light was observed, consistent with other studies (del Pilar
Sanchez-Saavedra et al. 2016; Gao et al. 2021). Gao and colleagues (2021) tested the growth
of T. lutea under red, blue, green light and a mix of these wavelengths, highlighting how
cultures grew less under red light than in other wavelengths. Whereas the best results were
found in blue light and when all wavelengths were mixed. 7. lutea growth under red light was
limited compared to white and blue light also in the studies of del Pilar Sanchez-Saavedra et al.
(2016). The reason may be that 7. lutea can accumulate up to 80 mg-g ! fucoxanthin in dry
biomass, while most species range from 1 to 10 mg-g ' of dry biomass (Mohamadnia et al.
2020; Wang et al. 2021). Since fucoxanthin can absorb blue and green light, the limitated
growth under red light could be due to a lack of this wavelength. Indeed, the light harvesting
complex fucoxanthin-chlorophyll a/c-protein (FCP) plays an important role in capturing
photons and transferring them to the photosynthetic reaction center (Wang et al. 2019; Gao et
al. 2021). On the other hand, a study on /. galbana, a microalga similar to 7. /utea, showed that
there were no significant differences in the growth of the cultures under red, blue and white
light (Ra et al. 2018). Differently, a mixture of blue and red light resulted the best growth (Ra
et al. 2018).

The limited growth of co-cultured 7. lutea under both white and red light was consistent with
alterations in the cellular structures observed by TEM analyses, such as the vacuolation in large
areas of the cytosol. Moreover, a stress condition was confirmed by the lower mobility observed
under the light microscope. The presence in co-culture of abundant small N. oculata cells with
a hard wall can have triggered a sort of shear or hydrodynamic stress in 7. [utea cells (Maglie
et al. 2021).

An early and progressive decline of PSII maximum quantum yield was observed in co-
cultivated cells under both lighting conditions and in 7. /utea mono-cultivated cells under red
light. Fv/Fy values were below 0.6. The low Fy/Fy values were consistent with the low growth
of T. lutea, observed in both lighting conditions in co-cultivation and in red-light mono-

cultures. Low values of the F/F) ratio indicate a stress condition of the microorganisms. In
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fact, the analysis of the PSII maximum quantum yield allows an estimate of the photosynthetic
efficiency and can be used as a parameter to highlight the physiological stress in microalgae
(Cosgrove and Borowitzka 2010; Bhola et al. 2016; Patil et al. 2020). These data were
consistent with what previously observed in Maglie et al. (2021) and were supported by TEM
observations of more appressed thylakoid membranes of 7. lutea cells in red light (mono- and
co-cultivated) and in co-cultivation under white light. The inefficiency of 7. /utea and similar
Isochrysidales algae in exploiting red wavelengths may be partly responsible for what has been
observed in present study and was highlighted also in other studies (Li and Liu 2020; Gao et al.
2021). However, results on F3/Fy values in co-cultures contrasted with the growth observed
in N. oculata, which was not affected by the co-culture process. Low Fj/Fy values were
generally reported under nutrient deficiency or very dense cultures or light-stressed cultures
(Beardall et al. 2001a, b; Baldisserotto et al. 2014; Benvenuti et al. 2015). This experiment led
to not very dense cultures, thus it can be proposed that inhibiting effect of red light on 7. lutea
and a nutrient deficiency in co-cultures could have occurred. This hypothesis can be supported
by the progressive decrease of pigments content observed in the co-culturing process, under
both lighting conditions, compared to that observed in the mono-cultures. In fact, nutrient
limitation, and in particular nitrogen starvation, is known to suppress chlorophylls synthesis in
microalgae (da Silva Ferreira and Sant'Anna 2017). Furthermore, the effect of nutrient
deficiency varies according to the type of pigment, the type of nutrient missing and the organism
(Gauthier et al. 2020). For example, in 7. [utea, nitrogen starvation is known to cause a decline
in both chlorophylls and fucoxanthin accumulation (Gao et al. 2020) and the reduction
in Isochsysis galbana pigmentation under nitrogen limitation was alsowas reported (Falkowski
et al. 1989). In N. oculata nutrient availability has a noticeable impact on the concentration of
photosynthetic pigments (Faé Neto et al. 2018). For example, nitrogen depletion induces higher
xanthophyll yield, whereas phosphorus depletion leads to a higher B-carotene concentration,
and phosphorus deprivation affects Chl a accumulation, while violaxanthin content is not
influenced (Forjan etal. 2007; Van Vooren etal. 2012; Matsui et al. 2020). Oxygenic
photosynthetic organisms convert light energy into electron flow in the reaction centre (RC) of
photosystems (PS). Electron transfer is shared between two PSs (PSII and PSI) via the
cytochrome bef complex and maintaining the excitation balance between PSII and PSI is
extremely important to ensure efficient photosynthesis and avoid photo-damage (Tikkanen et
al. 2012; Mirkovic et al. 2017; Ueno et al. 2019). The red light used in this experiment with a
peak at 660 nm preferentially stimulates PSII. Due to continuous excitation, the maximum yield

of PSII decreased in red light cultures and the excitation balance between PSII and PSI was
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compromised. Possible strategies used by photosynthesising organisms to control stress on the
photosynthetic system include control of relative excitation of PSII and PSI, regulation of the
speed of electron transfer via the cyt bgf complex and tuning the amount of active PSII reaction
centres (Tikkanen et al. 2012; Yamamoto and Shikanai 2019). The analysis of thylakoidal
proteins by SDS-Page and immunoblotting showed that 7. /utea and N. oculata adopt two
different strategies to deal with this problem. In both cases the stoichiometry between PSI and
PSII changes favouring PSI. In 7. lutea, the PsaA of PSI does not change between white and
red light but a decrease in PSII-related proteins CP43 and D1 was observed. This suggests that
in T. lutea the number of PSII was reduced in red light compared to white light. This strategy
allows limiting the electron transfer to PSI, thus preventing excessive damage (Tikkanen and
Aro 2014). In addition, the increase observed in Cyt f subunit of Cyt bsf could suggests the
activation of cyclic electron transport (CET) around PSI. Consequently, CET generates ApH
without net accumulation of NADPH. ApH formed by CET contributes to additional ATP
production (Yamamoto and Shikanai 2019). This explains the increase in ATP-f subunit of
ATPase observed in 7. [utea. Furthermore, lumen acidification activates a mechanism called
photosynthetic control consisting in a slower plastoquinol oxidation at the Cyt bgf complex.
This prevents excess electron flow toward PSI (Shimakawa and Miyake 2018; Yamamoto and
Shikanai 2019). On the other hand, in N. oculata under red light an increase in the PSI protein
PsaA was observed, while there was no variation between white light and red-light samples for
D1, assuming that there was no change in the quantities of PSII. Therefore, differently from 7.
lutea, N. ocualta modified the stoichiometry between PSI and PSII enhancing the number of
PSI that to control the flow of electrons from the PSII.

As highlighted by microscopy observations, in the late phase of cultivation, the greatest
accumulation of lipids in the cells was noted. Under white light, mono-cultures of 7. oculata
showed a total fatty acids (TFA) content (% DW) lower than that observed in the previous study
(Maglie et al. 2021). The results for mono-cultures were also lower than those available in the
literature for the same algae (Su et al. 2011; Rashid and Qin 2015; Hu et al. 2018; Gao et
al. 2020). For example, Hu et al. (2018) reported values of about 25% (DW) after 16 days of
cultivation. In 7. [utea no significant differences were found in total fatty acid content and in
the degree of fatty acids saturation between white and red lights, as also shown by Gao and
colleagues (2021). Similar results about saturation degree were obtained by del Pilar Sanchez-
Saavedra et al. (2016). These studies highlighted that the level of saturation in 7. lutea is
independent of light spectra.
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On the contrary red light enhanced lipid content in co-cultures and in N. oculata. In N. oculata,
the enhanced lipid accumulation under red light was also reported by Schulze et al. (2016), who
compared the effect of red vs blue and white lights. Red light stimulated the lipid accumulation
also in other species of Nannochloropsis. For example, in N. gaditana, total fatty acids content
was 11.35% in white light, and 21.12% in red light (Kim et al. 2014). On the contrary, Yuan et
al. (2020) reported the greatest accumulation of lipids when N. oculata was cultured under blue
light. In the present work, the proportions of saturated and unsaturated fatty acids were analysed
and, interestingly, the co-cultures showed a profile very similar to that of N. oculata, both under
white and red light. This was consistent with what already observed in co-cultures of 7. lutea
and N. oculata in a previous study (Maglie et al. 2021) and with the predominance of N. oculata
cells in co-culture. Indeed, 7. /utea represented just the 3.89% and 4.49% of the cells in the co-
culture, under white and red light, respectively. The influence of different proportion of algae
in the co-cultures on lipid content was already observed also in other microalgae-microalgae
co-cultivation experiments, e.g., Ettlia together with Chlorella (Rashid et al. 2019). Overall,
red light caused a qualitative change in the fatty acid profile, although there were no significant
changes in total fatty acid content and in the degree of saturation between white and red light
in 7. lutea samples. Similar results were observed in N. oculata and consequently in co-cultures
samples. Indeed, both in N. oculata and co-cultures, in addition to the increase in lipids,
exposure to wavelengths in the red region altered the composition of fatty acid with a
predominance of saturated and monounsaturated fatty acids (such as 16:0 and 18:1n9) of
possible interest in the field of biorefinery (Baldey et al. 2021). In fact, a higher quantity of
saturated fatty acids is preferable, because biodiesel having more polyunsaturated fatty acids
emits more oxides of nitrogen and exhibits lower thermal efficiency (Gopinath et al. 2010;
Redel-Macias et al. 2012; Baldey et al. 2021). On the other hand, considering the low
temperature fluidity and oxidative stability monounsaturated fatty resulted important in the
composition of biodiesel (Cao et al. 2014; Baldey et al. 2021). In particular, the C16:0
component, which improves biodiesel quality, was higher in both N. oculata and co-cultures
samples under red light. Similar effect of red light was observed also in N. oceanica (Kim et al.
2014). The changes observed in DHA (7. lutea) and in EPA (N. oculata and co-cultures)
contents, between white and red-light cultures, are noteworthy. Indeed, DHA and EPA are
known for several highly beneficial effects on human health, such as preventing atherosclerosis
and cardiovascular diseases (Zhang et al. 2018; Tocher et al. 2019). After all T. lutea is known
to accumulate high levels of DHA (Mayer et al. 2021). In the present study, the DHA levels
increased in cultures exposed to red light, being nearly doubled (from 6.44% TFA under white
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light, to 11.09% TFA under red light). del Pilar Sanchez-Saavedra and coworkers (2016)
reported that, during the exponential growth phase under red light, 7. /utea synthesizes high
DHA levels, but also in the stationary phase and under green light. On the contrary, the blue
light increased the DHA content in both growth phases. Gao et al. (2021) reported the same
positive influence of blue light on the accumulation of DHA, even if no significant differences
in terms of DHA content were found between cells exposed to red and other wavelengths, such
as green and mixed blue or green and red light. As regards EPA, Nannochloropsis species
represents an important natural source of this omega-3 fatty acid (Chua et al. 2020; Sa et al.
2020). A general decrease in polyunsaturated fatty acids was observed in mono-cultivated N.
oculata and in co-cultures exposed to red light. In particular, EPA decreased from 24.78 % to
15.30 % in mono-cultures of N. oculata and from 22.69 % to 10.05% in co-culture. This result
was in contrast with Ma et al. (2018) that in Nannochloropsis sp. observed an increase in EPA
levels under red light.

Overall, the use of red light for the cultivation of 7. lutea increases the production of DHA.
Unfortunately, in co-culture the contribution of 7. lutea to the lipid profile is minimal due to its
low growth compared to that of N. oculata in both lighting conditions. Although the fatty acid
profile obtained from co-cultivation process did not contain all the omega-3 and omega-6 fatty
acids that are useful for nutraceutical purposes, the results obtained represent a promising
starting point for the production of a plant and “green” alternative DHA for food/feed respect
fish oil. Indeed, fish oil is one of the main sources of long-chain ®-3 fatty acids used for the
production of animal feed and of nutritional supplements for human consumption (Misund et
al. 2017; Matsui et al. 2020). On the other hand, the increase of saturated fatty acids as C16:0
in N. oculata and co-cultures, in red light, is attractive from the point of view of the exploitation
of microalgae in the field of bioenergy. Indeed, Nannochloropsis already represents a suitable
microalga for the production of biofuel (Liu et al. 2017; Lopez-Rosales et al. 2019). Thus, a
better knowledge about its exploitation in the green energy field is advantageous because of the
continuously increasing demand for alternative energy sources linked to the rising world
population, the diminishing fossil fuel reserves and the increasingly restrictive environmental

legislations (Abd Rahman et al. 2020; He et al. 2020).
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Figure 1 Growth kinetics of 7. lutea (a) and N. oculata (b) under white (grey) and red-enriched light (black) in mono-cultures
(solid lines) and in co-culture (dashed lines). Values are means + SD (n =4). Different letters indicate statistically significant
differences (p <0.05, three-way ANOVA). To improve the readability of the picture, the graphical representation of the
statistical analyses performed has been simplified. For comprehensive information on the statistical analysis, please refer to
Table 1 and 2 in the appendix to this chapter.
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Figure 2 Light and epifluorescence microscope observations of mono- and co-cultivated cells of 7.
lutea and N. oculata at different stage of cultivation (7 and 14 days) and in different culturing light
conditions (white and red-enriched light). 7. lutea (a—h); N. oculata (i—p); co-cultivated cells (q—x).
Most figures consist of a collage of photos exemplifying the observations made. Black arrows indicate
translucent globules. Scale bars = 5 pm
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Figure 3 Epifluorescence photomicrographs of Nile Red stained cells of mono-cultivated and co-cultivated 7. lutea and N.
oculata at different stage of cultivation (7 and 14 days) and in different culturing light conditions (white and red-enriched
light). T. lutea (a—d); N. oculata (e-h); co-cultivated cells (i—1). Most figures consist of a collage of photos exemplifying the
observations made. T T. lutea cells, N N. oculata cells. In mono-cultivated N. oculata cells the reaction is negative in the

early stages of experimentation (e). Scale bars = 5 um
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Figure 4 Transmission electron micrographs of mono-cultivated cells of T. lutea at 14 days of cultivation under white (a, b) and
red-enriched light (c, d). C chloroplast; L lipid globules; M mitochondrion; P pyrenoid. Scale bars (um): a, b,d=1;¢c=7
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Figure 5 Transmission electron micrographs of mono-cultivated cells of N. oculata at 14 days of cultivation under white (a, b) and
red-enriched light (c, d). C chloroplast; L lipid globules; M mitochondrion. Scale bars (um): a,d =0.5;b,c =1
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Figure 6 Transmission electron micrographs of co-cultivated cells of 7. lutea (T) and N. oculata (N) at 14 days of cultivation under
white (a, b, ¢) and red-enriched light (d, e, f). C chloroplast; L lipid globules; M mitochondrion. Arrows: empty areas in the cytosol.
Scale bars (um): a,b,e=1;¢,d=2;f=0.5
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Figure 7 Time-course variations of pigment content (nmol 1076 cells) in 7. lutea and N. oculata cells in mono-culture and in co-cultivated
cells under white (grey) and red light (black). T. lutea: Chl (a) and carotenoids (b) content; N. oculata: Chl (c) and carotenoids (d) content;
co-cultivated cells: Chl (e) and carotenoids (f) content. In a-d the dushed lines separe pigment concentration values of day 0 that are referred
to the cultures used for the inoculum. They are therefore only shown in the histograms for mono-cultures. Values are means = SD (n=3).
Different letters indicate statistically significant differences (p < 0.05, two-way ANOVA)
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Figure 8 Time-course variations of Fy/F ratio in T. lutea and N. oculata cells mono-
cultivated (a and b respectively) and co-cultivated cells (c) under white (grey) and red light
(black). Dashed lines indicate the optimal 0.6 value of F/Fu. Values are means £ SD
(n=4). Different letters indicate statistically significant differences (p < 0.05, two-way
ANOVA)
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Figure 9 Thylakoid proteins were separated by
SDS-PAGE and subsequently blotted on a
nitrocellulose membrane. Ponceau stained
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Figure 10 (a) Immunodetection of subunits representative for the main thylakoid protein complexes in T lutea and N. oculate
grown under white (TW and NW) and red light (TR and NR). Thylakoid proteins were separated by SDS-PAGE and blotted
on a nitrocellulose membrane for immunodetection of PsaA subunit of PSI, ATP-f subunit of ATPase, CP43 subunit of PSII,
Cyt f'subunit of Cyt bgf (only in 7. lutea), D1 subunit of PSII. On gels were loaded 1 of Chl for ATP-$, D1, CP43 and 2 g for
PsaA, Cyt f. Molecular weight (kDa) marker is reported on the left and corresponds to a Thermo Scientific™ PageRuler™ Plus
Prestained Protein Ladders (#26619). Representative membranes are shown. N.D. Not detected. (b, ¢) Protein band intensity
was quantified with Image J freeware. Values are reported as relative % in figures b (7. lutea) and ¢ (N. oculata). The values
obtained from the white light samples were used as a reference (100% - dashed grey lines) to calculate the relative percentages
referring to the values obtained from the red light samples (black bars). *p <0.05 (Student t-test)
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Table 1 Fatty acid profile (percentage of total fatty acids) in mono-cultivated 7. lutea and N. oculata and in co-cultures at the

Total fatty acid (%DW)
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T. lutea N. oculata Co-culture

Figure 11 Fatty acid content (% DW) in mono-cultivated T lutea and N. oculata, and in co-
cultures at the 18 day of cultivation under white (grey) and red-enriched light (black).
Values are means + SD (n=2). Asterisks identify significant differences between samples
grown under different lighting. “p < 0.05 (Student t-test)
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Figure 12 Relative proportions of fatty acids fractions (percentage of total fatty acids,
%) in T. lutea and N. oculata mono-cultivated and in co-cultivated cells.

18" day of cultivation under white and red-enriched light. Values are means + SD (n=2)

T. lutea T. lutea N. oculata N. ocualta Co-culture Co-culture
Fatty acids white light red light white light red light white light red light

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
14:0 19.61  0.05 19.14  0.54 4.53 0.04 5.08 0.01 6.04 0.03 5.39 0.01
16:0 9.92 0.28 1296 193 23.31 049 28.54 0.56 2249 044 3021 0.17
16:1n7 6.08 0.05 4.13 0.00 31.11 0.26  34.20 028 2623 0.10 2941 0.10
16:2n4 1.90 0.52 1.48 0.24 0.67 0.02 0.25 0.29 0.88 0.09 0.44 0.01
18:1n9 9.55 0.35 1594  0.48 4.06 0.11 7.71 0.07 5.49 0.10 10.38 0.05
18:1n7 1.22 0.08 0.90 0.02 0.25 0.31 0.24 0.28 0.83 0.01 0.44 0.01
18:2n6 2.73 0.02 2.29 0.20 4.42 0.16 3.98 0.05 4.23 0.07 3.81 0.00
18:3n3 (ALA) 7.85 0.07 5.44 0.68 -- -- -- -- 0.55 0.01 0.58 0.02
18:4n3 (SDA) 30.51 042 21.73  2.58 -- -- -- -- 2.55 0.11 2.27 0.01
20:1n9 3.34 0.02 3.11 0.02 -- -- -- -- -- -- 0.42 0.04
20:4n6 -- -- -- -- 4.55 0.00 3.82 0.09 5.01 0.03 2.79 0.03
20:5n3 (EPA) -- -- 0.46 0.60  24.78 0.08 15.30 0.00 2269 0.62 10.05 0.15
22:6n3 (DHA) 6.44 0.10 11.09 0.89 -- -- -- -- -- -- 1.44 0.00
other 0.85 0.01 1.34 0.06 2.32 0.32 0.90 0.46 3.04 0.60 2.36 0.14
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Appendix

Table 1 Three-way ANOVA followed by Tukey post-hoc test results referred to the growth data of T. /utea under white and
red light in mono-cultures and in co-culture at different culture time (Fig. 1). Means that do not share a letter are significantly
different (p < 0.05).

Culture time (days) Lighting conditions Cultivation Mode Mean Groups
18 White Mono-cultivation 13.87 a
14 White Mono-cultivation 12.40 a
18 Red Mono-cultivation 9.95 b
14 Red Mono-cultivation 7.83 c
10 Red Mono-cultivation 4.46 d
7 White Mono-cultivation 4.25 d e
10 White Mono-cultivation 4.02 d € f
7 Red Mono-cultivation 3.48 d e f g
7 Red Co-Cultivation 3.21 d € f g h
14 Red Co-Cultivation 2.74 d e f g h i
10 Red Co-Cultivation 2.28 e f g h i
3 White Mono-cultivation 221 e f g h i
3 Red Cocultivation 2.07 f g h i
18 Red Cocultivation 2.00 f g h i
3 Red Mono-cultivation 1.98 f g h i
18 White Co-Cultivation 1.78 f g h i
3 White Co-Cultivation 1.54 g h i
14 White Co-Cultivation 1.51 g h i
7 White Co-Cultivation 1.22 h i
0 Red Co-Cultivation 1.19 i
0 Red Mono-cultivation 1.17 i
10 White Co-Cultivation 1.11 h i
0 White Mono-cultivation 0.85 i
0 White Co-Cultivation 0.83 i
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Table 2 Three-way ANOVA followed by Tukey post-hoc test results referred to the growth data of N. oculata under white and
red light in mono-cultures and in co-culture at different culture time (Fig. 2). Means that do not share a letter are significantly
different (p < 0.05).

Culture time (days) Lighting conditions Cultivation Mode Mean Groups

14 White Co-Cultivation 46.80 a

18 White Co-Cultivation 44.18 a

18 Red Co-Cultivation 4250 a b

18 Red Mono-cultivation ~ 38.40 b

14 White Mono-cultivation ~ 32.90 ¢

18 White Mono-cultivation ~ 31.25 c d

14 Red Co-Cultivation 29.64 c d

14 Red Mono-cultivation ~ 25.93 d e

10 White Co-Cultivation 21.78 €

10 White Mono-cultivation 15.30 f

10 Red Co-Cultivation 12.64 f

7 White Co-Cultivation 12.60 f

10 Red Mono-cultivation ~ 10.40 f

7 Red Co-Cultivation 5.57 g
7 Red Mono-cultivation 5.52 g
7 White Mono-cultivation 4.75 g
3 Red Co-Cultivation 3.15 g
3 White Co-Cultivation 3.10 g
3 Red Mono-cultivation 3.07 g
3 White Mono-cultivation 1.72 g
0 Red Mono-cultivation 1.13 g
0 Red Co-Cultivation 1.01 g
0 White Mono-cultivation 0.95 g
0 White Co-Cultivation 0.93 g
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Chapter 4

Waste-to-value approach:
the production of lipids from the microalga

Tisochrysis lutea using a reject brine
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1. Introduction
World population growth together with global climate changes are leading to a continuous
demand for water and to the impoverishment of the reserves, exacerbating the problem of water
scarcity in many regions of the world (Damania et al., 2017; Jones et al. 2019). To meet the
demand for water and overcome the problem of its scarcity, the use of desalination plants is
increasing. In fact, when fresh water becomes scarce, its cost tends to rise, making desalination
progressively more cost-effective (Pistocchi et al. 2020b). However, the desalination process
involves environmental impacts related to energy consumption, land use, seawater intake and
impacts related to the disposal and discharge of brine (Fernandez-Torquemada et al. 2019; Jones
etal. 2019). Brine represents the main by-product of water desalination process, is characterized
by extreme salinity (1.6-2 times higher than the seawater salinity), and is treated as a waste,
needing effective solutions for its disposal (Hanley 2018; Fernandez-Torquemada et al. 2019;
Panagopoulos et al. 2019; Sola et al. 2020). Nowadays, the production of brine is increasing
worldwide: for example, Jones and coworkers (2019) estimated that desalination plants produce
about 1.5 m?® of brine per m® of desalinated water. In about 20% of cases, the brine is generated
far from the coast, resulting in technical challenges for its disposal. In the remaining 80% of
cases the brine is generally disposed in the seas and oceans. Overall, brine disposal represents
both an economic and an environmental challenge. Indeed, brine may include trace
concentrations of contaminants; moreover, its disposal from multiple plants operating close to
each other for prolonged periods could negatively affect the sea environment (Jones et al. 2019;
Aljohani et al. 2021). The quantity and quality of desalination brine and its chemical
composition depend on feed water quality, water recovery rate, pretreatment, as well as on the
substances added during the desalination process and on the release of contaminants from the
desalination equipment (Panagopouloset al. 2019; Pistocchi et al. 2020b). Some of the
substances contained in the brine can be recovered. In fact, concentrated brine could also
facilitate the recovery of valuable minerals from seawater (e.g., sodium chloride, calcium
carbonate, magnesium oxide, bromine, rubidium, uranium, lithium, sodium hydroxide, chlorine
and acids and bases) (Cipolletta et al. 2021). Some authors support this approach to make
desalination more cost-effective (e.g., Quist-Jensen et al. 2016; Loganathan et al. 2017).
However, this approach is not always economically and environmentally advantageous, and in
some contexts results more convenient to invest upstream, for example, in decarboxylation of
the desalination process using renewable energies (Bogdanov et al. 2019; Hansen et al. 2019).
The major environmental problems due to the discharge of brine into the sea may concern the

high salinity of this by-product that can produce physical/chemical alterations to the seawater
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around brine discharge outlets (Jones et al. 2019; Pistocchi et al. 2020a). Due to its higher
density than that of seawater, brine settles on the seabed unless mixed with ocean water.
Hypersalinity can damage or be lethal to marine organisms because it interferes with osmotic
processes (Rodriguez-Rojas et al. 2020). In addition, its damaging effects can be increased by
synergistic effects in combination with other stress factors, such as temperature, metal pollution
and pH variations (Clark et al. 2018). Brine disposal has a particular impact on primary
producers such as seagrass meadows and benthic communities (Pistocchi et al. 2020b). The
impacts associated with brine are highly species- and ecosystem-specific; to date, studies are
often at local scale, and it is difficult to extrapolate data on global impacts resulting from brine
discharges (Clark et al. 2018; Rodriguez-Rojas et al. 2020). A partial mitigation of the harmful
effects due to brine disposal on marine organisms can be achieved through different design and
engineering approaches, for example using diffusers system that can increase the mixing of
brine within the seawater column and prevent accumulation on the seabed (Missimer and
Maliva 2018). On the other hands, some Authors propose a “waste-to-value” approach in
managing brine using microalgae (Sanchez et al. 2015; Matos et al. 2017; Shirazi et al. 2018).
Some studies are focusing on the potentialities of the biological desalination process, a method
based on the absorption of salts by different salt-tolerant living organisms (Gan et al. 2016;
Sahle-Demessie et al. 2019; Wei et al. 2020). However, brine can represent a source of nitrogen,
phosphorus, and micronutrients for microalgae cultivation (Matos et al. 2017; Shirazi et al.
2018). Microalgae are well known to grow in a variety of wastewaters and industrial wastes
(Giovanardi et al. 2013, 2016; Baldisserotto et al. 2020, 2021), coupling the biomass production
with that of various high-value-added compounds, such as natural pigments and fatty acids, that
are used in the pharmaceutical, cosmetics, food industries and in the green energy sector
(Baldisserotto et al. 2020; Maglie et al. 2021; Torres et al. 2021). Furthermore, microalgae show
high adaptability to a range of environmental variations, including high salinity (Ishika et al.
2018; Shetty et al. 2019; Yang et al. 2021). In this context, salinity is known as possible stress
source for some microalgae species, e.g., limiting their growth (Ishika et al. 2018; Shetty et al.
2019; Mohamadnia et al. 2021). At the same time an increase of the salinity in the culture
medium is often coupled with higher lipid content as the result of activation of specific
metabolic reactions and overexpression or suppression of gene expression (Sun et al. 2018;
Atikij et al. 2019; Yang et al. 2021). For example, Atikij and coworkers (2019) showed how,
in Chlamydomonas reinhardtii, NaCl stress dramatically increased saturated fatty acids
accounting for 70.2% of the total fatty acids, while KCl stress led to a slight increase in saturated
fatty acids (47.05% of the fatty acid). NaCl-induced stress was found to up-regulate genes
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involved in fatty acids biosynthesis. In Dunaliella salina, one of the most halotolerant and
studied algae, B-ketoacyl-coenzyme A synthase is a salt-inducible enzyme that, together with
fatty acid desaturases, seems to play a role in the adaptation of intracellular membranes to
salinity, influencing the fatty acid elongation process (Nedbalova et al. 2016). However, the
adaptive processes to high salinities and the effect of this source of stress on fatty acids
production is not always clear or well-studied for all microalgal species (Nedbalova et al. 2016;
Yang et al. 2021). In this study, we tested the growth and the lipid production of Tisochrysis
lutea cultured in brine discharged by the Almeria (Spain) desalination plant. Cultures in SWES
medium prepared using artificial seawater (ESAW - 40%o) were used as controls. The Almeria
desalination plant employs reverse osmosis process to produce 50000 m?/day of water
characterized by an output salinity < 0.4%o (input salinity: 38.5%o). The brine used in this study
presents a salinity of 80%o, more than twice the normal salinity of seawater and synthetic
medium used as control. Brine derived from the Almeria plant is discharged at 430 m from the
coast through an outfall. 7. lutea is a marine microalga of the Haptophyta phylum (Bendif et
al. 2013). The production of commercially valuable carotenoids such as fucoxanthin and
important ®-3 fatty acid such as docosahexaenoic acid (DHA) makes 7. /utea a microalga of
biotechnological interest (Maglie et al. 2020; Mohamadnia et al. 2021; Premaratne et al. 2021).
In marine microalgae the salinity tolerance range usually varies from 35%o to 50%o (Ishika et
al. 2018). After a period of adaptation to different dilutions of brine with different salinity
levels, a solution of brine and distilled water with a salinity of 65%o0 was selected for the growth
of T. lutea. The cultivation in 65%o salinity-brine still presented some limitations, but it is
noteworthy that the algal biomass obtained showed increased accumulation of neutral lipids
and a promising blend of PUFAs, with the added advantage of a higher environmental

sustainability linked to a less consumption of freshwater and valorisation and reuse of brine.

2. Materials and methods

Experimental design

In this experiment a dilution of reject brine (following also just “brine”) from Almeria (Spain)
desalination plant was employed to cultivate Tisochrysis lutea, strain CCAP 927/14, cells. In
order to establish the maximal brine concentration for cultivating the microalgae, an initial
screening was conducted in a 12 wells cell-culture plate using 2 mL of culture volume. Cells
were inoculated in triplicate at a density of 1 £ 0.1 x 10 cells mL ' and cultured for 7 days under
60 umolyhotons M 2s ' PAR, in brine diluted with sterile deionized water at 50%, 60%, 70% and

80% resulting in a salinity of about 40%o, 50%o, 55%0 and 65%o, respectively. Cells cultivated
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at a salinity of 65%0 were selected, scaled up and used as inocula in the experiments. Using
cells adapted to the salinity of 65%o, cultivation trials were conducted in 90% dilution and

undiluted brine, but without acceptable results (data not shown).

The first experimental phase was performed at the University of Ferrara. The growth of the
microalgae was evaluated in batch mode. Brine diluted to 80% was used to evaluate the capacity
of T. lutea to withstand to higher salinity than that of SWES medium used for maintenance and
growth of standard cultures. T. lutea cells were inoculated at a density of 1+0.1 x 10° cells
mL " and grown under 100 umolphotons m 2s ' PAR for 14 days, in 300-mL Erlenmeyer flasks
(150 mL of total culture volume), using 80% diluted brine with a final salinity of 65%o. Cultures
in SWES medium (salinity 40%0) were used as control. A cultivation test was also performed
in SWES with a salinity of 65%o. However, the amount of precipitation formed during medium
preparation was not compatible with the cultivation of 7. lutea cells (data not shown). The cell
density and maximum quantum yield of PSII (Fy/Fu ratio) were evaluated. In addition,
microscopy observations in both light/fluorescence microscopy and transmission electron
microscopy (TEM) were performed. Furthermore, the presence of lipid droplets was
investigated via Nile Red in vivo staining. Once the possibility of cultivating 7. /utea in diluted
brine was confirmed and the presence of lipids in cells grown at high salinity was detected, the

next phase of experimentation was carried out.

The second phase of experiment was performed at the Department of Chemical Engineering,
University of Almeria (Spain), in the laboratories directed by Prof. E Molina-Grima and thanks
to the precious collaboration of Prof. T Mazzuca-Sobczuk. 7. lutea cells were inoculated at a
density of 1+0.1 x 10° cells mL™! using 80% diluted brine (salinity of 65%o) and SWES
medium (salinity 40%o) as control. Cultures grew under 100 umolphotons m >s ' PAR in 2.5 L
bubble column photobioreactors (2 L of total culture volume) with no CO; insufflation except
that normally present in the flushed air used to mix the culture (COz: about 0.4%; flux: 1 L
min'). Cells were grown in batch mode until the 8" day, when the cultures reached a cell
density sufficient for the start of the semi-continuous phase of the experiment. From the 8 until
the 18™ day, microalgae were cultivated in semi continuous mode: 10% of the culture was daily
removed and replaced with new culture medium or diluted brine. The biomass daily collected
was used for analysis. In fact, during the stationary phase of growth, the photosynthetic
pigments content and the accumulation of neutral lipids, were evaluated. Furthermore, the total

fatty acid profile was determined. The results of these analyses are obtained from the average
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of daily measurements during the semi-continuous phase of the experimentation (8-18 days)

and the cells were in a stable condition.

Algal strain and culture condition

Tisochrysis lutea (Bendif et al. 2013; strain CCAP 927/14) were obtained from the Culture

Collection of Algae and Protozoa of Scottish Marine Institute (Scotland, UK; www.ccap.ac.uk).
Axenic cultures were maintained in liquid SWES medium (Sea Water Erddekokt Salze
medium; www.epsag.uni-goettingen.de) in a growth chamber (25+1 °C), 16:8 h light-dark

photoperiod, 100 pmolphotons M s !

photosynthetically active radiation (PAR), without
additional CO» supply according to Maglie and coworkers (2021) and were used as algae

inocula for the initial screening and control cultures.
Growth estimation

For both control and brine-treated cultures, the inoculum was performed using dense cultures
diluted until a cell density of 1+0.1 x 10° cells mL™'. Growth was estimated by measuring the
optical density at 750 nm and by counting the cells with a Thoma’s chamber (HBG, Germany)
sampling 1 mL of culture. To make the cell counting easier, 100 uL. of Lugol’s iodine was

added to 1 mL of culture to stop cell movement (Maglie et al. 2021).
Characteristics of rejected brine

Rejected brine was gently provided by the Almeria (Spain) desalination plant (04120 El Bobar,
Almeria, Spain. 36.817067957612146, -2.424135015341435). Quantitative determination of
chemical elements was performed through inductively coupled plasma-mass spectrometry
(ICP-MS) using a Thermo Electron Corporation X series spectrometer (Thermo Fisher
Scientific). The analysis was performed at the Department of Physics and Earth Science of the
University of Ferrara in the laboratories directed by Prof. M Coltorti and thanks to the precious
collaboration of Dr. R Tassinari. The samples of brine were also analyzed for nitrogen and
phosphorus content at the Department of Environmental and Prevention Sciences (University
of Ferrara) - Applied Botany Section in laboratories coordinated by Prof. R Gerdol and thanks
to the precious collaboration of Dr R Marchesini. In detail, N-NHs was analyzed by the
salicylate method, N-NOs; by the cadmium reduction method, P-PO4 and total P by the
molybdenum blue method, using a continuous flow analyzer (FlowSys, Systea, Roma, Italy).

The characteristics of rejected brine are summarized in Table 1.
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Batch experiment
Light and fluorescence microscopy

Cell samples were observed under a Zeiss Axiophot microscope equipped with conventional or
fluorescent attachments. The light source for chlorophyll fluorescence examinations was an
HBO 100 W pressure mercury vapour lamp (filter set, BP436/10 FT 460, LP470). To highlight
the intracellular lipid accumulation, cells were stained with Nile Red, NR (9-diethylamina-
SHbenzo[a]phenoxazine-5-one; Sigma-Aldrich, Gallarate, Milano, Italy) according to
Giovanardi et al. (2013), with some modifications. Aliquots of 10 uLL NR (0.5 mg dissolved in
100 mL acetone) were added to 1.9 mL of a cell suspension with 0.5 x 10° cells. After
incubation at 37 °C in darkness for 15 min, cells were observed with 485 nm excitation
wavelength (filter set BP485, LP520). All pictures were taken with a VisiCAM PRO 20C digital

camera managed by a pc thanks to the Wavelmage software.
Transmission electron microscopy

For transmission electron microscopy (TEM), cells were harvested by centrifugation and
prepared as reported in Baldisserotto et al. (2020) with minor modifications according to Maglie
et al. (2021): the phosphate buffer was substituted with 0.1 M sodium cacodylate buffer (pH
7.2) and 0.25 M sucrose. Ultra-thin sections were observed with a Zeiss EM910 transmission

electron microscope (Electron Microscopy Centre, University of Ferrara).
Chlorophyll fluorescence measurements

Fluorescence measurements were performed on cell pellets prepared as described by Ferroni et
al. (2011). After 15 min of dark incubation, initial fluorescence Fo and maximum fluorescence
Fy were used to calculate the maximum quantum yield of PSII (F/Fu ratio). Fifteen minutes
were found to be the optimal adaptation time after testing a range between 5 and 40 min of dark
adaptation time. For analyses, a pulse amplitude modulation fluorometer (PAM; Junior-PAM,
Walz, Germany) was used with the following setting: measuring light (ML) with intensity and

frequency at level 1; 0.6 s saturation pulse at level 6.
Semi-continuous experiment
Photosynthetic pigment extraction and analysis

During the stationary phase of growth (days 8-18), cells were collected each day to evaluate the

photosynthetic pigments content. The results obtained were averaged together. Cells were
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treated with 100% methanol for 10 min at 80 °C (Baldisserotto et al. 2012). Absorption of
extracts was measured at 665 nm for chlorophyll a (Chl a), 632 nm for chlorophyll ¢ (Chl c¢)
and 470 nm for carotenoids (Cars) (Wellburn 1994; Ritchie 2006). Extracts were manipulated
under dim light to avoid photo-degradation. Chlorophyll @ and ¢ concentration was evaluated
using the equations of Ritchie (2006). Otherwise, the equations of Wellburn (1994) were

employed to determine the carotenoid concentration.
Fluorometric analysis: neutral lipid content evaluation using Nile Red

During the stationary phase of growth (days 8-18), cells were collected each day to evaluate the
intracellular neutral lipid content by measuring fluorescence after staining with Nile Red. The
results obtained were averaged together. According to Gao et al. (2020) with minor
modifications, the cultures were diluted to OD7s0 = 0.2 using fresh medium or diluted brine.
Cells were stained with NR (final concentration 2 pg mL™!) in dark and agitation for 10 min at
37 °C. An amount of 100 pL of the stained cell suspension was pipetted at least in triplicate in
a black 96-well plate. The NR fluorescence was measured from the top using a FLUOstar
OPTIMA FL - Microplate Reader by BMG LABTECH at an excitation wavelength of 488 nm
with emission wavelength of 575 nm. The autofluorescence was measured using the same
procedure on 7. lutea cells without NR staining and was used as blank. Milk diluted in fresh

medium (1pL/mL) stained with NR represented the positive control.
Fatty acid determination by gas chromatography

During the stationary state (days 8-18), cells were collected each day to perform fatty acids
analysis. The results obtained were averaged together. Fatty acids were methylated by the
method described for transesterification by Lepage and Roy (1984). A gas chromatograph
Hewlett Packard model 5890 Series II (Hewlett Packard Company, Avondale, PA) was used.
20 mg of biomass were weighted into a glass tube and 1 mL of hexane was added to the sample.
Then 1 mL of methylation mixture (methanol / acetyl chloride in the ratio 20:1) was added. 10
puL of standard solution were added to the sample using a Hamilton syringe; the standard
solution consisted of 25 mg of heptadecanoic acid (17:0) in 1 mL of toluene. The tubes were
placed in the ultrasound for 5 min. The transesterification reaction took place at 100 °C for 1 h,
in a metal block thermostat, model Multiplace, provided by Selecta (JP Selecta SA, Barcelona).
The tubes were shaken every 10 min. When the reaction was over, the tubes were cooled, and
1 mL of distilled water and 0.5 mL of hexane were added to the sample to obtain two phases.

For the biomass, the phase separation was performed by centrifugation at 450 g for 3 min. The
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hexane phase was introduced into a vial of 2 mL capacity, hermetically sealed with a cap. The
vials were placed in the autosampler of the gas chromatograph. The qualitative analysis of fatty
acids was accomplished by standard mixture n-3 PUFAs, Catalog No. 47085-U (Supelco
Analytical).

Statistical analysis

Data were processed and analysed using Microsoft® Excel® (version 2111). When necessary,
statistical tests such as Student -test, one-, two-way ANOVA were performed using Origin®
2021 analysis software, followed by Tukey post-hoc test (p<0.05). Experiments were

conducted at least in triplicate.

3. Results

Preliminary test

Figure 1 reports the cell density of 7. /utea after 7 days of cultivation in different dilutions of
rejected brine. The initial screening was performed to establish the maximal brine concentration
at which microalgae were able to grow. T lutea showed good growth capacity in all salinity
levels tested. The highest cell density was obtained in brine diluted to 70% (salinity 55%o)
followed by dilution to 80% (salinity 65%o), 9.54 + 0.84 and 8.87 + 0.76 x 10° cells mL ™",
respectively. As the difference was not significant (p>0.05; one-way ANOVA followed by
post-hoc Tukey test), cells grown at the higher salinity (65%o) were selected to set up cultures
of 25 mL and then 50 mL and 150 mL.

Batch experiment
Growth kinetics

Figure 2 shows the growth of T. /utea during the 14 days batch experiment in 80% dilute brine
(65%o salinity) and in SWES medium as control (40%o salinity). In the early phases of
cultivation (0-7 days), cell density in brine was always significantly higher than in the control
(p < 0.05; two-way ANOVA followed by post-hoc Tukey test). From day 3, the cultures in
brine entered a stationary phase, which was maintained until day 14 at the end of the
experiment. The control cultures in SWES medium reached only a cell density similar to that
of the brine-treated cultures on day 10, when there was no significant difference between treated
and control, 3.08 + 0.24 and 2.90 £+ 0.18 x 10° cells mL ™! respectively (p > 0.05; two-way
ANOVA followed by post-hoc Tukey test). However, at the end of the experiment, cultures in
SWES medium resulted 42.72% more dense than those in brine (6.25 + 0.42 and 4.41 +
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0.20x 10° cells mL ™!, respectively — p < 0.05; two-way ANOVA followed by post-hoc Tukey
test).

PSII maximum quantum yield measure

The effects of the different salinity on the photosynthetic efficiency were evaluated by PAM
fluorimetry as showed in Figure 3. From the 3™ day of cultivation onwards, the cultures grown
in diluted brine showed a progressive decrease in Fy/Fy values. In fact, already from the 7" day
until the end of the experiment, values significantly lower than 0.6 were observed (p < 0.05;
two-way ANOVA followed by post-hoc Tukey test). In microalgae, Fy/F ) values between 0.6
and 0.8 are typically observed in non-stressed cultures and indicate an efficient use of light for
the photosynthetic processes (Bhola et al. 2016; Patil et al. 2020). On the other hands, control
cultures in SWES medium at 40%o of salinity showed values of Fy/F always above 0.6 up to
7 days and only slightly lower in the later stages of the experiment at 10 and 14 days of

cultivation (0.58 at both experimental times).
Cell morphology

Figure 4 shows the microscope observations of 7. [lutea cells in the stationary phase during the
batch cultures in diluted brine and SWES medium. In the control cultures (Fig.4a), cells showed
the typical ovate or oblong shape and a golden-brown colour due to the presence of the cup-
shaped chloroplast that occupied most of the cell volume and emitted red fluorescence due to
the presence of chlorophylls (Fig. 4b). Overall, cells were in good condition and the mobility
resulted not compromised. In diluted brine, so at a higher salinity than that of the controls, cells
lost their typical oblong shape and changed to a more spherical shape (Fig. 4d). In some cases,
some portions of the cell appeared less coloured due to the presence of vacuolation. Although
not clearly visible in conventional light observations, the cup shape of the chloroplast could be
seen during fluorescence observations. The emitted fluorescence was less intense than that of
the controls (Fig. 4e). In both control and treated samples, globules of probable lipid nature
were present within the cells. In order to confirm their nature, Nile Red stained cells were
observed. In both SWES medium and brine, the cells contained lipid droplets. 2-3 droplets per
cell were present inside control cells (Fig. 4d), while the number of globules slightly increased
in treated algae. For example, up to 4-5 globules were present in some brine-cultivated cells.
Furthermore, these globules appeared larger in size and emitted a stronger fluorescence than in

control samples (Fig. 4f).
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Subcellular TEM observations

TEM observations of 7. lutea cells at the stationary phase in SWES medium and diluted brine
are shown in Figure 5. A typical morphology characterized T lutea cells grown in SWES
medium (Fig. 5a, b). The cell membrane presented the typical organic scales on the outer
surface. The parietal cup-shaped plastids presented a standard morphology, characterized by
the presence of a pyrenoid of considerable size crossed by a thylakoid lamella. The thylakoid
membranes were clearly visible in groups of three and characterised by a regular morphology
(Fig. 5¢). On the other hands, cells grown in brine at 65%o salinity that of showed an altered
morphology and in some cells the plasma membrane appeared detached from the rest of the cell
(Fig. 5d, e). The chloroplast had an altered shape in most cells: in some cases, it appeared
flattened or irregularly shaped, but with the pyrenoid clearly visible. Large vacuoles were
present in some cells (Fig. 5e). Noteworthy was the presence of 1 or more large, dark-coloured
lipid globules in most of the cells (Fig. 5d, e). Compared with controls, the thylakoid
membranes resulted altered (Fig. 5f). In both controls and treated cells it was possible to observe
mitochondria characterised by a regular morphology, indicating good metabolic activity also in

cells grown at high salt concentration (Fig. 5a, d).
Semi-continuous experiment
Growth kinetics and photosynthetic pigment content

Figure 6 shows the growth of 7. [utea during the semi-continuous experiment in 2.5 L
photobioreactors, in both SWES medium and diluted brine. Control and treated cultures were
grown in batch mode until day 8, when the cultures reached sufficient cell density to begin the
semi-continuous phase of the experiment. Control and treated cultures grew similarly up to 5
days of cultivation (p > 0.05; two-way ANOVA followed by post-hoc Tukey test), then the
control cultures started to show increased cell density until day 8 when cell density was 6.11 +
0.28 x 10° cells mL ! in the controls and 5.28 £ 0.32 x 10° cells mL ! in treatments (p < 0.05;
two-way ANOVA followed by post-hoc Tukey test). During the semi-continuous phase of the
experiment, 10% of the culture was daily removed and replaced with new culture medium or
diluted brine. Compared to the control cultures, treated samples maintained a significantly
lower cell density until the end of the experiment at 18 days (p < 0.05; two-way ANOVA
followed by post-hoc Tukey test). During this phase, the brine cultures had an average cell
density of 4.91 £ 0.54 x 10° cells mL™!, while those in SWES had an average cell density of
6.70 £ 0.52 x 10° cells mL™!. Therefore, at 65%o of salinity 7. lutea cultures were about 27%
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less dense than the controls at 40 %o. During the semi-continuous cultivation phases, the content
of photosynthetic pigments was evaluated (Figure 7). Treated algae and controls showed no
significant difference in chlorophyll a content (p > 0.05; Student t-test). On the contrary an
increment in chlorophyll ¢ content was observed in the samples grown in diluted brine (65%o
of salinity) (p < 0.05; Student t-test). However, the content of total chlorophylls was not
significantly different (data not shown). The cells grown at higher salinity also showed a higher

carotenoid content than the controls (p < 0.05; Student t-test).
Relative neutral lipid content evaluation by Nile Red assay

During the semi-continuous cultivation phase the relative content of neutral lipids inside the
cells was evaluated by measuring the fluorescence emitted after Nile Red staining. Figure 8
shows the fluorescence values emitted by cells cultured in diluted brine at the salinity of 65%o
compared with the control cells cultured in SWES medium at a salinity of 40%.. The high
salinity promoted the accumulation of neutral lipids in the cells. Indeed, cells in brine showed

a fluorescence 45.6% higher than that recorded inside cells in SWES medium.
Fatty acid determination by gas chromatography

The lipids extraction and analysis by gas chromatography were performed on the biomass daily
harvested during the semi-continuous phase of the experiment. Figure 9 shows the total fatty
acid content (% DW) in T. lutea cultivated in SWES medium and 80% diluted brine (salinity
of 40 and 65% respectively). No significant differences were highlighted between control and
brine-cultivated algae, being fatty acids 12.11% and 10.24% of total DW, respectively (p >
0.05; Student t-test). When the relative proportions of saturated, mono- and polyunsaturated
fatty acids were compared, no significant differences emerged between the control cultures and
those cultivated at higher salinity (p > 0.05; Student t-test) (Figure 10). Saturated fatty acid
accounted for the largest fraction, around 41% of the total in both SWES and brine cultures,
followed by polyunsaturated fatty acids, which accounted for 35.94% and 31.63% of the total,
respectively. Finally, monounsaturated fatty acids represented 22.27% (control samples) and
27.24% (treated samples) of the total fatty acids. Although there were no significant differences
in total fatty acid content, the lipid profile showed that the proportions of specific fatty acids
changed between control and treated samples. Table 2 reported the fatty acid profile
characterized by GC-MS. In brine cultures the -3 stearidonic acid (SDA; 18:4n3) and the ®-9
oleic acid (18:1n9) were the most present, accounting for the 19.42% and 16.06%, respectively,

while myristic acid (C14:0) accounted for the14.47%. In control cultures the most represented
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fatty acid was myristic acid (14:0) followed by SDA, 17.53% and 14.40% respectively; the
oleic acid was the 7.86%. Palmitic acid (16:0) was more represented in brine culture than in
SWES ones, 13.54% and 9.72%, respectively. The ®-3 a-linolenic acid (ALA; 18:3n3)
represented the 12.88% of the total fatty acid in the control cultures, but only the 7.16% in the
cultures grown in brine. Finally, the important ®-3 docosahexaenoic acid (DHA; 22:6n3)

accounted for about 12% in both SWES and brine cultures.

4. Discussion
In a waste-to-value approach, in this chapter it has been evaluated the feasibility of obtaining
microalgal biomass and high-value products, such as carotenoids and fatty acids, from the
cultivation of 7. [utea in a diluted brine derived from the desalination plant in the city of
Almeria, Spain. It is well known that the cultivation of microalgae under salinity stress can
trigger physiological processes that lead to an increased accumulation of fatty acids or changes
in the type of lipids and the relative amounts of specific fatty acids (Atikij et al. 2019; Yang et
al. 2021; Canavate and Ferndndez-Diaz 2021a). However, this is usually accompanied by a
decrease in growth and biomass production (Ishika et al. 2018). In batch experiments, in the
first phase of cultivation (0-7 days), the cultures grown at 65%o of salinity resulted more
concentrated than the controls; however, in the final phases of the experiment, the cultures in
SWES medium at 40%o salinity resulted almost twice denser. Even when growing semi-
continuously in photobioreactors, cells in brine grew less than those in SWES. Thus, in batch
cultivation experiment the salinity of 65%0 was limiting for the growth of 7. lutea compared
with controls at 40%o. Growth limitation due to salinity stress was consistent with scientific
literature for 7. /utea and other marine microalgal species adapted to this source of stress (Ishika
etal. 2017; Ishika et al. 2018; Shetty et al. 2019; Mohamadnia et al. 2021). Ishika and coworkers
(2017) studied, in semi-continuous cultivation, the effects of increasing salinity (in a range from
35 to 75%o0) on two groups of algae: two halotolerant and four marine microalgae including 7.
lutea. The highest salinity limit for 7isochrysis was 75%o, but at this salinity the lowest
productivity in terms of biomass was achieved. Biomass production was highest at a salinity of
45%o and then decreased as the salinity increased. On the other hands, in Mohamadnia et al.
(2021), the growth of 7. lutea was found optimal at the salinity of 35%o, while the other salinity
concentration had not significant effect on the cell growth (tested salinity rage 25-45%o). In our
experiment in batch, in parallel to the limited growth, the state of stress due to salinity was also
apparent by monitoring the variation in the quantum yield of (#/Fu) of the PS II. The analysis

of the PSII maximum quantum yield by PAM fluorimetry allows an estimate of the
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photosynthetic efficiency and can be used as a rapid parameter to evidence the physiological
stress in microalgae (Cosgrove and Borowitzka 2010; Bhola et al. 2016; Patil et al. 2020). In
fact, although in batch experiment the brine cultures entered an early stationary state (3™ day
of cultivation), the F/Fu values gradually decreased and remained below the value of 0.6. On
the contrary, controls cultures showed values above or slightly below 0.6. This is considered a
limit value above which the use of light in the photosynthetic process is optimal (Patil et al.
2020). Ramanna et al. (1999) reported that salinity stress can generate very low Fy/Fi values.
This was consistent with the results of this experiment and was confirmed in two recent studies
of Ishika and collegues (2017; 2018): in T. lutea, as well as in C. carterae and C. muelleri, the
values of Fi/Fy decreased when the microalgae grew in non-optimal salinity conditions.
Furthermore, the values of Fi/Fu have been found to be strongly correlated with biomass
productivity. A lower photosynthetic efficiency under non-optimal salinity conditions is
documented in many microalgae. For example, Fy/Fy values decreased with increasing
concentration of NaCl also in C. vulgaris. This increase in salinity was also limiting for the
growth (Yadav et al. 2021). The stress condition in the brine cultures was also confirmed by
microscopic observations. At salinity of 65%o, in addition to a reduction in mobility, cells
presented an altered morphology, with a spheroidal shape instead of the typical oblong or ovate
shape as in the controls. Changes in the morphology of the microalgae caused by variations in
salinity, both higher and lower than the optimum, are a response to osmotic stresses to which
the cells are subjected (Pugkaew et al. 2019; Papry et al. 2021). For example, in
Chlamydomonas, high salt concentration leads to a slowing down of cell division, a reduction
in cell size and an absence of motility and triggers the formation of palmelloid forms (Shetty et
al. 2019). On the other hands, at sub-optimal salinity levels (30%o), severe growth inhibition,
changes in cell morphology and reduced photosynthetic rate were observed in 7. suecica
(Pugkaew et al. 2019). In the present experiment, changes in the ultrastructure of 7. lutea cells
cultured in brine (65%o0 of salinity) were also visible by TEM images. In fact, a general
disorganization in the cellular structure, an accumulation of several lipid droplets and collapsed
chloroplasts with damaged thylakoidal membranes were evident. Thylakoid alterations were
also consistent with the decreased F/F) values found in 7. lutea grown in brine. Subcellular
alterations, accompanied by a low photosynthetic yield and a reduced growth, were also
observed in other species of microalgae exposed at a sub-optimal salinity, e.g. Scenedesmus sp.
(Arora et al. 2019; Al-Enazi 2020), Trebouxia sp. (Hinojosa-Vidal et al. 2018) and
Nannochloropsis sp. (Liu et al. 2019). However, the changes in 7. [utea cells grown in brine at

65%o of salinity were accompanied by an increase in the number and size of lipid droplets in
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the cytosol. This was confirmed by both fluorescence microscopy after NR staining and TEM
observations. In fact, microalgal cells accumulate lipids as high-energy carbon stores during
nutrient deficiency or environmental stress such as high levels of salinity (Shi et al. 2020).
Furthermore, additional amounts of carotenoids are produced to mitigate oxidative damage
caused by stressful conditions (Shi et al. 2020). In order to assess how brine salinity affected
the accumulation of lipids and pigments content in 7. lutea, tests were performed on cells grown
10 days semi-continuously in photobioreactors containing 2L of culture. This cultivation
method made it possible to collect the biomass needed for the analysis and at the same time to
keep the cultures in a semi-stationary state for longer than was possible with a batch experiment.
A comparison of the relative content of neutral lipids in algae grown in SWES and brine was
performed by staining with Nile Red and analysing the emitted fluorescence. This method
provides a faster and more economical evaluation than gravimetric and gas chromatographic
methods; it can be also performed in vivo and provide an estimate in real time (Gao et al. 2020;
Miranda et al. 2020). Based on the fluorescence emitted by the samples after staining with NR,
the content of neutral lipids in 7. /utea grown in brine at a salinity of 65%0 was on average
45.6% higher than in the controls (40%o salinity). However, when total fatty acid content
(%DW) was analysed by GC-MS, there were no significant differences between treatments
grown at 65%o salinity and controls at 40%o. This was in slight contrast to some studies that
report increased fatty acid content in microalgae exposed to salt stress. For example, Almutairi
et al. (2020) reported an increase in total lipid content under salt stress in 7. lutea; the increase
was particularly significant at intermediate salinities (e.g., 0.6 and 0.8 M), but higher salinity
(e.g., 1.0 M) comported a decrease in lipid content and limitations in growth and biomass
production. The increase in total fatty acid content with the increase in salinity was also found
in other microalgae species. For example, in the microalga Scenedesmus sp., increasing the
NaCl concentration in the culture medium resulted in an increase in total lipid content from
18.98% in control cultures to 33.13% in treated cultures grown at 400 mM NacCl, a 1.8-fold
increase (Pancha et al. 2015). Yang et al. (2021) tested the effects of different salt contents in
the culture medium (0.5%, 1.0%, 2.0% and 3.0%, mass percent NaCl) on the lipid content of
Chlorella pyrenoidosa and, with increasing salt content, the lipid content of the microalgae
showed an increasing trend. However, the effects of salinity are not limited to increasing or
decreasing the lipid content in the microalgae, but also change their quality (Cafiavate
and Fernandez-Diaz 2021b). In the present study on 7. lutea cultivated in rejected brine, the
GS-MS analysis showed no significant changes between controls and treatments in the relative

proportions of saturated, monounsaturated and polyunsaturated fatty acids, nevertheless the
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lipid profile showed that the proportions of certain fatty acids changed between control and
treated samples. The difference in lipid profile of the cultures grown under different salinity
conditions could partly explain the lack of difference in the ratios of the different levels of fatty
acid saturation. As for saturated fatty acids, the high levels of 14:0 in the SWES cultures were
compensated by the high level of 16:0 observed in the brine cultures, while the levels of 18:0
resulted the same in both. Some studies suggest that high salt stress is responsible for increased
levels of 16:0 in some halophilic microalgae such as D. salina and A. subtropica (Azachi et al.
2002; BenMoussa-Dahmen et al. 2016). However, in some marine microalgae the 16:0 content
does not seem to be influenced by salinity, e.g., in Tetraselmis suecica and I. galbana
(Pugkaew et al. 2019; Canavate et al. 2020). The same interspecific variability observed for
palmitic acid (16:0) in response to salinity is also observed for the stearic acid (18:0) and
myristic acid (14:0). For example, an increase in salinity corresponded to an increase in myristic
acid in Nannochloropsis sp. and A. subtropica (Pal et al. 2011; BenMoussa-Dahmen et al.
2016), while no effect was observed in 1. galbana in a salinity range between 5 and 50 psu
(Canavate et al. 2020). Although the difference in monounsaturated fatty acid content between
the control and 65%o cultures was not significant, some increase was observed in the brine
cultures. The content of monounsaturated fatty acids was 27% in the treated cultures and 22%
in the control cultures. This difference can be attributed to the high elaidic acid (18:1n9) levels
in brine cultures. On the other hand, there was no difference in the accumulation of 16:1n7 and
18:1n7 between cultures in SWES and brine. This can potentially be explained by the evidence
that frequently salt stress induces a change or 16:1n-7 or 18:1n-9 because the desaturase
involved in the synthesis of 16:1n7 can change the preference for its substrate between 16-C or
18-C fatty acids in response to stress sources (An et al. 2013). In addition, delta-9 desaturation
occurs in a faster time frame under salt stress than other desaturations (Cafiavate and Fernandez-
Diaz 2021b). As for the 18-C polyunsaturated acids, a trend towards an increase in the
proportion of 18:2n6 and 18:3n3 due to salt stress has been documented in literature
(BenMoussa-Dahmen et al. 2016; Almutairi et al. 2020; Canavate and Fernandez-Diaz 2021b).
This was also found in 7. lutea in a study by Almutairi and co-workers (2020). However, this
evidence contrasts with the results obtained when 7. /utea was cultivated in brine at 65%o
salinity. In fact, the percentage values of 18:2n6 and 18:3n3 were lower in the brine cultures
than in the control cultures at 40%o salinity. On the other hand, a dramatic increase in SDA
(18:4n3) was observed in brine cultured cells. The long-chain polyunsaturated fatty acids
appear to be little affected by changes in salinity (Pugkaew et al. 2019; Cafiavate et al. 2020).
Consistently, the SWES and brine cultures had approximately the same 20:5n3 and 22:6n3
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(DHA) content. Interestingly, salt stress caused a positive effect on pigment accumulation. In
fact, carotenoids production could be influenced by abiotic environmental stress. Under salt
stress, carotenoids accumulate and protect cells as antioxidants to increase microalgae survival
(Ren et al. 2021). The content of total carotenoids in 7. lutea grown in brine at the salinity of
65%o0 was on average 21.25% higher than in the controls (40%o of salinity). This result seemed
to contradict a recent study by Ishika and colleagues (2017), in which it was observed that the
maximum content of total carotenoids in 7. lutea was reached at a salinity of 45%o and then
decreased in algae exposed to higher salinities. The lowest levels were observed at the limiting
salinity of 75%o. On the other hand, there are numerous studies reporting an increase in
carotenoid content in various species of microalgae associated with an increase in specific range
of increased salinity. For example, an increase in total carotenoid content was observed in
Chlamydomonas sp. that was ameliorated by a gradual increase in sea salt concentration. In
particular, lutein and other carotenoids gradually increased when the sea salt concentration
increased from 0 to 3%, while they decreased at higher salinity levels (Xie et al. 2019). In H.
pluvialis, the treatment with 0.2 g L' NaCl resulted in a 42% increase in astaxanthin content
compared to the control group (Ding et al. 2019). Sedjati and coworkers (2019) observed that
in D. salina, chlorophyll production decreased with increasing salinity, led cells to produce
carotenoids (carotenogenesis), which help chlorophyll capture of photons while protecting it.
Although no decrease in chlorophyll content was observed in the cultures grown in brine in this
study, salinity affected photosynthetic efficiency and thus growth of the cultures. The increase
in carotenoids can therefore be explained as an adaptation of the cells to protect themselves
from the oxidative stress caused by exposure to the high salinity. Furthermore, salinity stress
induces the formation of reactive oxygen species (ROS) in cells (Zhao et al. 2019; Ren et al.
2021). Indeed, ROS is a stress indicator in response to abiotic stress in microalgae and can
affect cell growth, photosynthetic process and metabolite synthesis. ROS can lead to lipid
peroxidation, membrane degradation, DNA and protein damage (Arif et al. 2020). To cope with
oxidative damage caused by excess ROS, microalgae have evolved two major mechanisms:
antioxidant enzymes (such as superoxide dismutase and catalase) and molecules with
antioxidant activity (such as carotenoids) (Zhao et al. 2019). Overall, the aim of the present
work was to test the feasibility of cultivating 7. lutea in rejected brine from a desalination plant.
A waste-to-value approach was followed to produce microalgal biomass rich in valuable
molecules such as lipids and pigments using an industrial by-product. Cultivation of 7. lutea in
rejected brine has still some limitations. However, the obtained algal biomass showed increased

accumulation of neutral lipids compared to cultivation in synthetic SWES medium. Given the
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crisis of fossil fuel reserves and the growing interest in alternative and renewable energy
sources, this finding could add to the knowledge of biofuel production from microalgal
biomass. Indeed, neutral lipids are precursors for biodiesel production (Gilmour 2019).
Furthermore, the increased concentration of carotenoids as the result of cultivation in brine is
of commercial interest since the global market for carotenoids was estimated at $1.24 billion in
2016 and has grown in recent years (Ambati et al. 2019). Indeed, carotenoids have practical
applications in many areas of the food, feed, cosmetics and nutraceutical industries and there is
a growing demand for natural products that can drive the market for carotenoids of microalgal
origin (Novoveska et al. 2019). Finally, cultivation of 7. [utea in rejected brine has the added
advantage of increased environmental sustainability associated with reduced freshwater
consumption and the valorisation and reuse of a by-product of the desalination process. Looking
to the future, we could use a two-step cultivation process to increase biomass production at
lower salinities and then promote lipid and carotenoid production by increasing the salinity of

the culture medium by increasing the percentage of brine in the culture medium.
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Table 1 Characteristics of rejected brine from Almeria Desalination Plant. Salinity (%), pH,
chemical elements, N (NO3 and NHa4) P (PO4) (ppm).

Salinity ~ 80%o

pH 7.2
Element ppm Element ppm
N (NO3) 7.576 Zn 0.521
N (NH4) 0.435 Ga N.D.
P (PO4) 0.170 As 0.014
Li 0.582 Se 0.002
Be N.D. Rb 0.209
B 5.797 Sr 14.022
P 0.348 Mo 3.113E-03
Sc 0.008 Cd N.D.
Ti 0.256 Ba 0.082
\ 0.002 Tl N.D.
Cr 0.001 Pb 3.776E-04
Mn 0.013 Bi N.D.
Fe 0.410 U 1.173E-03
Co N.D. Ni 0.031
Cu 0.034
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Figure 1 Cell density of T lutea after 7 days of cultivation in different salinity concentrations
obtained by different brine dilutions (in order from left to right 50-60-70-80%). Dashed line
indicated the cell density of the starter inoculum at day 0. Values are means + SD. Different
letters indicate statistically significant difference (p<0.05 one-way ANOVA)
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Figure 2 Growth kinetics of 7. /utea batch cultures in 80% diluted brine (blaalck - 65%0) and SWES medium
(grey - 40%o). Data are plotted on a logarithmic scale. Values are means + SD (n =4). Different letters indicate
statistically significant differences (p <0.05, two-way ANOVA)

0.75
0.70
0.65
0.60
tE 0.55
= 0.50
0.45
0.40
0.35
0.30

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Culture time (days)
Figure 3 Time-course variations of F/F,, ratio in T. [utea batch cultures in 80% diluted brine (black - 65%o)
and SWES medium (grey - 40%o). Dashed lines indicate the optimal 0.6 value of F,/F,. Values are means +
SD. Different letters indicate statistically significant differences (p <0.05, two-way ANOVA)
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Figure 4 Microscope observations of T. lutea cells at stationary state of batch cultivation in SWES medium (a, b, ¢) and 80%
diluted brine (d, e, f). Conventional light (a, d), epifluorescence (b, ¢) and epifluorescence of Nile Red stained cells (c, f). Scale
bars =5 um
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Figure 5 Transmission electron micrographs of T lutea cells at stationary state of batch cultivation in SWES medium (a, b, ¢)
and 80% diluted brine (d, e, ). C chloroplast; P pyrenoid; L lipid globules; M mitochondrion. Scale bars (um): a, b, d, e =2; c,
=02
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Figure 6 Growth kinetics of 7. /utea semi-continuous cultures in 80% diluted brine (black - 65%0) and SWES
medium (grey - 40%o). Data are plotted on a logarithmic scale. Values are means + SD. The dushed line indicates
the beginning of semi-continuous cultivation: 10% of the culture was daily removed and replaced with fresh
SWES medium or diluted brine. To improve the readability of the picture, the two-way ANOVA results are
reported in Table 1 in the appendix to this chapter.
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Figure 7 Photosynthetic pigments content (nmon of pigments 107 cell) in 7. lutea cells
during the stationary state of the semi-continuous cultivation. SWES medium (grey);
80% diluted brine (black). Values are means + SD. * p <0.05 (Student t-test)
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Figure 8 (a) Fluorescence intensity (arbitrary units) of 7. lutea cells stained with Nile Red (NR) during the stationary state of
the semi-continuous cultivation. SWES medium (grey); 80% diluted brine (black). Values are means = SD. * p < 0.05 (Student
t-test) (b) Graphical representation of the fluorescence emitted by wells containing 7. [ufea cells without NR staining
(autofluorescence); milk diluted in fresh medium (1pl/ml) stained with NR (positive control); 7. lutea cells stained with NR
grown in SWES medium (SWES) or 80% diluted brine (BRINE). (Representative images of replicas)
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Figure 9 Fatty acid content (% DW) fatty acid fatty acid fatty acid
in T lutea cells during the stationary
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Figure 10 Relative proportions of fatty acids fractions (percentage of
total fatty acids, %) in T. lutea cells during the stationary state of the
semi-continuous cultures. SWES medium (a); diluted brine (b)

Table 2 Fatty acid profile (percentage of total fatty acids) in 7. lutea
cells during the stationary state of the semi-continuous cultures in SWES
medium and diluted brine. Values are means + SD

Fatty acid SWES medium diluted brine
- Mean SD Mean SD
14:0 17.53 0.44 14.47 0.21
16:0 9.72 0.27 13.54 0.38
16:1n7 6.01 0.14 6.39 0.13
16:2n4 1.05 0.05 0.90 0.03
18:0 0.60 0.14 0.46 0.24
18:1n9 7.86 0.22 16.06 0.89
18:1n7 0.47 0.10 0.22 0.15
18:2n6 6.22 0.78 3.08 0.36
18:3n3 (ALA) 12.88 0.39 7.16 0.26
18:4n3 (SDA) 14.40 0.98 19.42 0.69
20:1n9 5.46 0.34 2.47 0.42
20:5n3 (EPA) 0.62 0.18 0.80 0.21
22:6n3 (DHA) 12.74 0.59 12.43 0.64
other 4.46 0.59 2.60 0.17
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Appendix

Table 2 Two-way ANOVA followed by Tukey post-hoc test results referred to the growth data of T /utea in SWES
medium (controls — SWES in the table) and diluted brine (treatments — Brine in the table) at different culture time
(Fig. 6). Means that do not share a letter are significantly different (p < 0.05).

Culture Culture Mean Groups
medium time
(days)
SWES 13 736 a
SWES 12 734 a
SWES 18 698 a b
SWES 11 6.9 a b
SWES 15 6.68 b c
SWES 16 6.58 b ¢ d
SWES 10 6.46 b ¢ d
SWES 14 6.3 c d e
SWES 17 6.3 c d e
SWES 9 6.08 d e
SWES 8 5.88 e f
Brine 18 5.4 f g
Brine 11 5.32 g
Brine 10 5.22 g h
Brine 12 5.22 g h
Brine 8 5.08 g h
Brine 13 5.06 g h
Brine 17 4.94 g h i
Brine 16 4.88 g h i
Brine 9 4.78 h i
SWES 7 4.73 h i
Brine 15 4.44 1]
SWES 6 4.15 j k
Brine 7 3.87 k 1
Brine 14 3.84 k 1
Brine 6 3.6 I m
SWES 5 3.25 m
Brine 5 3.1 m
Brine 4 2.45 n
SWES 4 2.355 n
Brine 3 2.16 n
SWES 3 2.15 n
SWES 0 1.205
Brine 0 1.095
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Chapter 5

Tisochrysis lutea cultivation under mixotrophic and
semi-continuous conditions:
morpho- physiological, biochemical variations and

antioxidant activity evaluation
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1. Introduction

Microalgae have great potential both to produce bioactive molecules and as a source for biofuel
(Baldisserotto et al 2016; Maglie et al. 2021; Ma et al. 2022). However, despite continuous
research in this field, the cost of microalgal biomass production sometimes is still too high
(Legrand et al. 2021; Pereira et al. 2021). The use of mixotrophic cultures is one of the solutions
proposed to address this problem (Baldisserotto et al. 2021; Patel et al. 2021; Pereira et al.
2021). Under mixotrophy condition some microalgae can use an organic carbon supplied in the
culture medium together with light. This cultivation strategy is considered a promising method
to achieve both higher biomass and high-value molecules production than autotrophic or
heterotrophic cultivations (Giovanardi et al. 2017; Pang et al. 2019; Penhaul Smith et al. 2020).
The most common sources of organic carbon added to culture media are glucose, fructose,
acetate and glycerol (Penhaul Smith et al. 2020; Patel et al. 2020; Baldisserotto et. al. 2021).
However, the benefits of this cultivation method could be limited by the high cost of carbon
sources, which can account for 50-80% of growth medium (Heredia-Arroyo et al. 2010). For
this reason, alternative sources of organic carbon, such as by-products of industrial processes,
can be used in the cultivation of microalgae (Giovanardi et al. 2013; Giovanardi et al. 2016;
Baldisserotto et al. 2021; Pereira et al. 2021). Although 7. /utea is traditionally considered to
be an autotrophic microalga, under alternative culture conditions it is able to exploit organic
carbon sources added to the culture medium (Alkhamis and Qin, 2016; Hu et al. 2018). Ina
recent study Hu and coworkers (2018) tested the growth of 7. /utea with different carbon
sources: glycerol, glucose and acetate. It was found that only glycerol can be used by this
microalga. The ability of 7. /utea to use glycerol, and not the other carbon sources, is related to
the fact that the metabolism of organic carbon in microalgae is species-dependent and depends
on the presence of specific transporters or permeases (Gupta et al. 2016; Pang et al. 2019;
Baldisserotto et al. 2019). Hu et al. (2018) therefore assumed that 7. lutea has specific
transporters for glycerol and not for the other carbon sources tested in their work. They also
found that glycerol can only be adequately utilised in the presence of light (mixotrophic
conditions) and not in complete heterotrophy. In fact, glycerol is assimilated in parallel with
CO: fixation. The latter occurs through the Calvin cycle and, thus, contributes to the biomass
production (Baldisserotto et al. 2021). This study was aimed at further investigating the ability
of T. lutea to grow mixotrophically using glycerol as a carbon source. Furthermore, a semi-

continuous culture strategy was applied in other to maximise the possibility of growth of this
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alga. In fact, in semi-continuous culture, biomass is intermittently harvested by supplementing
the fresh culture medium. With proper control of the feeding rates of the culture medium, high
biomass productivity can be achieved (Liu et al. 2019; Yin et al. 2020; Solis-Salinas et al. 2021).
Furthermore, unlike continuous techniques, semi-continuous cultivation does not necessarily
require excessive automation of the system, thus reducing process costs. As mixotrophic culture
is known to strongly influence cell metabolism (Baldisserotto et al. 2021), in addition to
studying growth, morpho-physiological changes and photosynthetic pigment and lipid
accumulation in 7. lutea, we compared the total antioxidant activity of methanolic and water
extracts obtained from the cultures under mixotrophy and autotrophy conditions. In fact, due
to the growing demand for natural antioxidants as an alternative to synthetic ones, microalgae
are increasingly being considered as a potential source of natural antioxidants by the food
industry as well as the cosmetics and nutraceutical industries (Conde et al. 2021). Compared to
synthetic antioxidants, natural antioxidants are more biocompatible and eco-friendly (Koyande
et al. 2019; Coulombier et al. 2021). In this study the antioxidant activity was evaluated by
ABTS-" and DPPH- radical scavenging assays. Indeed, these assays are among the most
commonly used tests because they are methodologically simple, inexpensive and the radicals
are stable. The ABTS assay evaluates the ability of the extracts to reduce the ABTS-" radical
previously produced by the oxidation of ABTS by potassium persulphate, while the DPPH test
assesses the ability of the extracts to reduce the DPPH" radical, which is itself stable (Liang and
Kitts 2014; Munteanu and Apetrei 2021). Although these two methods are also widely used in
the literature to evaluate the antioxidant activity of microalgal extracts in vitro, they could
present some critical points. Indeed, the results are very heterogeneous and depend on the
microalgae species studied, on the protocols used to obtain the extracts and also on the protocols
employed to perform the tests that may vary from one study to another (Conde et al. 2021;
Coulombier et al. 2021). A further difficulty in comparing results from different studies
concerns the way the results are expressed. For example, in the assays used in this study results
could be expressed in different ways: as a percentage of inhibition at a given concentration of
the substance tested, as Half Maximum Inhibitory Concentration (IC50), or in equivalent moles
of a substance with known antioxidant activity, such as Trolox or ascorbic acid using a
calibration curve. The latter is the method used in this study and the standard molecule
employed for the calibration curve was the a-tocopherol. The DPPH and ABTS tests are applied
to evaluate the total antioxidant capacity of the sample. Such measurement is therefore useful
for screening/measuring the antioxidant capacity of different samples but does not provide

specific information on the antioxidant activity of the different molecules present in the extracts
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tested (Lewoyehu and Amare 2019). T. lutea is indeed known as an important source of
biologically active compounds, which are excellent candidates for antioxidants and anti-
inflammatory agents due to their chemical properties (Bigagli et al. 2021). Among these
molecules, carotenoids play an important role, first and foremost fucoxanthin, which is
produced in large quantities by this microalga (Gao et al. 2020; Mohamadnia et al. 2020, 2021).
Tisochrysis lutea is also a source of phenolic compounds (Matos et al. 2019) that exhibit a wide
range of biological activities, including antioxidant effects (Jerez-Martel et al. 2017; Silva et al.
2021). Chlorophylls also have antioxidant activity, although generally less than that of
carotenoids. However, unlike studies on carotenoids, knowledge of their exact oxidation
mechanisms is limited (Pérez-Gélvez et al. 2020). Finally, this microalga is one of the main
sources of important fatty acids: for example, among the polyunsaturated fatty acids and
especially the omega-3, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
are known for their beneficial properties, including their antioxidant effects (Kotue et al. 2019;
Hu et al. 2019; Maglie et al. 2021; Lafuente et al. 2021). The demand for natural antioxidant
molecules is constantly increasing worldwide and this study may open new perspectives for the

use of 7. lutea as a source of such compounds.

2. Material and methods
Algal culture condition and growth

Tisochrysis lutea (Bendif et al. 2013; strain CCAP 927/14) was obtained from the Culture
Collection of Algae and Protozoa of Scottish Marine Institute (Scotland, UK; www.ccap.ac.uk).
Axenic cultures were grown and maintained in liquid /2 medium (Guillard and Ryther 1962;
Guillard 1975) in artificial seawater ESAW (Berges et al. 2001) in a growth chamber (25 £ 1
°C; 60 pumolphotons m 2 s ' photosynthetically active radiation (PAR); 16:8 h light-dark
photoperiod), without shaking, and no additional CO,. For the experiment, 7. [utea cells were
inoculated at a density of 2+ 0.1 x 10° cells mL ™! and grown in the conditions described above.
Based on preliminary experiments (data not shown), mixotrophic cultures were prepared by
adding glycerol to the cultures at a final concentration of 2.5 g L'!. Before addition to the
culture, the glycerol was sterilised by double filtration with Whatman syringe filters with a
porosity of 0.22 pm. Cells were cultivated in semi-continuous mode: every 7 days, both
autotrophic and mixotrophic cultures were brought back to the initial concentration of 2 x 10°
cells mL! adding fresh medium. Three cultivation cycles were carried out in this way, with a
total experiment duration of 21 days. Both autotrophic and mixotrophic cultures were

inoculated at least in triplicate and grown in 300-mL Erlenmeyer flasks with 150 mL of total
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culture volume. Growth was estimated by measuring the optical density at 750 nm and by
counting the cells with a Thoma’s chamber (HBG, Germany) sampling 1 mL of culture on days
0, 3, 5 and 7 of each cultivation cycle. To make the cell counting easier, 100 uL. of Lugol’s

iodine was added to 1 mL of culture to stop cell movements.
Glycerol concentration determination

According to Kuhn et al. (2015) with minor modification, 2 mL of 7. /utea mixotrophic cultures
were collected on days 0, 3, 5 and 7 of each cultivation cycle and centrifugated. The supernatant
(cell-free medium) was transferred into a new tube and stored at -20°C for glycerol
determination. Two reagents were needed for the assay. The periodate reagent consisted of 18
mg mL"! sodium periodate (VWR) dissolved in distilled water containing 10% (v/v) acetic acid
(VWR). After appropriate mixing, 77 mg mL" ! ammonium acetate (VWR) was added.
Acetylacetone reagent, consisted of 1% (v/v) acetylacetone (Carlo Erba Reagents Srl) in
isopropyl alcohol (VWR). This reagent had to be stored in the dark. The amount of sodium
periodate in periodate reagent was calculated for a calibration curve from 0.0 gL' t0 0.2 g L™!
glycerol. To ensure that the analysed glycerol concentrations were within this range, each
sample was diluted 1:25 with fresh culture medium prior to analysis. An aliquot of 120 pL of
sample (cell-free diluted medium) was pipetted into each tube. Then 120 pL of periodate
reagent were added and mixed using a vortex. After an incubation time of 10 min, 375 pL of
acetylacetone reagent were added and vortexed. The absorption at 410 nm was measured after
25 min of dark incubation at room temperature. The glycerol content in the samples was
calculated based on a glycerol calibration curve (Figure 1a). The absorbance measurement was

performed using a UV/Visible spectrophotometer (Pharmacia Biotech Ultrospec ®2000).
Light and fluorescence microscopy

Cell samples were observed under a Zeiss Axiophot photomicroscope equipped with
conventional or fluorescent attachments. The light source for chlorophyll fluorescence
examinations was an HBO 100 W pressure mercury vapour lamp (filter set, BP436/10 FT 460,
LP470). To highlight the intracellular lipid accumulation, cells were stained with Nile Red, NR
(9-diethylamina-5Hbenzo[a]phenoxazine-5-one; Sigma-Aldrich, Gallarate, Milano, Italy)
according to Giovanardi et al. (2013), with some modifications. Aliquots of 10 pL NR (0.5 mg
dissolved in 100 mL acetone) were added to 1.9 mL of a cell suspension with 0.5 x 10° cells.
After incubation at 37 °C in darkness for 15 min, cells were observed with 485 nm excitation

wavelength (filter set BP485, LP520). At the end of each cultivation cycle (7, 14, 21 days),
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pictures were taken with a VisiCAM PRO 20C digital camera equipped with a microscope
adapter. According to Hillebrand et al. (1999) images were employed to calculate the cell

volume using “Imagel)” software (https://imagej.nih.gov/ij/index.html).

Transmission electron microscopy

For transmission electron microscopy (TEM), cells were harvested by centrifugation at the end
of each cultivation cycle (7, 14, 21 days) and prepared as reported in Baldisserotto et al. (2020)
with minor modifications according to Maglie et al. (2021): the phosphate buffer was
substituted with 0.1 M sodium cacodylate buffer (pH 7.2) and 0.25 M sucrose. Ultra-thin
sections were observed with a Hitachi H800 electron microscope (Electron Microscopy Centre,

University of Ferrara).
Chlorophyll fluorescence measurements

On days 0, 3, 5 and 7 of each cultivation cycle, fluorescence measurements were performed on
cell pellets prepared as described by Ferroni et al. (2011). After 15 min of dark incubation,
initial fluorescence Fo and maximum fluorescence F); were used to calculate the maximum
quantum yield of PSII (Fy/Fu ratio). After testing a range between 5 and 40 min of dark
adaptation time, 15 min were found to be the optimal adaptation time. For analyses, a pulse
amplitude modulation fluorometer (PAM; Junior-PAM, Walz, Germany) was used with the
following setting: measuring light (ML) with intensity and frequency at level 1; 0.6 s saturation

pulse at level 6.
Photosynthetic pigment extraction and quantification

Both autotrophic and mixotrophic cultures were collected by centrifugation at the end of each
cultivation cycle (7, 14, 21 days) to evaluate the photosynthetic pigments content. Cells were
treated with 100% methanol for 10 min at 80 °C (Baldisserotto et al. 2012). Absorption of
extracts was measured at 665 nm for chlorophyll a (Chl a), 632 nm for chlorophyll ¢ (Chl ¢)
and 470 nm for carotenoids (Cars) (Wellburn 1994; Ritchie 2006). Extracts were manipulated
under dim light to avoid photo-degradation. Chlorophyll a and ¢ concentration was evaluated
using the equations of Ritchie (2006). Otherwise, the equations of Wellburn (1994) were

employed to determine the carotenoid concentration.
Fatty acid determination by gas chromatography

Lipid analysis was performed thanks to the kind collaboration of Prof. A Maietti at the

Department of Chemical and Pharmaceutical Sciences of the University of Ferrara. At the end
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of each cultivation cycle (7, 14, 21 days), both autotrophic and mixotrophic cultures were
collected by centrifugation at 5300xg for 15 min. The resulting pellet was frozen and
subsequently used for lipid extraction and fatty acid characterisation. To remove residual water,
the samples were thawed and centrifuged at 5300xg for 10 min before analysis. The pellet of
each sample was resuspended by adding 5 mL chloroform:methanol solution (2:1) and
sonicated with an ULTRAsonik NEY 28X Sonicator for 20 min. A centrifugation was
performed at 5300%g for 10 min and the supernatant transferred to a 50 mL glass flask. These
procedures were repeated twice to optimise lipid extraction. The solvent was evaporated using
a Buchi RotavaporR-3 Laboxact and samples were recovered by adding 2 mL of hexane and
transferred to a glass tube. The samples were then transesterified by adding 1 mL of standard
methanolic sodium hydroxide solution and shaking the tube vigorously. Once the two phases
were separated, the supernatant was removed and injected into a GC Variant 3900 SATURN
2100T gas chromatograph. Gas chromatography was performed using a 60 m wax column;
helium (He) was used as a carrier gas to pass the sample across the column. Each

chromatographic run lasted 12 hours.
Antioxidant activity assay

Both autotrophic and mixotrophic cultures were collected by centrifugation at the end of each
cultivation cycle (7, 14, 21 days) to evaluate the antioxidant activity. For this purpose, the
DPPH and ABTS tests were used. Two types of extracts, obtained from a cell suspension with
a density of 10x10° cell mL™!, were tested. A methanolic extract (ME) was prepared according
to Baldisserotto et al. (2012) as described above for the quantification of photosynthetic
pigments. In order to obtain an aqueous extract (AE), the blanched pellet obtained by the
previous extraction was subjected to a second extraction in distilled water at 80° C for 15 min
to extract the hydrophilic substances. All the analysis were performed under dim light to avoid

photo-degradation of extracts and reagents.
DPPH assay

The test was performed according to Brand-Williams et al. (1995) with numerous adaptations
due to the use of different instruments. A stock solution of 1,1-diphenyl-2-picrylhydrazyl
(DPPH; Sigma-Aldrich, Gallarate, Milano, Italy) in 100% methanol at the concentration of 0.6
mM was prepared. Before use, DPPH ° solution was diluted with 100% methanol to an
absorbance of 0.390 (+0.01) at 517 nm, corresponding at a concentration of 0.03 mM (£0.001).

This was the final concentration at which the extracts were tested based on the preliminary
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experiments. Aliquots of the extract were added to 1 mL of DPPH " diluted solution and mixed
with the vortex and allowed to react for 30 min at room temperature in the dark. After 30 min

the absorbance at 517 nm was read and the scavenging activities (%) calculated as:
% Inhibition = (1-4bs net)/Abs blanc

Where:
- Abs net is the absorbance of 500 puL of sample added to 1mL of DPPH " diluted solution,
from which is subtracted the absorbance of 500 pl of sample added to 1 ml of methanol.
- Abs blanc is the absorbance of 1 mL of DPPH " diluted solution.
The antioxidant activity of the extracts was expressed as uM of a-tocopherol equivalents (a-TE
uM) based on a calibration curve (Figure 1b) by measuring the DPPH" scavenging activities
(%) of 0, 3, 6, 9, 12 uM of a-tocopherol in methanol. The absorbance measurement was

performed using a UV/Visible spectrophotometer (Pharmacia Biotech Ultrospec ®2000).
ABTS assay

According to Re et al. (1999) with minor modifications, 2,2'-azino-bis-3-ethylbenzthiazoline-
6-sulphonic acid (ABTS; Sigma-Aldrich, Gallarate, Milano, Italy) was dissolved in distilled
water at a concentration of 7 mM. The ABTS radical cation (ABTS ") was generated by adding
potassium persulphate (final concentration, 2.45 mM) to the aqueous ABTS solution. The
mixture reacted in the dark at room temperature for 12-16 hours. Before use, ABTS™" solution
was diluted with 100% methanol to an absorbance of 0.70 (+0.02) at 734 nm. Aliquots of 500
uL of extract were added at ImL of ABTS™" diluted solution. After 5 min the absorbance at 734

nm was read and the scavenging activities (%) calculated as:
% Inhibition = (1- Abs sample)/Abs blanc

Where:
- Abs sample is the absorbance of 500 uL of sample added at 1mL of ABTS™" diluted
solution.
- Abs blanc is the absorbance of 500 uL of MeOH added at 1mL of ABTS™" diluted
solution.
The antioxidant activity of the extracts was expressed as uM of a-tocopherol equivalents (a-TE
uM) based on a calibration curve (Figure 1¢) by measuring the ABTS™" scavenging activities
(%) of 0, 3, 6,9, 12, 15 uM of a-tocopherol in methanol. The absorbance measurement was

performed using a UV/Visible spectrophotometer (Pharmacia Biotech Ultrospec ®2000).
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Statistical analysis

Data were processed and analysed using Microsoft® Excel® (version 2111). When necessary,
statistical tests such as Student t-test, one-, two-way ANOVA were performed using Origin®
2021 analysis software, followed by Tukey post-hoc test (p <0.05). All the experiments were

conducted at least in triplicate.
3. Results
Growth kinetics

Figure 2 shows the growth kinetics of 7. lutea under autotrophic and mixotrophic conditions
employing semi-continuous strategy. During all three cycles of semi-continuous cultivation,
mixotrophic cultures resulted always more concentrated than the autotrophic ones (p < 0.05;
two-way ANOVA followed by post-hot Tukey test). Moreover, the mixotrophic cultures
showed variations in growth trend from one cultivation cycle to the next. In particular, the
cultures reached maximum cell density in a shorter time in each cycle. For example, the cell
density in the first cultivation cycle, 3 days after inoculation, was 3.42 x 10° cells mL"!. After
3 days from the beginning of the second cycle (10 experimental days), the cell density was
significantly higher (4.35 x 10° cells mL™) (p < 0.05; two-way ANOVA followed by post-hot
Tukey test). An even faster increase was observed on the 3™ day of the last cultivation cycle
(17 experimental days), when a value of 5.65 x 10° cells mL™! was observed. This value was not
significantly different (p > 0.05; two-way ANOVA followed by Tukey test) from the maximum
cell density values observed at the end of the first and second cultivation cycles (7 and 14
experimental days) (6.02 and 6.28 x 10° cells mL"!, respectively). On the contrary, the growth
trend of the autotrophic culture was the same during the three cultivation cycles (0-7; 7-14 and
14-21 days of cultivation) without significant differences (p > 0.05; Two-way ANOVA
followed by post-hoc Tukey test). In each cycle, the average cell density increased from 2 x 10°
cells mL™! on the day of inoculation or culture dilution to about 3x10° cell mL™! after three days
of cultivation. Between the 3™ and the 5" day of cultivation of each cycle, growth slowed, but
cultures did not enter a stationary phase. In fact, after the 5 day in each cycle, cell density
continued to grow until the end of each cycle (7, 14, 21 days). Only at 21 days of cultivation
the autotrophic cultures showed a significant lower cell density than that at the end times of the

previous two cultivation cycles (7 and 14 days) (p <0.05; Two-way ANOVA followed by post-
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hoc Tukey test). On the other hand, the average cell density of the autotrophic culture was

significantly different from that of the mixotrophic culture (t-test, p < 0.05).
Glycerol consumption in mixotrophic culture

Figure 3 shows the concentration of glycerol in the culture medium and the growth of the cells
grown under mixotrophic conditions over the course of the experimental days. With increasing
cell density, the concentration of glycerol in the culture medium decreased. During the first
culture cycle (0-7 days), cells consumption of glycerol was gradual. The glycerol concentration
decreased significantly from 2.54 + 0.18 g L' (0 day) to 1.35 + 0.34 g L' (7 days) (p < 0.05;
Two-way ANOVA followed by post-hoc Tukey test). Between day 0 and day 3, glycerol
concentration decreased (2.06 + 0.31 g L' at day 3), but the difference was not significant (p >
0.05; Two-way ANOVA followed by post-hoc Tukey test). In contrast, a more rapid decrease
in glycerol concentration was observed during the second semi-continuous culture cycle (7-14
days). In only three days (from day 7 to day 10), the glycerol concentration decreased from 2.53
+0.18gL"'t01.17+0.09 gL' (p <0.05; Two-way ANOVA followed by post-hoc Tukey test).
The glycerol content in the culture medium then decreased further to 0.66 + 0.03 g L™ on day
14, the last day of the second cultivation cycle. During the third and last cycle of semi-
continuous cultivation (14-21 days), the glycerol consumption of the cells was faster than in the
first cycle, but less rapid than in the second. During the first three days (from day 14 to day 17),
the glycerol concentration decreased significantly (from 2.58 £0.13 g L™ to 1.44 £ 0.26 g L)
(p <0.05; Two-way ANOVA followed by post-hoc Tukey test). However, the further decreases
in glycerol concentration observed in the period from 17 to 21 days were not statistically
significant as instead was observed in the second cycle during the same time interval (p > 0.05;

Two-way ANOVA followed by post-hoc Tukey test).
Cell morphology

Light microscopy observations were performed in both conventional light and fluorescence on
T. lutea cultures grown under autotrophic and mixotrophic conditions. Figure 4 shows cells in
conventional light and the epifluorescence of Nile Red stained cells. Observations under
conventional light showed differences between cells in autotrophy and those in mixotrophy.
However, both autotrophic and mixotrophic cells showed unchanged morphology during the
different cycles of semi-continuous cultivation (0-7; 7-14 and 14-21 days), except for cellular
volume. In all phases of the experiment, the autotrophic cells were characterised by a yellow-

brown or yellow-golden colour (Fig. 4a, e, 1). They showed the typical elongated or ovoid shape,
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the flagella were clearly visible (Fig. 4a, 1), and the cells were well motile. However, during the
different cultivation cycles, there was a progressive and significant decrease in cell volume (p
< 0.05; two-way ANOVA followed by post-hoc Tukey test). At the end of the first cultivation
cycle (7 days), the average volume was about 120 pm?; after 14 days it had decreased to about
85 um? and at the end of the experiment (21 days) the average volume was 65 um>. On the other
hand, the cells grown in mixotrophy had lost their typical elongated form and showed a
spherical shape. However, the flagella and motility were well preserved throughout the
experimental phases (Fig. 4c, g, m). On average, the cells in the mixotrophic conditions were
larger than those autotrophic. At the end of the first cultivation cycle (0-7 days), the average
cell volume was about 130 um?, which was very similar to that of the autotrophic cells during
the same period of cultivation (p > 0.05; two-way ANOVA followed by post-hoc Tukey test).
However, during the second cultivation phase (7-14 days), the average cell volume increased
dramatically to 305 um?® and then decreased at the end of the third cultivation cycle (21 days),
when average values of 117 pm?® were observed. These values were significantly higher than
those observed in autotrophic cultures at the same cultivation phases (p < 0.05; two-way
ANOVA followed by post-hoc Tukey test). Another difference between autotrophy and
mixotrophy was observed in the number and size of lipid globules within the cells. In
conventional light, the lipid globules appeared as translucent droplets within the cells. Staining
with Nile red and subsequent fluorescence observation revealed and confirmed the lipid nature
of the droplets. In general, a large number of lipid globules were observed in mixotrophic cells
during all cultivation cycle (5 or even 6 globules per cell) (Fig. 4d, h, n). In contrast, autotrophic
cells had a smaller number of lipid globules (2 or 3 per cell) and these were generally smaller

than those in mixotrophic cells (Fig. 4b, f, 1).
Subcellular TEM observation

The subcellular features were observed by transmission electron microscopy (Fig. 5). Both
autotrophic and mixotrophic cultured cell presented the typical organic scales on the outer
surface (Fig. 5c, d). The organisation of the autotrophic cells showed no particular changes
during the three cultivation cycles (Fig. 5a, c, e). The plastid arranged along the cell walls with
its typical cup shape and the pyrenoid immersed in its interior, crossed by some thylakoid
membranes, was clearly visible (Fig. 5a, ¢). The thylakoid membranes appeared unaltered (Fig.
5a). However, in the first two cycles of cultivation (0-7 and 7-14 days), there were few cells
with lipid globules. In contrast, in the cell samples at the end of the third cycle of cultivation in

autotrophy (21 days), the cells with lipid globules were more abundant than those at the
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previously cultivation phases (Fig. 5e). Already during the first cultivation cycle (0-7 days), the
thylakoid membranes resulted more appressed in the mixotrophic cells than those in the
autotrophic cells (Fig. 5b). Furthermore, the general structures of the cells and of the plastid
showed altered morphologies in the subsequent culture phases (Fig. 5d, f). However, the
mitochondria were clearly visible, indicating intense metabolic activity (Fig. 5d, f). In contrast
to what was observed during autotrophic cultivation, lipid globules were clearly visible from
the second cultivation cycle (7-14) onwards, in numbers of 2 or 3 per cell. The lipid globules

were dark in colour, large and occupied a large space within the cell (Fig. 5d, f).
PSII maximum quantum yield measurement

Figure 6 shows the effects of autotrophic and mixotrophic culture on the Fy/Fi values allowing
an estimation of photosynthetic efficiency. Under autotrophic conditions, 7. lutea showed
constant Fy /F) values throughout the experiment. The values varied between 0.65 and 0.63
and always remained above the threshold value of 0.6. The only significant decrease in
photosynthetic efficiency was observed at the end of the experiment (21 days), when the Fv /Fu
value dropped to 0.57 (p < 0.5; Two-way ANOVA followed by post-hoc Tukey test). In
contrast, the mixotrophic cultures showed a discontinuous trend in Fy /F) values, but always
similar both in each of the three cultivation cycles (0-7, 7-14 and 14-21 days). Indeed, in each
of the three cultivation cycles, F'y /F values increased in the first three days (3, 10 and 17 days)
and reached their maximum value (between 0.69 and 0.68). Thereafter, the values started to
decrease, remained above the threshold of 0.6 until the fifth day of each cycle (5, 12, 19 days)
and finally dropped to values between 0.54 and 0.52 on the last days of each cycle (7, 14 and
21).

Photosynthetic pigments content

At the end of each cultivation cycle (7, 14, 21 days), the concentrations of chlorophyll a, ¢ and
total carotenoids were measured in the methanolic extracts of both autotrophic and mixotrophic
cells. In both cultures, the concentration of Chl a did not vary significantly over time (p > 0.05;
Two-way ANOVA followed by post-hoc Tukey test). However, autotrophically grown cells
showed a significantly higher Chl a concentration after 14 and 21 days compared to mixotrophic
cells (about 50% higher in both cases) (Fig. 7a) (p <0.05; Two-way ANOVA followed by post-
hoc Tukey test). The same trend was observed for Chl ¢ concentrations, which were 42.11%
and 53.33% higher in the autotrophic cultures than in the mixotrophic cultures on days 14 and

21, respectively (Fig. 7b). Finally, there was no significant difference in the concentration of
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carotenoids, which remained stable over time and showed similar concentrations in autotrophic
and mixotrophic cultures (p > 0.05; Two-way ANOVA followed by post-hoc Tukey test) (Fig.
7¢).

Fatty acid determination by gas chromatography

The fatty acids extraction and analysis by gas chromatography were performed on cells
collected at the end of each cultivation cycle (7, 14, 21 days). Figure 8 shows the relative
proportions of saturated, mono- and polyunsaturated fatty acids in autotrophic and mixotrophic
cells at 7, 14 and 21 days of cultivation. In autotrophy, the proportion of saturated fatty acids
tended to decrease over time. After 7 days, saturated fatty acids accounted for 61% of the total,
after 14 days 53% and after 21 days 48%, with a significative variation between 7 and 21 days
(p <0.05; two-way ANOVA followed by post-hoc Tukey test). An opposite trend was observed
for polyunsaturated fatty acids, which increased from 17% after 7 days to 26% after 21 days,
with a significative variation between 7 and 21 days (p < 0.05; two-way ANOVA followed by
post-hoc Tukey test). There were no major changes in the monounsaturated fatty acids (p >
0.05; two-way ANOVA followed by post-hoc Tukey test). In the mixotrophic cultures,
saturated fatty acids ranged from 46% at day 7 to 40% at day 21, a significative decrease
compared to the autotrophic cultures (p < 0.05; two-way ANOVA followed by post-hoc Tukey
test- except between 21 days autotrophic results and 7 days mixotrophic results), but almost
constant over time (p > 0.05; two-way ANOVA followed by post-hoc Tukey test).
Polyunsaturated fatty acids also remained constant between the first and last cultivation cycle,
amounting to about 25% of the total fatty acids (p > 0.05; two-way ANOVA followed by post-
hoc Tukey test). For the monounsaturated fatty acids, a very slight increase from 29 to 35%
was observed in the period from 7 to 21 days. These differences not resulted statistically
significant (p > 0.05; one-way ANOVA followed by post-hoc Tukey test) but at 14 and 21 days
the monounsaturated fatty acids in mixotrophic cultures were significatively higher than those
in autotrophic cultures (p < 0.05; one-way ANOVA followed by post-hoc Tukey test). These
differences were accompanied by variations in the lipid profile of the mixotrophic and
autotrophic cultures. Indeed, the proportions of specific fatty acids changed between control
and treated samples. Table 2 reported the fatty acid profile characterized by GC-MS. In the
autotrophic cultures, the most abundant fatty acid was palmitic acid (16:0), followed by
tridecylic acid (13:0) and elaidic acid (18:1n9). High levels of 16:0 were also observed in the
mixotrophic cultures, but the most abundant fatty acid was 18:1n9. Elaidic acid also increased

slightly over time (24%, 27% and 29% after 7, 14 and 21 days, respectively) and its percentage
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content was higher than that observed in the autotrophic samples. In terms of ®-3 fatty acid
content, in mixotrophic cultures eicosapentaenoic acid (EPA; 20:5n3) accounted for 12.86%
after 7 days, compared to 8.61% in the autotrophic cultures. After 14 and 21 days, however, the
values of EPA were almost the same in autotrophic and mixotrophic cultures. Finally, the
important ®-3 docosahexaenoic acid (DHA; 22:6n3), after 7 days, was more abundant in the
mixotrophic cultures than in the autotrophic ones (5% and 1.84% respectively). But as already
observed at EPA, the mixotrophic cultures have approximately the same percentage content

after 14 and 21 days.
Antioxidant activity evaluation

Through DPPH and ABTS assays, the antioxidant activity of methanolic and aqueous extracts
of both autotrophic and mixotrophic cultures was evaluated at the end of each cultivation cycle
(7, 14, 21 days). Using the DPPH assay, the antioxidant activity of the methanolic extracts from
the autotrophic cultures (MEa) showed greater antioxidant activity than that of the mixotrophic
cultures (MEm) after 7 and 21 days (p < 0.05; two-way ANOVA followed by post-hoc Tukey
test) (Fig. 9a). MEa was 26.3% more effective than MEm after 7 days and 125% more effective
after 21 days. There was no significant difference between the efficiency of the two extracts at
14 days (p > 0.05; two-way ANOVA followed by post-hoc Tukey test). When comparing the
efficiency of the extracts in terms of uM of a-tocopherol equivalent (a-TE; uM), the antioxidant
activity declined over time both for MEa and Mem (p < 0.05; two-way ANOVA followed by
post-hoc Tukey test). In fact, MEa showed an antioxidant activity of 5.37 a- TE uM after seven
days, and 2.79 a- TE uM after 21 days. The same trend was observed for MEm: 4.25 and 1.24
a- TE uM after 7 and 21 days respectively. The results of the ABTS assay are shown in Figure
9b. The assay confirmed a higher antioxidant activity of MEa compared to MEm after 7 and 21
days (36.6% and 20.64% higher, respectively) (p < 0.05 two-way ANOVA followed by post-
hoc Tukey test). Again, no significant difference was observed between the efficiency of the
two extracts at 14 days (p > 0.05; two-way ANOVA followed by post-hoc Tukey test). When
the efficacy of the extracts is assessed in terms of a-TE uM, MEa showed approximately the
same efficacy at both 7 and 21 days (13.29 and 12.85 a-TE puM, respectively; p < 0.05; two-
way ANOV A followed by post-hoc Tukey test). The lowest efficacy was observed after 14 days
(7.42 o-TE uM). MEm, on the other hand, showed no significant difference between 7 and 14
days (9.72 and 8.78 o-TE puM, respectively; p < 0.05; two-way ANOVA followed by post-hoc
Tukey test). After 21 days, the highest efficacy was observed at 10.75, slightly but significantly
higher than after 7 and 14 days (p < 0.05; two-way ANOVA followed by post-hoc Tukey test).
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The evaluation of the antioxidant activity of the aqueous extracts (AE) has not yielded results
in some cases (Figure 10). The extracts obtained at the end of the first cultivation cycle (7 days)
showed inconsistent results between the DPPH assay and the ABTS assay. Indeed, AEm
showed much higher antioxidant activity than AEa (218.9% higher) in the DPPH assay.
However, the ABTS assay showed no difference between the effects of the two extracts.
Moreover, the activity of AEm was not detectable in the DPPH assay at 14 and 21 days. Other
controversial results were observed in the ABTS assay between 14 and 21 days. After 14 days,
both AEa and AEm showed antioxidant activity (2.82 and 3.14 o-TE uM, respectively).
However, after 21 days, only the antioxidant activity of AEm was detectable, while AEa activity

was not detectable.
4. Discussion

In this study, Tisochrysis lutea has been cultivated under autotrophic and mixotrophic
conditions. In the mixotrophic culture, glycerol was added at a concentration of 2.5 g L™\, Cells
were grown using a semi-continuous cultivation strategy: every 7 days part of the biomass was
collected and both autotrophic and mixotrophic cultures were diluted with fresh medium until
the initial concentration of 2 x 10° cells mL™! was returned. The whole experiment lasted 21
days for a total of three 3 cultivation cycles. During all the phases of the experiment, the growth
of T. lutea was stimulated in mixotrophy compared to that of controls in autotrophy. This result
was consistent with studies conducted by Hu and colleagues (2018) that tested the growth of 7.
lutea in mixotrophy using glycerol, glucose and acetate as carbon sources at a concentration of
5 g L'!. Furthermore, that 7. lutea preferred glycerol as carbon source. In fact, the consumption
of specific carbon sources such as glucose, glycerol, and acetate under mixotrophic condition
is species-specific and is influenced by the presence of specific transporters or permeases
(Gupta et al. 2016; Baldisserotto et al. 2021). In the experiments conducted by Hu et al. (2018),
the mixotrophic cultures required an 8-day adaptation period, during which there were no
differences compared to growth in autotrophy. However, after day 8, the biomass in mixotrophy
was higher than that in autotrophy. In our experiment, the cultures showed did not show any
adaptation phase. Indeed, already on the 3™ day of the first culture cycle, a higher cell density
was observed in the mixotrophic cultures than in the autotrophic ones. Nevertheless, in our
experiment, it can be assumed that the utilisation of the carbon source by 7. lutea cells improved
over time. Indeed, with each subsequent cultivation cycle, the mixotrophic cultures reached the
maximum cell density in a shorter time. For example, on the 3™ day of the last cultivation cycle,

the cultures reached a cell density comparable to that observed at the end of the first cultivation
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cycle (7 days). Analyses of the glycerol content in the exhausted culture medium confirmed
this hypothesis. Indeed, the glycerol content decreased more and more rapidly over time in the
cultivation cycles following the first one. Moreover, the faster decrease in glycerol
corresponded to a higher cell density of the cell cultures. These results are consistent with the
observations of Hu et al. (2018), who found that the trend of decrease in glycerol corresponded
to the increase in biomass in the mixotrophic cultures. Thus, the cultivation protocol used in the
present work leads to achieve a higher cell density in a shorter time with each cultivation cycle,
which seems to be related to the increasingly better adaptation of the cells to the use of the
carbon source in the medium after each cultivation cycle. Regarding the effects of mixotrophic
cultivation on photosynthetic pigments, the presence of glycerol in the culture medium
negatively affected the chlorophyll a and ¢ content in the cells, while no changes were observed
in the content of carotenoids, which were present in similar concentrations in autotrophic and
mixotrophic cultures. This result contrasted with those of Alkhamis and Qin (2016), where both
chlorophylls and carotenoid concentrations have increased of about 60% when 7. lutea was
grown mixotrophically by supplementing the culture medium with glycerol (final concentration
50 mM). The analysis of the PSII maximum quantum yield by PAM fluorimetry allows an
estimate of the photosynthetic efficiency and can be used as a rapid parameter to evidence the
physiological stress in microalgae. F')/F i values above 0.6 indicate that the cells are in a good
state, while values below 0.6 confirm that the cells are in a condition that does not allow
photosynthetic processes to take place efficiently (Cosgrove and Borowitzka 2010; Bhola et al.
2016; Patil et al. 2020). F/Fu values in the autotrophic cultures remained more or less constant
and above 0.6 throughout the experiment and did not appear to change in response to changes
in cultures growth. This was consistent with observations made with TEM. In fact, the
chloroplast and thylakoid membranes of the autotrophic cells appeared in good conditions
throughout the experiment. In contrast, in mixotrophic cells observed at the end of each
cultivation cycle (7, 14 and 21 days), alterations were evident in the chloroplast, which appeared
flattened and with more appressed thylakoid membranes. Consistently, at 7, 14 and 21 days,
the Fv/Fy values (0.53 = 0.01) were below 0.6. However, the F/Fy values of the mixotrophic
cultures were not as constant as those observed in autotrophy. On the contrary, the changes in
Fy/Fy values appeared to be correlated with the changes in culture cell density and glycerol
consumption. Indeed, in each of the three cultivation cycles, an increase in F/Fi values was
observed during the exponential phase of mixotrophic growth. In the exponential growth phase,
mixotrophic cultures had a significantly higher photosynthetic efficiency than autotrophic ones.

Then, Fy/Fy values gradually decreased until they were below 0.6 at the end of each cultivation
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cycle. Interestingly, higher Fv/Fm values during the exponential phase of growth in
mixotrophic cultures was previously observed in other microalgae. For example, Thalassiosira
pseudonana grown in the presence of pure or crude glycerol showed an increase
in Fy/Fy values during the exponential growth phase (Baldisserotto et al. 2021). The same
phenomenon was also observed in the green alga N. oleoabundans grown in a mixotrophic
medium: in that case, it was found that the decrease in chloro-respiration induced by
mixotrophy and better use of light for photosynthesis led to an increase in Fy/Fi values
(Baldisserotto et al. 2014; Baldisserotto et. al. 2016; Giovanardi et al. 2017; Ferroni et al. 2018).
As observed in other microalgae in mixotrophic culture such as 7. pseudonana (Baldisserotto
et al. 2021) and P. tricornutum (Villanova et al. 2017), the accumulation of lipid globules also
occurred in 7. lutea at the same time as the photosynthetic efficiency was reduced. This was
highlighted both from the microscope fluorescence observations after Nile Red staining and
from the observations at TEM. Analysing the fatty acid profile of 7. lutea, variations in the
proportions of specific fatty acids between autotrophic and mixotrophic cultures were observed.
In general, the mixotrophic cultures had a higher content of monounsaturated fatty acids than
the autotrophic ones, while the saturated fatty acids were present in lower proportions. The
content of polyunsaturated fatty acids, on the other hand, was almost unchanged. However,
there were no significant changes in the proportions of the different fatty acid components in
the mixotrophic cultures when compared after 7, 14 and 21 days. These results were in
contradiction with the findings of Hu et al. (2018) in 7. lutea, because in that study not only no
differences in the content of polyunsaturated fatty acids between autotrophic and mixotrophic
cultures were present, but also no differences in the proportions of saturated and
monounsaturated fatty acids. In addition, the results of the present study differed from those
reported for 7. lutea from Alkhamis and Qin (2016), where a greater accumulation of saturated
and polyunsaturated fatty acids was observed during mixotrophic cultivation, while autotrophic
cultures had greater amounts of monounsaturated fatty acids. However, many Authors reported
that mixotrophy can lead to changes in the fatty acid composition of microalgae (Alkhamis and
Qin, 2016; Baldisserotto et al. 2016; Baldisserotto et al. 2021; Patel et al. 2021). These changes
are generally very variable and depend on the microalgal species, on the carbon source used
and on the other variables in the cultivation conditions, such as light and nutrients availability
(Patelet et al. 2021). When the proportions of specific fatty acids were compared, it was found
that two saturated fatty acids (16:0 and 13:0) were actually most strongly represented in
autotrophy, while the monounsaturated 18:1n9 fatty acid was among the most present in

mixotrophic cultures. Although there were no differences in total polyunsaturated fatty acid
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content between cells in mixotrophy and those in autotrophy, interestingly, at the end of the
first cultivation cycle (7 days), the levels of two important omega-3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), were much higher in
mixotrophy than in autotrophy. EPA and DHA are two important fatty acids for the entire
marine trophic chain and play a role in human physiology (Ramesh Kumar et al. 2019; Zhang
et al. 2019). Since microalgae are the main producers of these molecules, the study of new
methods to increase their productivity in these microorganisms is interesting for an economic,
healthy and environmental perspective (Peltomaa et al. 2018; Maglie et al. 2021). In addition
to playing an essential role in nutrition, omega-3 fatty acids are molecules with antioxidant
properties (Conde et al. 2021). In this study, besides to comparing the morpho-physiological
aspects and the content of photosynthetic pigments and fatty acids in 7 lutea under mixotrophic
and autotrophic conditions, tests to evaluate the antioxidant activity of methanolic and aqueous
extracts of microalgal biomass under the two different growth conditions were also performed.
The antioxidant activity was evaluated in vitro using the DPPH and the ABTS assays, two
common and fast colorimetric assays performed through spectrophotometry. Although the two
tests may have different sensitivities to the antioxidant molecules tested, both are based on the
assessment of the scavenging activity of antioxidant molecules, such as pigments, phenols and
fatty acids (Floegel et al. 2011; Conde et al. 2021). Therefore, they were used in parallel in this
study to obtain a dual analysis of the extracts tested and to better understand their effects. To
date, this is the first time that the antioxidant activity of T [utea extracts has been evaluated by
comparing the effects of autotrophy and mixotrophy using a semi-continuous cultivation
protocol. In the case of the water extracts, the results obtained are not easy to be interpreted due
to the high variability of the data obtained. The lack of antioxidant activity of some extracts at
certain experimental times not only makes it impossible to assess how the different cultivation
cycles may affect the antioxidant activity, but in some cases does not even allow a comparison
between the two cultivation methods. On the other hand, with methanolic extracts, both tests
gave comparable results. Although the ABTS test was more sensitive and showed higher a-TE
values than the DPPH test for all methanolic extracts tested, one test confirmed the data of the
other. Thus, greater antioxidant activity was observed in the extracts from autotrophic cultures.
This was clearly visible in the extracts after 7 and 21 days in both tests. After 14 days, the
extracts showed the same antioxidant activity. We believe that, in this study, the molecules with
antioxidant activity are the photosynthetic pigments and the fatty acids. Among the former,
carotenoids are the molecules with the highest antioxidant power, while among the latter,

polyunsaturated fatty acids have the highest antioxidant activity (Coulombier et al. 2021; Conde
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et al. 2021). However, the similar concentrations of carotenoids and polyunsaturated fatty acids
found between autotrophic and mixotrophic cultures do not provide an explanation for the
increased antioxidant activity found in microalgal extracts at days 7 and 21. However,
interestingly both autotrophic and mixotrophic extracts produced by 7. lutea showed
antioxidant activity. The antioxidant activity in microalgae is well known and represents an
opportunity from an economic and a biotechnological point of view. Indeed, there is an ongoing
search for new molecules with antioxidant activity that can be employed in the food industry
(e.g., as preservatives) and in the cosmetic/pharmaceutical sector to prevent damage caused by
oxidative stress and, at the same time, the development of various diseases (Nethravathy et al.
2019; Conde et al. 2021). Moreover, antioxidants of microalgal origin have shown higher
bioavailability compared to synthetic antioxidants (Koyande et al. 2019). Overall, in this study,
it was shown that the ability of 7. lutea to grow under mixotrophic conditions with glycerol as
an organic carbon source resulted in higher growth compared to autotrophic cultures.
Furthermore, it was shown that growth under mixotrophic conditions can be further increased
by using a semi-continuous cultivation protocol, allowing the mixotrophic cultures to reach
their maximum density in a shorter time after each cultivation cycle. Furthermore, the
antioxidant activity of extracts, both from autotrophic and mixotrophic cultures, showed that 7.
lutea can be a good source of high-value molecules. However, in this context, it was shown that
there were no differences between the content of high value compounds, such as carotenoids
and polyunsaturated fatty acids, when autotrophic and mixotrophic cultures were compared.
Nevertheless, the cultivation protocol described in this work could be used in the future in order
to achieve a higher algal biomass through mixotrophic cultivation and, at the same time, to
increase the content of high-value molecules by changing parameters, such as salinity and light

quality once the maximum cell density has been reached.
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Figure 2 Growth kinetics of 7. /ufea under autotrophic (grey) mixotrophic (black) conditions. Values are means + SD.
Different letters indicate statistically significant differences (p < 0.05. three-way ANOVA). Armrows indicate the 3
cultivation cycles. At the end of each cycle. the cultures were diluted with fresh culture medium to the initial
concentration of 2x10° cell mL-!.
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Figure 3 Dotted line indicate the growth kinetics of 7. /ufea under mixotrophic conditions. Bars indicate the
concentration of glycerol concentrations (g/L) in the exhausted culture medium during the three cultivation cycles: 1%
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autotrophic mixotrophic

Figure 4 Microscope observations of 7. lutea cells under autotrophic (a, b, e, f, i, 1) and mixotrophic (c, d, g, h, m, n)

conditions at the end of each cultivation cycle: 1" cycle, 7 days (a-d); 2" cycle 14 days (e-h); 3" cycle, 21 days (i-n).
Conventional light (a, e, i, ¢, g, m) and epifluorescence of Nile Red stained cells (b, f, 1, d,, h, n). Arrows show lipid globules
in some cells. Scale bars =5 um

164



autotrophic mixotrophic

5 q

1%t cycle

20 cycle

31 cycle

Figure 5 Transmission electron micrographs of 7. [utea cells under autotrophic (a, c, ¢) mixotrophic (b, d, f) conditions

at the end of each cultivation cycle: i cycle, 7 days (a, b); P cycle 14 days (c, d); 3" cycle, 21 days (e, f). C chloroplast;
P pyrenoid; L lipid globules; M mitochondrion. Bars: a = 0.5 um; b-c-e = 1 pm; d-f=2 um
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Figure 8 Relative proportions of fatty acids fractions (percentage of total fatty acids, %) in T. lutea cells under
autotrophic and mixotrophic conditions, at the end of each cultivation cycle (7, 14, 21 days)

Table 1 Fatty acid profile (percentage of total fatty acids) in T lutea cell grown under autotrophic and mixotrophic
conditions, at the end of each cultivation cycle (7, 14, 21 days). Values are means + SD

7 days 14 days 21 days

autotrophy mixotrophy autotrophy mixotrophy autotrophy mixotrophy

Fatty acid Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
C13:0 19.66 9.42 18.94 0.29 15.03 1.07 15.59 1.75 16.34 2.48 13.29 0.78
C15:0 1.54 0.67 0.80 0.04 0.99 1.41 0.79 0.27 0.96 0.33 0.49 0.03
C16:0 21.48 0.34 18.81 0.81 20.62 1.24 19.24 1.20 18.31 1.67 19.65 0.22
C16:1n7 5.53 0.80 5.08 0.16 6.47 0.61 5.87 0.25 5.98 0.79 5.23 0.08
C16:2n4 231 1.20 1.24 0.34 0.60 0.85 1.03 0.34 0.72 0.14 0.93 0.25
C18:0 18.07 12.37 591 1.01 15.28 5.19 3.00 0.19 10.13 0.47 3.89 0.13
C18:1n9 16.79 2.27 24.03 0.94 17.01 2.96 27.36 2.78 19.99 1.21 29.15 0.64
C18:2n6 2.08 0.44 2.94 0.26 2.67 0.78 3.71 0.52 2.60 0.62 3.73 0.22
C18:3n3 (ALA) 2.07 0.35 2.82 0.26 3.28 0.05 3.26 0.15 3.37 0.43 3.04 0.22
C20:5n3 (EPA) 8.61 2.66 12.86 0.05 12.95 225 11.50 0.01 13.40 0.85 10.84 0.66
C20:0 -- -- 0.40 0.57 0.36 0.51 0.66 0.08 1.43 1.14 0.72 0.05
C22:0 -- -- 1.18 0.10 0.42 0.59 1.68 0.39 1.20 0.14 222 0.27
C22:1n9 -- - -- - -- -- 0.79 0.05 -- -- 0.95 0.18
C22:6n3 (DHA) 1.84 0.24 5.00 0.61 432 0.05 5.52 1.03 5.56 0.51 5.86 0.03
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Figure 9 Anti-oxidant activity of methanolic extracts of 7. lutea grown under autotrophic (grey) and mixotrophic
(black) conditions. Extracts were obtained from cells collected at the end of each cultivation cycle (7, 14, 21 days).
Results are expressed as micromoles of a-tocopherol equivalents (a-TE uM). a DPPH assay; b ABTS assay. Values
are means + SD. Different letters indicate statistically significant difference (p<0.05 two-way ANOVA)
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Figure 10 Anti-oxidant activity of aqueous extracts of 7. /utea grown under autotrophic (grey) and mixotrophic (black)
conditions. Extracts were obtained from cells collected at the end of each cultivation cycle (7, 14, 21 days). Results
are expressed as micromoles of a-tocopherol equivalents (o-TE uM). Full coloured bars are referred to DPPH assay;
dotted bars are referred to ABTS assay. When no bars are present, the tests produced no results. Values are means +

SD. ND, Not detectable.
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